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RESUMO
VALDETARO, Denise Cristina de Oliveira Franco, D.Sc., Universidade &éder
Vicosa, outubro de 2016/ariabilidade genética de Ceratocystis fimbriata em
Tectona grandis e Carapa guianensis no Brazil. Orientador: Acelino Couto Alfenas.
Coorientadoes Thomas Charles Harrington e Leonardo Sarno Soares Oliveira
Recentementé& eratocystis fimbriat&llis & Halsted foi relatado effiectona grandis
L. f (teca)e Carapa guianensigwubl. (andiroba) no BrasiEm teca, o fungo provoca
descoloracao do lenho e morte das plantas afetadas, orgpeomete a producao de
madeira nobre para serraria. Em andiroba, infectatae ssanentes e mudas, o que
pode afetar negativamente sua regeneracdo natural e consegp@e sua
biodiversidade. A identificacéo d& fimbriatanessas hospedeiras foi baseada apenas
em caracteristicas morfologicas e em sequéncias gé&tacagido ITS. Além disso,
nao foram analisadas suas relagdes filogenéticas caosasblados e espécies d
Ceratocystise nem a variabilidade genética e fisiolégica de suas p@msladais
estudos sdo fundamentais para embasar as estratégmastiddecda doencdeste
modo, o presente estudo teve como objetivos: 1) Avaliglagdes entre os isolados
do fungo de ambas as espécies hospedeiras com isoladasake lmspedeiros do
Clado da América Latina por medos genes “mating type” e da regido ITS rDNA. 2)
Avaliar a interesterilidade por meio de cruzamergogre isolados obtidos de
diferentes espécies hospedeiras. 3). Determinar a valdlal genética nas
populacdes deC. fimbriatg por meio de marcadores microssatélites e sua
especializacéo fisiolégica por meio de inoculacdes dasaDentre 24 isolados do
fungo, obtidos de teca de quatro localidades do Mato Grossoisel@8os deC.
fimbriata de andiroba do Acre, Roraima e Amazonas, foram ideadids novos
haplétipos de IT® mating typedistribuidos entre outros isolados dertodClado da

América Latina (CAL), que residem em um Unico grupo juntaeneain isolados de

Vi



batata doce, a partir do qual a espécie foi originalnigerita Osisolados oriundos
de teca e andiroba faminter férteis com outras linhagens@efimbriata, mostrando
gue pertencem a uma Unica espécie biolégicaCddimbriata As andlises de
microssatélites da populacdo do fungo em teca mostram@ambaixa variabilidade
genética. Nas inoculactes, apesar das mudas de tecatgyeradesdes relativamente
pequenas, dois isolados de teca diferiram da testemunhal&@msde eucalipto ndo
foram patogénicos em teca. As populacoes.dienbriatade andiroba dos trés estados
(AC, RR e AM) apresentaram 14 gendtipos e variabilidade ganétermediari@m
relacdo a outras populacdes nativas do fungo. Inocwagieadas do fungo em
andiroba, teca, eucalipto e mangueira, sugerem que adasadeC. fimbriata destas
espécies sdo hospedeiro-especificos e que existe variabilidag essividade entre

os isolados do fungo de andiroba.
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ABSTRACT
VALDETARO, Denise Cristina de Oliveira Franco, D.Sc., Universidade &éder
Vigosa, October, 20165enetic variability of Ceratocystis fimbriata on Tectona
grandis and Carapa guianensis in Brazil. Adviser: Acelino Couto Alfenas. Co-
advisersThomas Charles Harrington and Leonardo Sarno Soaresr@live
Recently,Ceratocystis fimbriat&llis & Halsted was reported ihectona grandig. f
(teak) andCarapa guianensigwubl. (andiroba) in Brazil. In teak, the fungus causes
death and wood discoloration, which affects the produdidmgh valuable timber.
In andiroba, the fungus infects and kills seeds and sgsdliwhich may affect
negatively its natural regeneration and, probably, its bedity. The identification of
C. fimbriata on these hosts was based only on morphological deasics and
analysis of ITS rDNA sequences. Furthermore, the genetit @Ehysiological
variability of C. fimbriatapopulations as well as their phylogenetic relationships with
other isolates and speciesGHratocystisvere not analyzed . Such studies are essential
to support disease management strategies. Therefore, thysagtuet to: 1) Assess
the relationship among isolates of the fungus from ho#t species with isolates from
other hosts of the Latin American Clade (LAC) by using ngatype genes and ITS
rDNA region. 2) Assess the interesterility through shogs between isolates from
different host species. 3) Determine the genetic varmhbifit populations ofC.
fimbriata through microsatellite markers and their physiologicpeemlization by f
cross-inoculation experiment®ut of 24 isolates of the fungus obtained from teak
from of locations in the state of Mato Grosso, and of 73 iselat€. fimbriatafrom
andiroba in the states of Acre, Roraima and Amazonas, ITS haplotypes and
mating types identified were distributed among otheratssl within the LAC and
reside in a single group that includes isolates from swetato, from which the

species was originally described. Teak and andiroba ésolaere inter fertile with



other strains ofC. fimbriata, showing that this is a single biological specie<of
fimbriata. Microsatellite analysis of the fungal population caktshowed low genetic
variability. In cross-inoculations, although teak plaptesentd relatively small
lesions, two isolates differed from the contr®@he eucalyptus isolates were not
pathogenic on teak. The populationgoffimbriatafrom andirobeof the three states
(AC, AM, and RR) showed 14 genotypes and intermediary l@fgjenetic variability
compared to other native populations of the fungus in Br@eoss-inoculations of
andiroba, teak, eucalyptus and mango isolates suggedtehaplates o€. fimbriata
from these species are host specific and that tisevariability in aggressiveness

among isolates of the fungus from andiroba.



GENERAL INTRODUCTION

Ceratocystis fimbriateEllis & Halsted is an important pathogen for a large
number of trees and herbaceous plants. Initially, itneperted as the causal agent of
the black rot oflpomoea batatagL.) Lam. (sweet potato), in New Jersey, USA
(Halsted, 1890). Since then, the fungus has been reponteghiyn countries, infecting
plants of different botanical families (CAB Internatign2005). In Brazil, the first
report ofC. fimbriatawas onCrotalaria junceal. (crotalaria), described by Costa and
Krug (1935). From the 1930’s to the 1960’s, the fungus was reported in legumes such
as Cajanus indicus(L.) Millsp. (pigeon pea) (Viégas, 1944) and tree species as
Mangifera indicaL. (mango) (Carvalho, 1938) a@hssia fistulaL. (golden shower
tree) (Galli, 1958 .) Between 1970-80Hevea brasiliensigVl. Arg. (rubber tree)
(Albuquergue et al., 1972 melina arboreaRoxb. Ex Sm. (gmelina) (Muchovej et
al., 1978) ancCassia renigeraVall. (Ribeiro et al., 1987) also became part of the host
range of this pathogen. In 1997, the fungus was identifiedtinggEucalyptusspp. in
the southeast of the state of Bahia (Ferreira et1899) and has recently been
identified inTectona grandit. f. plantations (teak) in midwest Brazil (Firminoadt,
2012), Carapa guianensisAubl. (andiroba) seedlings in native forest in state o
Roraima (Halfeld-Vieira et al., 2012) aAdtinidia deliciosa(A. Chev) CF Lianget &

AR Ferguson (kiwifruit ) orchards in southern Brazil (Ravet al., 2013).

Ceratocytsis fimbriatédelongs to the class Pyrenomycetes, order Microascales
family Ceratocystidaceae (Webster & Weber, 20@€ratocystis fimbriatas the type
species of the genus, and its taxonomy remained confusingdie than 50 years.
Initially, Saccardo (1892) transferred the species to thasgggphaeronaemarhen,
Elliott (1923) designated it aSeratostomellabut later, Melin & Nannfeldt (1934)

reclassified it inOphiostomaand, finally, Davidson (1935) transferred the species to
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the genugndoconidiophoraln 1950, the genuSeratocystisvas recognized again in
the work of gender review by Bakshi (1950). The anamorpd. dimbriatawas, for
many years, accommodated in the ge@halara but Montoya & Wingfield (2006),
based on phylogenetic analyzes of DNA sequence data, plagedihe gender
Thielaviopsis

With the development of modern molecular techniques, Somg species
have become considered a species complex for comprisioigecspecies, i.e., species
which are not morphologically or reproductively distinct (KoB@05; Milgroom,
2015). Phylogenetic analyzes indicate that there are atfleaspecies complexes
within the genusCeratocystis i) C. coerulenscensii) C. paradoxa ii)) C.
moniliformis iv) Thielaviopsisanamorph; and W eratocystis fimbriatgHarrington,
2009; Harrington, 2013). The compl€x fimbriatacan be further divided into four
phylogenetic clades including the Latin American Clade, Nortleriecan Clade, the
Asian Clade and the African specfésalbofundusvid Wingf., De Beer, & MJ Morris
(Harrington, 2000; Johnson et al., 2002; Harrington et al., 20Xki¢n&ve studies
have been conducted with the aim of better charactémzepecies according with the
host studied within each clade, mainly from Latin Americad€l(Baker et al., 2003;
Thorpe et al., 2005; Harrington et al., 2011; Oliveiralet2015; Valdetaro et al.,
2015).

Baker et al. (2003) studied differents isolate€ofimbriata from the Latin
America clade, infectingTheobroma cacad.. (cacao),Herrania sp., |. batatas
(sweet potatoRlatanussp. (sycamore)l;offeasp. (coffee), Xanthosomap. (dasheen,
malanga, cocoyam, yautidy]. indica (mango),Annonasp , Eucalyptussp. andG.
arborea(gmelina) and found, based on the analysis of sequendesgdmomic region

ITS (Internal Transcribed Spacgincluding the 5.8s region of the rDNA gene and



cross inoculations, the existence of three monophylasagies with specialization for
cocoa, sweet potato aRthtanusspp.Subsequently, Engelbrecht & Harrington (2005)
using interesterility tests and morphological charagiesi described the cocoa’s
pathogen as a new species calleadacaofunestand upgraded the identification of
the pathogen frorPlatanussp., previouslyC. fimbriataf. sp.platani, to C. platani
The sweet potato pathogen was kepf asmbriata,as originally described and named
C. fimbriata sensu strictdn addition, the evolution and divergence of species®f t
C. fimbriata complex and other complexes &s coerulescensmay have been
conducted by host specialization given that only minampmological differences have
been observed (Webster & Buttle, 1967; Harrington et al., 2008sda et al., 2002;
Baker et al., 2003; Engelbrecht et @004; Johnson et.aR005; Thorpe et gl2005).
The description of new species within the compleXimbriatg however, is
not always performed considering the phylogenetic conceggiesfies, being, in many
cases, only based on analyzes of the sequence of gemmsreggich as ITS
jeopardizing this description. According to Harrington et201@), more than one ITS
sequence may be present in a single monoascosporie isbtae fungus, causing this
gene region not to be suitable for evolutionary inferenaad neither for the
description of new species. For example, two new spetibge complexC. fimbriata
been described, one in Oman and Pakistan infecting marmgy htamedC.
manginecand. van Wyk, A. Adawi & M.J.Wingf. (haplotype ITS7b)da Wyk et
al., 2007), and one in Indonesia infecting acadieatia mangiunwilld), namedC.
acaciivoraTarigan & M.van Wyk (haplotype ITS6) (Tarigan et al., 20H9wever,
ITS sequences that characterized these two new spequstypas ITS7b and ITS6)
were found in a single monoascosporic isolate of mangq(ittarrington et al., 2014;

Oliveira et al., 2015). Therefore, these are not new spdmiggifferent genotypes



within the population o€. fimbriata In addition, according to studies by Harrington
et al. (2011), the gene "mating type" MAT1-2 showed lessti@mian relation to the
ITS region and this variation corresponded more clogatly the host of origin,
therefore, being more suitable for separating speciteafomplexC. fimbriata

Besides the correct choice of gene region, the includioataral populations
of the pathogen is extremely important for the recogniibnew species. Without
this, each independently introduced population could appeadiasract lineage and
could be described as a new species (Harrington et al., 20¢dir®et al., 2015).
However, the movement of infected plant material at varicegions of the world
makes it difficult to analyze whether th@. fimbriata populations are native or
introduced in a given region (CAB International, 2005). Ssidvf C. fimbriata
populations using microsatellite markers have pointed to msa movement of
contaminated materials from different hosts (Rourlgt2000; Santini & Capretti,
2000; Engelbrech et al., 2004; Ocasio-Morales et al., 2007 eifest al., 2010;
Ferreira et al., 2011; Harrington et al., 2011;. Harrington g2@14; Harrington et al.
2015; Li et al., 2016). In Brazil, analysis of isolates freuncalyptus, mango and kiwi,
using microsatellite markers showed that the fungus seebes native from regions
with vegetation type of Cerrado (Brazilian savannah) tiGga (Brazilian semi-arid
biome) and from in the state of Rio Grande do Sul, reésedg due to the high
variability found in these localities (Ferreira et aD10; Ferreira et aR013b; Oliveira
et al., 2015).

Recently, two new hosts of the. fimbriata complex were described: teak
(Firmino et al., 2012) and andiroba (Halfeld-Vieira et2012). Teak is an Asian tree
introduced in Brazil 80 years ago (Sampaio, 1930). Its largke-satiltivation started

in 1971 in the state of Mato Grosso (Caceres Florestal, 2@@6)savood is valuable



due to its light weight, durability, strength, good dimensiotaddibty, no corrosion in
contact with metals, and resistance to chemical and to thbevd&Keogh, 2013). As
in most tree species, the disease symptoms in teakvargnfrom wilting with
discoloration of the sapwood, leaf yellowing, leaf falbeath (Ferreira et al., 2013a).
The fungus can cause direct damages with the deatk pfaht and indirect with the
loss of timber quality due to discoloration of the sapwoedides the risk of spreading
the disease with the exportation of wood produCtapa guinensigandiroba) is a
species native from the Amazon rainforest, which is prfizedls wood and especially
for the oil extracted from its seeds, widely used in idlel Of cosmetic and medicines
(Souza et al., 2006). Unlike the other hosts, in Andir@béimbriataaffects seeds and
seedlings, which may affect negatively the species reg@meidie the death of the
infected plants and seeds (Halfeld-Vieira 2012).

The correct identification of the causal agent ohegidisease is essential in
the search for efficient control methods. Moreowerlerstanding the spread of the
disease and knowing the origin of the pathogen, it mag gubsidy in decision-
making to prevent the spread of the pathogen. Hence, thissWas divided into two
chapters. In the first, we studied the taxonomy of thegtdis through phylogenetic
analyses of mating type genes and interesterelity #stdyses of ITS rDNA region
were used as fingerprinting as well as to study the genetatioa of teak isolates in
this region. By using microsatellite markers, we estimtteil genetic variability and
by cross inoculations, we evaluated the pathogenicity aneésgjgeness of the fungal
isolates. In the second chapter, populationS.dimbriataon andiroba were studied.
Andiroba is the only host of the fungus in Brazil whosedse occurrence happened
in natural conditions (Halfeld-vieira et al., 201Zherefore, studying this fungus’s

population in this host is extremely important due to theumaption that it is a



pathosystem without human interference and with greamags of being a native
population from the Amazon region. Hence, by using phylogemretalyses of the
mating type genes and intersterility tests, we studiedakenomy of the fungus.
Additionally, we used the ITS rDNA region as fingerprintiaugd to determine the
genetic variation of teak isolates in this region.uByng microsatellite markers, we
evaluated whether the fungus is native to Amazon, andri ikenost specialization

through cross inoculations.
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ABSTRACT

Ceratocystis wilt is currently one of the most worldwiakportant diseases in
forest and agriculture crops. The disease, that wasttgceported on teak, in Brazil,
can kill the infected trees and reduce the wood qualityifftser. Teak is one of the
most important and valuable hardwoods in the world. Becthigs&ngus was very
recenly reported on teak, there are few studies on this pattemsyd herefore, this
work aimed to study the taxonomy, as well as the genedi@hysiological variability
of the fungus through phylogenetic analyses by using the grigpe gene sequences
and intersterility tests, ITS rDNA fingerprinting, micatellite analyses, and
aggressiveness of selected isolates by cross inocglatharalyses of ITS rDNA
sequences of 24 isolates showed three new ITS haplotypesyahe teak isolates
scattered among other isolates of the Latin Americade€C(LAC). Phylogenetic

analysis, using mating type genes (MAT-1 and MAT-2) fropresentatives of th&.
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fimbriata complex from around the world clearly place the tealkaies in the LAC
and formed two distinct groups, one of them is unique. Furitwe, isolates from teak
were inter-fertile with tester strains Gf fimbriata.Thus, isolates from teak belong to
the same biological species ©f fimbriatass from sweet potato. The analyses of 14
microsatellite loci showed three genotypes among teakesothat formed a distinct
group with low genetic diversity. Results from cross ulations of the fungus from

teak and eucalyptus infected only their respective hostespeci

Keywords: Ceratocystis wilt, teak tree, microsatellite, matingetTS

1 Introduction

Ceratocystis fimbriateEllis & Halsted is considered as a complex of many
cryptic species that are morphologically similar to eachradne are able to cause
disease on a wide range of economically important hagtsvorldwide distribution
(CAB International 2005; Ferreiet al. 2013a; Harrington 2013). In Brazil, where the
pathogen is native (Ferreira et al. 2010; Harrington et al. 21Y; Ferreira et al.
2013Db; Oliveira et al. 2015a), Ceratocystis wilt is one ofntbst important diseases
of woody plants under field conditions. Recently, in Braehk treeTectona grandis
L. f) was reported as a host Gf fimbriatain the region of Caceres, MT, Brazil
(Firmino et al. 2012). Teails one of the most important and valuable hardwoods in
the world (Kollert and Cherubini 2012). It is a highly durabléaAdree, water- and
pest-resistant tropical hardwood, used in the manufacturingai$ bresidential and
commercial architecture and veneer furniture making (A2@%3; Midgley et al.
2015). Worldwide area of teak plantation is estimate8nviha, concentrated mainly

in Asia, Africa, Latin America and Caribbean (Midgley €t29015). In Brazil, teak
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plantations are estimated currentiyabout 67,000 ha, distribuited in the states of Mato
Grosso, Pard and Roraima (ABRAF 2013). However, up to now, $kasdi on teak
has been identified only in Mato Grosso.

Ceratocystis wilt symptoms on teak are similar to tholsgerved in other
woody plants likeEucalyptussp., Acacia spp, Gmelina arborea Roxb. Ex Sm.
(Ferreira et al. 2013a). The symptons range from wiltoyetlg and leaves to dry
resulting in the death of the plant. The fungus infdatsugh the wounds and move
through sapwood tissue, mostly in ray parenchyma, causing samhismodoration
(Ferreira et al. 2013a).

According to phylogenetic studies using DNA sequend@s,fimbriata
complex was outlined in four geographic groups: the Latin AcaerClade (LAC),
North American Clade (NAC), Asian Clade and African spe¢W/ingfield et al.
1996; Harrington 2000; Johnson et al. 2005; Harrington et al. 2011)stlitlg of
Ferreira et al. (2010) using microsatellite markers andsidslity tests withC.
fimbriata isolates from different hosts, suggested that Brazitialates constitute a
single biological species within the LAC, regardlesstiibst studiedEucalyptusspp.,
Mangifera indicaL., Ficus caricaL., Gmelina arboreaRoxb. Ex Sm. andpomoea
batatas(L.) Lam.]. In inoculations studies, Brazilian is@atdid not show host-based
lineage, instead they vary greatly in aggressiveness (Balabr2003; Thorpe et al.
2005; Harrington et al. 2011; Oliveira et al. 2015b; Oliveira 2Gl6).

Additionally, studies using microsatellite markers were dblalistinguish
possible native populations 6f fimbriatafrom introduced populations (Engelbrecht
et al. 2004, 2007a; van Wyk et al. 2006; Ocasio-Morales et al. Hedikira et al.
2010; Harrington et al. 2015; Oliveira et al. 2015a; Li et al. 201@rmilly,

introduced populations show lower genetic variability thativeapopulations.
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Furthermore, populations that were recently introduced tbyam activity can be
highly differentiated from other populations due limited dispedistance and a high
degree of selfing or asexual reproduction (Engelbrecht20@d.; Ferreira et al. 2010).
Thus, this work aimed to: a) study the relationship of tledates ofC.
fimbriata from teak with isolates from other hosts in LAC, byngsmating type gene
sequences MAT1-1-2 and MAT1-2-); b) analyze the ITS rDNA region as
fingerprinting c) determine the interesterelity amo@gfimbriataisolates from other
host species; d) estimate the genetic variability and dfegenotypes of. fimbriata
on teak, by using microsatellite markers; e) evaluate theesgjgeness of the fungal

isolates by cross-inoculations on teak and eucalyptus.

2 Materials and Methods

2.1 Sample collection and fungal isolation

Isolates from wilted teak trees were collected four famm#lato Grosso,
Brazil: Nossa Senhora do Livramento (NS), Sao Jos&Qdasro Marcos (QM), Séao
José do Rio Claro (RC) and Sinop (SI) (Fig. 1). Plaonativere established in 2000,
and the farm RC was located in a region of secondaegtfoln this farm, there was
Eucalyptusplantation near the teak plantation where the isott€s fimbriatawere
also collected. Priaio teak plantations, NS and Sl farms were usually cultivated with
rice, while in QM farm was under pasture land. The sangoliscted in the farms NS
and Sl were from an area of the 200 ha, approximately, Wiglesamples of QM and
RC farms were collected from an area of 150 ha. Thelsarapthe discoloured tissue
were conducted to the Laboratory of Forest Pathology, DERXBIRO at the
Universidade Federal de Vicosa (UFV), and the fungus wagddofilom diseased

tissue by the carrot bait method (Moller and DeVay 1968)s&yently, single
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ascospore strains were obtained by dispersing ascosporaenrassut 10 pL of
mineral oil autoclaved and the spore suspension was spredath@ydate with MYEA
(2% malt extract, 0.2% yeast extract, and 2% agar) meeieeffa et al. 2010; Alfenas
and Mafia 2016). Then, 12 h later individual germlings weresfeared to fresh plates
(Harrington and McNew 1997). One isolate per tree (selfdestilain) was stored in
15% glycerol at -80 °C at the Universidade Federal de Vigosae Sk isolates were

also stored in the Plant Pathology Laboratory, at lowageSiniversity, lowa, USA.

2.2 DNA extraction
The fungus was grown on MYEA (Malt Yeast Extract Agar) acdhbated at
28 °C for about 15 days before DNA extracting using the Wifz&enomic DNA
Puification Kit (Promega Inc— Madison, USA)with the manufacturer’s protocol
modified by Valdetaro et al. (2015). The concentration of pariDNA was quantified
with a Nanodrop 2006c(Thermo Fisher Scientific Inc., Massachusetts, USA()

adjusted to 50 - 100 ng_™.

2.3 ITS and mating type genes sequences

Sequences of ITS rDNA region were generated using PCR fdlbwelirect
DNA sequencing of the PCR products with primers ITS1F'’- (5
CTTGGTCATTTAGAGGAAGTAA-3) (Gardens and Bruns 1993) and ITS4'(5
TCCTCCGCTTATTGATATGC-3) (White et al. 1990). The mating tygenes
(MAT1-1-2 andMAT1-2-) was amplified with the set of primers CFMAT1-F {5'
CAGCCTCGATTGAKGGTATGA-3) and CFMAT1-R (5 —
GGCATTTTTACGCTGGTTAG-3") forMAT1-1-2 (Harrington et al. 2014), and

X9978R1IR  (5-GCTAACCTTCACGCCAATTTT-3) and CFM2-1F <5
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AGTTACAAGTGTTCCCAAAAG- 3') for MAT1-2-1(Harrington et al. 2011) were
used to amplify and sequence about 1040 bp and 1131 bp regions, ve§pecti

The thermocycler settings for amplifying the three regiiovere used as
described previously by Harrington et al. (2014). The PCR produgisfiach were
sequenced with the PCR primers. The fragments were pluiiag llustrd” GFX™
PCR DNA and all sequencing was conducted by lowa State UnivBidAySynthesis
and Sequencing Facility. Sequences were analyzed and editeyl $Bguence
Navigator (Applied Biosystems, Foster City, Californiajtware and subsequently
manually aligned when necessary.

The ITS sequences obtained of the teak isolates werpatechwith those
reported earlier for the LAC (Table 1) (Harrington et al. 2®14; Oliveira et al.

2015a) using parsimony analyses.

2.4 Phylogenetic analyses based on mating type genes

Datasets of mating type gene sequences were manually aligghedlamitted
to a partition homogeneity test (PHT) using PAUP 4.0b1.®{fewd 2003) in order
to determine whether the datasets could be combined.

Maximum Parsimony (MP) and Bayesian Inference (BI) wsgal to construct
phylogenetic trees. The MP analysis was performed with PAWBb10 (Swofford
2003) using heuristic searches with the TBR algorithm (Tem®fection Bissection)
and stepwise addition with 1000 random repetitions. Gaps weatedras a fifth base
and all characters had equal weight.

Bayesian inference was performed using MrBayes 3.1.2 (Fin@ud
Huelsenbeck 2003). The substitution model was chosen basetieoAkaike

information criterion (AIC) of MrModelTest 3.2 (Nylande2004). A posteriori
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probability (PP) distribution of trees was created using MEC{Mletropolis-coupled
Markov chain Monte Carlo) and two chains initiated fromaadom tree with 25
million generations and discarding the first 25 percenh®trees.

Sequences of isolates obtained in this study were compdétedequences of
representative of isolates of tli& fimbriata complex, includingC. cacaofunesta
Engelbr. & T.C. Harrin.C. colombianaV. van Wyk & M. J. WingfieldandC. platani
Engelbr. & T.C. Harrin. One isolate Qferatocystis variosporgR.W.Davidson) C.
Moreau(C1963) from the North American Clade (NAC) was used as ttgraup

taxon (Table 1).

2.5 Mating experiments

Representative teak isolates from each of the ftes siere selected as MAT-
1 (female-only) testers. MAT-1 isolates frdbucalyptusspp.,F. carica, Colocasia
esculenta(L.) Schott G. arborea M. indica andl. batatas and one representative
isolate fromC. cacaofunesteone ofC. plataniand one ofC. colombianawvere also
included. The MAT-1 testers self-sterile (females) wer¢aiobd from single
ascospore isolation from field isolates that were fegtile.

Self-sterile isolates, MAT-2 (male-only), were seldctdor mating
experiments: one isolate from teak (Sinop), one ffobatatas one fromC. platani
one fromEucalyptusand three isolates froi. indica (Oliveira et al. 2015a).The
MAT-2 testers were recovered from sectors, formed, speatssly by subculturing,
from otherwise self-fertile isolates. For thesesantd, DNA was extracted and PCR
was performed to confirm the presence of MAT-2 regidAT{1-2-1). The primers
CFM2-1 and X9978R1R (Harrington et al. 2011) were used to amplify th&-RA

gene.
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The MAT-1 and MAT-2 testers were grown on MYEA for 7 daysaam
temperature (25C +/- 2°C). The conidial suspension of the MAT-2 tester was
prepared as described previously (Ferreira et al. 2010). Thelnwias dispersed over
the MAT-1 colony to spermatization.

During 3 to 4 weeks, the cultures were checked for the presdmperithecia
and ascospore masses. Ascospore masses were examinecaopicedly (400 x
magnification) to see the spores quality (normal and mixdatating intraspecific
pairing or watery indicating hybrid). Ascospore masses fromgeny was spreaded
onto fresh MYEA to observe the mycelial morphology. uecessful crosses, the
progeny showed both mycelial phenotypes of the parentsfeeet al. 2010; Oliveira
et al. 2015a). The experiment was performed twice and thaesstware considered

interfetile if they crossed in at least one of tlve experiments.

2.6 Microsatellite analyses

We analyzed 14 microsatellite loci (AAG8, AAG9, CAA9, CAA10, CAALS,
CAA38, CAA80, CAT1, CAT1200, CAG5, CAG15, CAG900, GACA60 and
GACAGK) (Steimel et al. 2004). For each primer pair spetifithe flanking regions
of fourteen simple sequence repeat regions, one of theengrwas fluorescently
labeled. The microsatellite analyses were done in therasdry of Forest Pathology
at the Universidade Federal de Vicosa (UFV), Brazil and &t I8tate University
(ISU), USA. The microsatellite data, which were obtainethea Forest Pathology
Laboratory/Bioagro/UFV were also calibrated in the ISU. P@Rldications of all
microsatellite loci were performed using a Vériéi6-well thermos cycler (Thermo
Fisher Scientific Inc., Pittsburgh, USA) (UFV) and PCT 100 Research Inc) (ISU)

following the earlier described conditions (Ferreitaak 2010). Band sizes of the
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product were determined using a four-capillary ABI Prism 35@enetic Analyser
(Applied Biosystems Inc., Foster City, CA) and GeneMapgdel Software (Applied
Biosystems) (UFV) and ABI Prism 3100- Genetic Analyzer (AggpBiosystems Inc.,
Foster City, CA) and ABI Peak Scanner v1.0 Analysis Softwhife Technologies)
(ISU). Each product length (within 1 bp) was considered to bdexetit allele. Most
of the microsatellite loci contained trinucleotidgeats, and most alleles of a given
locus differed by increments of 3 bp.

Nei’s gene diversity (H) for teak populations using the microsatellite data were
calculated without and with clone-corrected data using PopGe3 software.
Multilocus genotypic diversity was estimated with the Stoddart and Taylor’s G index
(Stoddart and Taylor 1988). For comparisons among individual pagndaG index
was scaled by the expected number of the genotypes fomidéest sample size
(Granwald et al. 2003) and the smallest population had fivetésplao the expected
number of the genotypes in a sample of five isolategifmm value = 1.0 and
maximum value = 5) was estimated based on rarefaction cusneg the Vegan
package from CRAN in R v.2.6.1 (R Core Team 2007).

Relationships among the teak genotypes (combinationsdliles among
the 14 microsatellite loci) of. fimbriataand representative genotypes from other
hosts of the LAC (Ferreira et al. 2010; Harrington eR@lL5; Oliveira et al. 2015a)
were examined in PAUP* (Swofford 2003) using genetic distance |Nedirices and

UPGMA trees. Bootstrapping tests utilized 1000 replications.

2.7 Pathogenicity tests
In Mato Grosso, plantations of eucalyptus and teak are coiyrfaund next

to each other. Therefore, cross inoculations of seleéetak and eucalyptus isolates
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were performed on teak and eucalyptus clofibe isolates of both host species were
selected according to the genetic variability and geograpiginorThe isolates were
inoculated on 6-month old teak plants (clone A3) andherhiybrid clone 1172 d&.
urophylax E. grandis (three-month old). The eucalyptus plants were transgdanto

2 L pots containing the substrate Carolina Il (Caroling o Brasil) supplemented
with 6 kg m® of superphosphate and 1,5 kg’ Basacot® (19-6-10) (ComPo do
Brasil). The teak plants were grown into 2 L pots mix witty sand and Caroline Il
substrate (1:1:1) supplemented with 6 kg of superphosphate and 1,5 kg®m
Basacot®& (19-6-10) (ComPo do Brasil).

The fungus was grown MYEA at 2& for 10 days. Subsequently, 10 mL of
sterile water were added to each plate, and the surfabe oblbony was scraped and
filtered through a double layer of gauzes, and the inocuturoentration was adjusted
to 3 x 1@ sporesnL™. The plants were wounded (around 3-mm deep) with a sterile
scalpel at 3 cm, approximately, abawe soil line, and a volume of 500 uL of the
inoculum was applied. The inoculation site was wrapped pathfiln®®. The control
plants were wounded and treated with the same volumerdédlistilled water.

The experiment was repeated twice. The first experimestcaaducted from
May 6" to July 8" of 2016 and the second experiment from May fid July 18" of
2016, when greenhouse temperatures ranged from3.9°C. Each experiment used
a completely randomized design, consisting of two fadfioost x isolate), with seven
replicates, considering each plant as a sampling unitplélnés were incubated in the
greenhouse for 60 days, when the xylem discoloration wasurezh To re-isolate the
fungus, the carrot bait method (Moller and DeVay 1968) was ésedlltifactorial

analyses of variance (ANOVA) (including isolate, host, and experiment) and Fisher’s
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Protected LSD test (P < 0.01) (data from two experimemtsbined) was conducted

using Statistica® software (StatSoft Inc.).

3 Results

3.1 Sample collection and fungal isolation

Twenty-four Ceratocystissp. isolates were obtained from discolored wood
tissue collected from 66 trees (Fig. 1). The isolatelsumiform mycelial morphology
and presented similar growth rate. All isolates recovioad diseased trees were self-
fertile.

Trees, varying from 7 14 years old, with typical wilt symptoms causeddy
fimbriata (Fig. 2B) as well as infected asymptomatic trees weredfsuattered in the
collection sites. From the discolored tissue in symmatiic trees, we observed that
infections started from the roots (Fig. 2E) and moved upwartte stem (Fig. 2F),
culminating with the death of the tree (Fig. 2B). In tase, the root infections can
start from soil-borne inoculum. In most cases, haxewe observed that infections
started from the pruning points of the trees, moving bothswapwards and
downwards (Fig. 2G). Stem infection may arise from tree@qusly infected by soil
inoculum starting from the roots and, subsequently,uhgus can be disseminated by
pruning tools to healthy plants. Pruning is a common praatideak plantation to
produce clear wood, carried out annually until the severahaed then sporadically
for removal of side branches. In transverse sectidribe stem and roots, grayish
discoloration was observed in the xylem (Fig. 2D) comparedrdes sections of
healthy trees (Fig. 2C). In addition, on teak, bark besttbambrosia beetle activities

were not common.
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3.21ITS

ITS sequences of 16 isolates were compared with a data3e® skquences
of C. fimbriataisolates from the Latin American Clade (LAC) (Harrmget al. 2011).
Eight isolates (TecMT-NS3, TecMT-NS7, TecMT-NS8, TecMT-QMI@&cMT-
QM24, TecMT-QM28, TecMT-QM29 and TecMT-RC32) were not consider&bSn
analyses, because they had a mixed ITS PCR product that woulbe clearly
determined using direct sequencing. The ITS sequence generighethavITS1F
primer initially gave a clean read in electropherogram, thead overlapped peaks
followed (Harrington et al. 2014).

In an aligment of 613bp, the number of variable charast@as 99, and 63 of
those characters were parsimony informative. Maximumirparsy analysis found 45
trees of 303 steps, with the teak isolates grouping withr &teezilian isolates (Fig.
3). Three ITS sequences (haplotypes) were identified ameritptieak isolates (Fig.
3). All ITS haplotypes were unique to teak isolates and didnadch to any other
sequence previously reported. The ITS haplotypes numblens thie designations by
by Harrington et al. (2011). The letters were named follgwe sequence previously
described (Harrington et al. 2014; Oliveira et al. 2015a).

The five isolates from RC town had the ITS10g haplotypee TTS14j
haplotype was found in six isolates spread in NS, RC and Sl tandshe ITS10f

was found in five isolates from NS and QM.

3.3 Phylogenetic analyses based on mating type genes
The mating-type genes are more suitable than ITSfmarating species of the
C. fimbriatacomplex (Harrington et al. 2011). Then, representatolatiss from each

of the four locations were selected for sequencing dingndype genes. For MAT-1
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(MAT1-1-2, an alignment of 1040 characters showed two haplotypmesigthe 10
teak isolates tested. For MAT-RIAT1-2-1), an alignment of 1131 characters showed
24 characters varying and two different MAT-2 haplotypes viesed among 10
analyzed isolates.

The mating type genes are tightly linked, they are nbjested to normal
crossover events, therefore, when combined, they prodbastrphylogenetic tree of
the C. fimbriatacomplex (Harrington et al. 2014). The PHT test resulted igla Rt
value (P=0.36) suggesting that the dataset of MAT-1 and MAT-2sgeauld be
combined (Cunningham 1997; Barker and Lutzoni 2002).

The combined dataset of MAT-1 and MAT-2 sequences of teaklifiacent
mating haplotypes found in the LAC (Harrington et al. 2014)) dlggnment of 2171
characters. The number of variable characters was 888,720f those characters were
parsimony informative. Maximum parsimony (MP) analysis foasthgle tree of 475
steps, with homoplasy index (HI) = 0.0379, consistency if@&x= 0.9621, rescaled
consistency index (RC) = 0.9121, and retention index£RIP480. Evolution model
HKY = | was selected and incorporated the Bayesian analybs MP tree and
Baeysian-inferred tree had very similar topology. Theas, dimgle parsimony tree
generated was selected for illustration (Fig. 4). Two mgahiaplotypes were found
among 10 teak isolates. The mating haplotypes were nastleding the sequences
previously described (Harrington et al. 2014). The number efhdplotypewas
defined according to the number of the isolate more lgioséated and the letters
follow the sequence used previously by Harrington et al. (2014).

The 4d haplotype was unigue and separated by highly supported ¢@s¥aip
and 0.99 posterior probability), and these teak haplotype wsslglrelated to isolates

on Ficus caricafrom Sdo Paulo an#langifera indicafrom Brasilia and Rio de
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Janeiro. While, the two other teak isolates (TecMT-RG®8bTeecMT-RC356) had the
mating haplotype 3b (Fig 3) that was identified previouslysolates collected from
EucalyptugBA), Mangifera(BA, CE, PE, PB, SP and R@yrotalaria (DF), Cajanus

(DF), Acacia(PR) andPunica(India) (Harrington et al. 2014; Oliveira et al. 2015a).

3.4 Mating experiments

MAT-1 and MAT-2 testers from teak isolates successfulbssed with the
majority of the other Brazilian testers of oppositdinatype (Table 2). In most of the
successful crosses, normal and mixed crosses, there maaarg fully developed
perithecia within a week and produced thick, creamy ascopmsesiat the tips of
perithecial necks (Fig. 5A). Microscopic examination vsed abundant, normal
appearing ascopores (Fig. 5C), but crosses between MATe2 fesm teak isolate
and MAT-1 tester from sweet potato showed junk, empty and alcastopores.
Because they had more normal ascopores, they waslemtisuccessful crosses. To
demonstrate that ascopore masses is not due to a selfiopoesc masses from
normal and mixed crosses were streaked on MYEA. The colpriekiced mycelia
morphologically similar to both male and female testerairsr In unsuccessful
crosses, only a few perithecia were produced and ascosp@sssmeere watery (Fig.
5B) and microscopic examination showed few misshapen ascosfrgessD).
Unsuccessful crosses occurred when testers from tdakesa@rossed with opposite

mating testers fror®. platanj C. cacaofunestandC. colombiana

3.5 Microsatellite analyses
Of the 14 microsatellite loci tested on the 24 teak isqlatss loci were

monomorphic (AAGS8 = 174; AAG9 = 397; CAA9 = 175; CAA1O0 = 134; CAA38 =
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156; CAT1 = 253; CAT12X = 371; CAG5 = 317; CAG900 = 194; and GACA60 =
187) and four were polymorphic, and the respective allele-dizse pairs (number of
isolates) were: CAA15 = 318 (10), 324 (14); CAA80 = 311 (5), 317 (19); CAG15 =
289 (19), 297 (5); and GACA6K = 213 (18), 215 (6).

Among the 24 teak tree isolates studied, three genotypesfowerd. The
UPGMA tree constructed (Fig. 6) showed that three very clostied microsatellite
genotypes from teak grouped separately from the otheatésol Microsatellite
analyses identified genotypes from teak that appeared torpevicdespread. Two
genotypes were found infecting trees in more than one tipcale third genotype
was found only in NS town (Fig. 1 and Fig. 6).

Nei’s gene diversity (H) and Stoddart and Taylor’s genotypic diversity (G) for
all teak populations wad = 0.0967, oH = 0.1270 when clone corrected, and s

= 2.5410, respectively (Table 3).

3.6 Pathogenicity tests

There were no wilting symptoms in eucalyptugeak within 60-day period.
The control plants remained asymptomatic and limited disatibn (wound reaction)
was observed, but only near the wound. At the end ofqberenents, the fungusas
re-isolated from infected tissuef each host and the cultures were typicalCof
fimbriata. The ANOVA showed that size of xylem discoloration vérsggnificantly
by isolate F = 41.82;p < 0.0001), hostK = 225.99;p < 0.0001) and isolate x host
interaction F = 41.77;p < 0.0001). There were no significant differences between the
two experimentsK = 0.0063;p = 0.9366), therefore, the means showed in the Table

4 are for the combined data of the two experiments.
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Teak plants inoculated with teak isolates did not diifem each other, but
two teak isolates (TecMT-NS5 and TecMT-QM29) differed signifiafrom the
control, despite the little difference in length of xyldimcoloration between isolates
(Table 4). Teak isolates did not infected eucalyptus plantsi@e-versaThe fungus
was re-isolated from the inoculated plants even in thosetplarith small xylem
discoloration, which indicates that the fungus was alive dmtld not colonize
extensively the host tissu®ifferences in aggressiveness were also found among

eucalyptus isolates deucalyptusplants.

4 Discussion

The sequence comparisons of mating type geviéd {-12 and MAT1-2-))
from representatives of tl@ fimbriatacomplex from around the world clearly place
the teak isolates in the Latin American Clade, amohgrdBrazilians isolates, as well
as thepomoeastrain ofC. fimbriata from which the fungus was originally described
(Halsted 1890). Furthermore, the teak isolates belohgo lineages within LAC, but
one of them was unique. Additionally, the teak isolates weszfertil with sweet
potato strain and they were intersterile with other spémesLAC (C. cacaofunesta
C. plataniand C. colombiana (Engelbrecht and Harrington 2005; van Wyk et al.
2010). Thus, based on the information generated in the prasely, isolates from
teak are a single biological speci€s fimbriata as Brazilian isolates from another
hosts and the sweet potato strain (Harrington et al. 201 linkiann et al. 2014).

The ITS rDNA region is hypervariable so titatan be used only as fingerprint
and not for evolutionary inference neither for descripibnew species (Harrington
et al. 2014). Fifty-seven ITS haplotypes had been repuaitach LAC (Harrington et

al. 2014; Oliveira et al. 2015a; Piveta et al. 2016). The higieability was found
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within Eucalyptusand Mangiferapopulations (Harrington et al. 2014; Oliveira et al.
20153. In the presente study, the analysis of  DNA-ITS sequermsesl three new
haplotypes of the fungus in teak population belongingGhé&mbriatacomplex in
LAC.

The microsatellite data showed that @dimbriataisolates from teak formed
a distinct group, but closely related to isolates frGmelina arboreaand Hevea
brasiliensis The teak population had gene and genotypic diversity valuessynio
those of introduced populations ©f fimbriataand other relative species in the LAC
(Engelbrecht et al. 2004; Ferreira et al., 2010; Harringtal. é2015; Oliveira et al.
2015a Li et al. 2016), suggesting that tke fimbriata isolates from teak in Mato
Grosso is not natural. It occurs, especially in populat@insecent introduction, as
previously found forC. platani on Platanusacerifolia (Ait.) Willd. (Santini and
Caprini 2000). However, in our studies we were not able to explamugh
microsatellite analysis from where the genotypes fountkak came from. Then, to
confirm whether the teak population was introduced ofadn, it is native will be
necessary to collect more isolates from teak and otiwets in Mato Grosso.

Members of the LAC are mostly soil-borne pathogens ¢&ts and Ribeiro
1990; Laia et al. 2000; Marin et al. 2003; Engelbrecht et al. 20@viEifa et al. 2010),
and they can be dispersed by ambrosia beetle frasswabdr infestation, pruning
activities and for long-distance by vegetatively propatjateterial and package
materials, among other ways (Panconesi 1999; Harrington 20@eliEecht et al.
2007b; CAB International 2005; Ferreira et al. 2011; Masood aedd52012; Ferreira
et al. 2013a; Harrington 201.3n the present study, we observed infections starting
from the roots, which may indicate that the soil isitfaén source of primary inoculum.

It is possible that only a few pathogenic genotypes fromisf@itted teak trees, and
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than they were spreaded by pruning tools. This may have inédethe low genetic
diversity found in this work along with the relatively allnumber of isolates (24)
studied and the sampling method used.

Additionally, we found that the fungus was scattered betwiaems. This
happened becausd the teak wood trading, mainly, between RC and Sl farms. In
addition, we observed log and sawn wood and decks, made of teakwood, for
exportation with discoloration caused likly by the fungeathogens introducedto
new geographic areas have the potential for rapid emergamdedevastating
consequences if they encounter native host speciessbipbpulation that have not
previously been exposed to the pathogen (Milgroom 2015). Knowt#dge disease
spread is important to avoid the introduction of the pathogenriew areas. Thus,
certification for sanitary quality of the products madarirteakwood for exportation
may avoid or retard the spread of the pathogen into sk free areas.

The results showed that the fungal isolates testeel vdy pathogenic on their
respective host species. There was also variation in egjgeeess of the isolates on
their respective hosts and the teak isolates weravediamuch less aggressive than
the eucalyptus ones. Previous studies suttivat the isolates df. fimbriatavaried
in aggressiveness on different hosts (Zauza et al. 2004; Ba&kr2003; Marin et al.
2003; Harrington et al. 2011; Oliveira et al. 2015b, 2016; Valdetato2f1b; Piveta
et al. 2016)Addtionally, studie®nthe aggressivenes$isolates from eucalyptus and
mango showed that there was no correlation between aggnesss and genetic
variability, or between aggressiveness and geohraphic dfiveira et al. 2015b;
Olivera et al. 2016). However, Nunes (2015) using many more @soflam mango

showed that there was correlation between aggressivenesgeagrhphic origin.
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Probably, the low aggressiveness of teak isolates reague the variability in
aggressiveness as it has been found in other isola@dimbriata

Based on phylogenetic analyses amdintersterility tests, the teak isolates
belong to the American Latin CladéC. fimbriatass Furthermore, if the low genetic
variability of C. fimbriataindicates that selection and breeding for durable essist

have more chances of success.
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Tables and figures

Table 1.Representatives sequencégach haplotype of isolates Gératocystis fimbriatand forC. cacaofunesta, C. colombiana, C. platand
C. variosporaused for phylogenetic analyses of MAT genes and ITS rDNAnegi

ITS MATIL-1-2 MAT1-2-1
Species Hosts Localization Representative isolate sequence  GenBank GenBank
acessions  accessions accessions
C. fimbriata Tectona grandis Mato Grosso, Brazil TecMT-RC353 Axxxx B- -
Tectona grandis Mato Grosso, Brazil TecMT-RC354 XXXX - -
Tectona grandis Mato Grosso, Brazil TecMT-QM15 XXXX - -
Tectona grandis Mato Grosso, Brazil TecMT-NS8 - XXXX XXXX
Tectona grandis Mato Grosso, Brazil TecMT-RC35 - KF482986 HQ157550
Hevea brasiliensis Acre, Brazil HevAC-RB08 XXXX XXXX XXXX
Hevea brasiliensis Bahia, Brazil HevBA-A50 XXXX XXXX XXXX
Cajanus cajan Distrito Federal, Brazil C2173 XXXX - -
Eucalyptusspp. Bahia, Brazil C2123 AF395685 - -
Eucalyptusspp. Bahia, Brazil C1442 (=CBS 115174) HQ157545 KF482985 HQ157550
Eucalyptusspp. Bahia, Brazil C1440 HQ157544 KF482985 HQ157550
Eucalyptusspp. Bahia, Brazil C1985 AY157966 KF482985 HQ157550
Eucalyptusspp. Parana, Brazil C1987 - KF482990 HQ157552
Mangifera indica Distrito Federal, Brazil C2176 - KF482985 HQ157550
Mangifera indica Pernambuco, Brazil C1970 - KF482986 HQ157550
Mangifera indica Pernambuco, Brazil C1968 AY585343 KF482984 HQ157553
Mangifera indica Rio de Janeiro, Brazil C1558 (=CBS 115175) AY157965 KF482988 HQ157552
Mangifera indica Rio de Janeiro, Brazil C2094 - KF482987 KF482998
Mangifera indica Rio de Janeiro, Brazil C2055 HQ157548 KF482986 HQ157550
Mangifera indica Séo Paulo, Brazil C1655 HQ157546 - -
Mangifera indica Séo Paulo, Brazil C1889 HQ157547 - -
Mangifera indica Séo Paulo, Brazil C994 (=CBS 600.70) AY157964 KF482987 HQ157551
Mangifera indica Séo Paulo, Brazil C1657 AY526291 KF482986 HQ157550

AThe sequence will be deposite in GenBank;
B Not used in analyses.
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Table 1 Continued

ITS MAT1-1-2 MAT1-2-1
Species Hosts Localization Representative isolate sequence GenBank GenBank
acessions accessions  accessions
C. fimbriata Ficus carica Séo Paulo, Brazil C1782 (=CBS 115166) AY526292 KF482987 HQ157551
Ficus carica Séo Paulo, Brazil C1857 HQ157542 KF482987 HQ157551
Colocasia esculenta  Séo Paulo, Brazil C1905 (=CBS 115171) AY526288 KF482989 HQ157552
Colocasia esculenta  S&o Paulo, Brazil C1926 HQ157541 - -
Gmelina arborea Para, Brazil C918 (=CBS 115173) AY157967 KF482983 HQ157549
Ipomoea batatas Papua New Guinea  C1476 (=ICMP 8579) AY157957 KF482992 KF483000
C.cacaofunesta Theobroma cacoa Ecuador C1004(=CBS 153.62) B- KF482993  KF483001
Theobroma cacoa Bahia, Brazil C1587 AY157953 - -
Theobroma cacoa Rondoénia, Brazil C2031 AXXXX XXXX XXXX
C.colombiana  Coffea arabica Colombia C1543(=CBS 135861) AY157961 KF482994  KF483002
Coffea arabica Colombia C1024 XXXX KF482994  KF483002
C. platani Platanus accidentalis North Carolina, USA C1317(=CBS 115162) AY157958 KF482995 KF483003
C. variospora  Prunussp. lowa, USA C1963(=CBS 135862) xxxx KF482996  KF483004

AThe sequence will be deposite in GenBank;
B Not used in analyses.
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Table 2 Normal or watery ascospores masses or lack of peitipeoduced from mating experiments between MAT 1/female ak@i2Vale
strains ofCeratocytsis fimbriatérom Tectona grandisEucalyptusspp.,Mangifera indica, Ficus carica, Colocasia esculenta, Gmelina arborea
andIpomoea batatasgndC. cacaofunesteC. platani,andC. colombiana.

. MAT2, Male?
Species Host MATL, Femalé Tectona Eucalyptus Mangifera Ipomoea  Platanus
TecMT-SI69sec Cl347sec  ERRJ1-10sec SEMS2-11sec SESP5-1sec C1418sec (C1343sec
C. fimbriata Tectona TecMT-QM29ss NormaP Normal Normal Normal Normal Normal Watery
TecMT-RC35ss Normal Normal Normal Normal Normal Normal Watery
TecMT-SI69ss Normal Normal Normal — — — —
TecMT-NS5ss Normal Normal —f — — — —
TecMT-NS8ss Normal Normal — — — — —
Mangifera ~ SEMS2-11ss Normal Normal Normal Normal Normal Mixed Watery
NEBA1-10ss Normal Normal Normal Normal Normal Normal —
ERRJ4-2ss Normal Normal Normal — — — —
Eucalyptus C1347ss Normal Normal — — — — —
Gmelina C918ss Normal Normal Normal Normal — — —
Ficus C1783ss Normal Normal — Normal — Normal —
Colocasia  C1926ss Normal Normal — Normal — — Watery
Ipomoea C1418ss Mixed Mixed Normal Mixed Mixed Normal Peritheci&
C. platani Platanus C1317ss Watery Watery Watery Watery Watery Watery Normal
C. cacaofuneste Theobroma C1587ss Watery — Watery Watery Watery Watery —
C. colombiana Coffea C1564ss Watery Watery Watery Watery Watery — Watery

asec = strains from MAT?2, self-sterile sectors recestdrom self-fertile field isolates; ss = MAT1, fate-component isolates with protoperithecia;
®Normal = abundant, creamy appearing ascospore massgeraml ascospores;

“Watery = watery ascospore masses and misshapen @&s0epno ascopore;

dMixed = Some perithecia with normal ascospore massesthadperithecia with watery ascospore masses and mislibasrespores.

®Perithecia = Perithecia only, no ascospore mass;

f__ = no perithecia produced;

40



Table 3.Genetic diversity oT ectona grandigteak) populations o€eratocystis fimbriatdrom Mato Grosso based on 14 microsatellite loci.

NC mixed Stoddart & Nei’s gene diversity (H)
N° ITS rDNA N° Taylor’s
Host Towns . ITS . All Clone-
isolates haplotype Genotypes Genotypic .
sequences diversity G)* isolates  corrected
Tectona grandis Nossa Senhora do Livramento (NS 5 10d (1Y, 14d (1) 3 2 2.0000 0.0686 0.1071
Sao José dos Quatros Marcos (QM 8 10d (4) 4 1 1.0000 0.0000 0.0000
Séo José do Rio Claro (RC) 9 10e(5),14d (3) 1 1 1.0000 0.0000 0.0000
Sinop (SI) 2 14d (2) - 2 NA NA NA
All isolates from teak 24 3 2.5410 0.1054 0.1270

aStoddart & Taylor’s genotypic diversity (G) with rarefaction, maximum value = 5
Ynumber of isolates

Table 4 Mean xylem discoloration (cm) caused by €ieratocystis fimbriatasolates inoculated in clones Bficalyptus grandix Eucalyptus
urophyllaandTectona grandis

Isolates Host :
Eucalyptusclone Tectona grandis

EucSP1 19.71a 2.43ab
EucMS3 16.36ab 2.18ab
EuBASBS1 15.00b 2.04ab
TecMT-QM29 3.61c 2.50a
TecMT-RC35 3.32c 2.18ab
TecMT-NS5 2.75¢c 2.61a
Control 2.14c 1.79b

The first three letters indicate the host genus(E&ucalyptusand Tec =
Tectong and next two letters indicate the Barzilian st®A € Bahia; MT
— Mato Grosso; MS = Mato Grosso do Sul);

Means within a column followed by the same lowesecdetter are not
significantly different from eachther (P<0.01) based on Fisher’s protected
least significant difference.
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Fig. 1. Sampling sites o€eratocystis fimbriatdrom teak Tectona grandjsin Mato
Grosso. The first two letters indicate the town (NS =dddSenhora do Livramento; QM

= S&0 José dos Quatro Marcos; RC = Sdo José do Ra Slax Sinop). In parentheses,

the number of samples and the number of isolates thratot¢ained from each locality.
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Fig. 2 Ceratocystis wilt offectona grandigaused byCeratocystis fimbriatdteak). (a)
teak plantation at 4 years old in Mato Grosso; (b) tead with wilt symptoms; (c)
sections of the health tree; (d) xylem discoloratiansed byC. fimbriata; (e) root

infection reaching the trunk; (f - g) infection through wouret arrow) in the trunk.
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Fig. 3. One of 45 most parsimonious trees based on the ITS rDiy#desees of
representative isolates of the Latin American ClaAQ) of the Ceratocytsis
fimbriata complex. The tree is rooted €. variosporaof the North American Clade
(NAC), and all other isolates are considered to be irL&@. The host genus, state
(BA = Bahia; DF = Distrito Federal; Mato Grosso = MT; PAPard; PE =
Pernambuco; PR = Parana; RJ = Rio de Janeiro and % 2dhilo) or country of
origin are given for each isolate. The ITS haplotgpsignations are indicated in the
right. Bootstrap values greater than 50% are indicateghpropriate branches. Scale

bar indicates base pair differences.
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Fig. 4. The single most parsimonious tree of the 475 steps baspdrtions of the
MAT1-1-2 (MAT1) and MAT1-2-1 (MAT?2) mating type gen€ratocystis fimbriata

and other members of the LAC (cacaofunestaC. colombianaandC. platan). The

tree was rooted t€. variospora a member of the North American Clade of @e
fimbriata complex. Bootstrap values greater than 50% /posteridyapility value
greater than 0.85 are indicated on appropriate branchedi0eh genus, state ( BA =

Bahia; Mato Grosso = MT; PA = Pard; RJ = Rio de Janaid SP = Sao Paulo) or

country of origin are given for each isolate. Theintatype haplotype designations
are indicated in the right. Scale bar indicates lpagedifferences.
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Fig. 5. Example of inter-fertile and inter-sterile crosseswieen isolates of
Ceratocystisspp. (a) Perithecia and ascospore mass and (c) ascdspore
interfetile cross betwedd. fimbriatastrains fromrectona grandigteak) (TecMT-
RC35) and fronEucalyptus(C1347); (b) and (d) interspecific cross between an
teak strain ofC. fimbriata (TecMT-RC35) and &latanusstrain of C. platani
(C1343) showing small watery ascospore masses (b) and pessascopore (d).
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Fig. 6. A UPGMA (unweighted pair group method arithmetic mean) dendnogrf
genotypes o€Ceratocystigimbriata C. cacaofunestandC. platanibased on alleles
of 14 microsatellite loci. The first three lettersigate the host genusiAca =Acacia;
Col =Colocasia Euc =Eucalyptus Fic =Ficus, Gme =Gmeling Hev =Hevea Ipo

= Ipomoea Man =Mangiferg Pla =Platanus Pun =Punicg Tec =Tectonaand The
= Theobromg and next two letters indicate the Brazilian st®8€ & Acre; AL =
Alagoas; BA = Bahia; CE = Ceara; MG = Minas Gerais; MMato Grosso; PA =
Par4; PB = Paraiba; RJ = Rio de Janeiro and SP P&4#o) or country (BR = Brazil;
CN = China and US = United States) of origin. Scale bacates genetic distance.
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ABSTRACT

Recently, Ceratocystis fimbriataEllis & Halsted was recorded causing
seedling blight orfCarapa guianensigandiroba), a native tree species to the Amazon
Rainforest. This species is prized for its high valuaintér and medicinal seed oil
production. Generally, wilt-type disease causedCbyimbriatais more common in
woody hosts; howeveonandiroba the disease occurs in seedlings and sefsdsiraf
the species regeneration. In Brazil, few native hostispbavebeen identified and
the host-specialized pathogen may co-evolve with thaetplthey affectThen, this
work aimed to study the taxonomy of the fungus obtained fandiroba through

phylogenetic analyses using the mating type genes and inteystests, ITS rDNA
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fingerprinting, estimate the genetic variability using miete8iite markers and
evaluate the aggressiveness and host specificity byioaxsgations. Analysis of ITS
rDNA sequences and phylogenetic analysis using the mating type (§#h€sl and
MAT-2) of 73 isolates showed new haplotyp&sC. fimbriatafrom LAC. In the
mating experiments, andiroba isolates were interdemilth tester strains o€.
fimbriata, confirming that they belong to a single biological specFourteen
genotypes and intermediary levels of genetic variabilityewiund in andiroba
populations. In addition, the results of inoculatiostseshowed evidence of host

specialization.

Keywords: American Latin Clade, microsatellite, genetic diversityating type

genes, ITS barcoding.

Introduction

Carapa guianensisAubl. (andirobg, a woody plant that belongs to the
Meliaceae , is native to the Amazon Rainforest re{floapicos 2016). It is prized for
its high valuable timber and seed oil productiosed for cosmetic and medicinal
purposes (Souza et al. 2006). Furthermore, this species hasgral and economic
values for Amazon extractive populations because its promgoemase income as well
as oil from seed, used for medicinal purposes. (Klimas @0&2; Herreno-Jauregui
et al. 2013; Vinhote 2014). Recently, seedling blight, caus€&kbgtocytsis fimbriata
sensu latg(s.l.) was recorded on andiroba (Halfeld-Vieira et al. 20C2yatocystis
fimbriata s.l. involves a complex of many cryptic species wittarge number of
economically important hosts (CAB International 2005; hgton 2009; Harrington

et al. 2011; Harrington 2013). Generally, wilt-type diseaseethbgC. fimbriatais
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more common in woody hosts &angifera indicalL. (Carvalho 1938)Gmelina
arboreaRoxb. Ex Sm(Muschovej et al. 1978Ficus caricaL. (Valarini & Tokeshi
1980); Eucalyptusspp. (Ferreira et al. 1999)Tectona grandid.. f (Firmino et al.
2012), among others. In andiroba, the disease occurseedlisgs, and was
characterized by the presence of fungal sporulationemssand petioles, affecting
the species regeneration (Halfeld-Vieira et al. 2012).

DespiteC. fimbriata affects mainly woody plants, its first report was as th
causal agent of black rot on sweet potfporhoea batatad..) Lam) (Halsted 1890),
considered the type species of the genus. Currentlyutigeis from sweet potato is
treated a<C. fimbriata sensu stricto(s.s) while isolates of cryptic species of the
complex are treated & fimbriatasensu latds.l) (van Wyk et al. 2010; Harrington
et al. 2014). Although there is limited morphological vaoiatwithin the complex
(Webster & Butler 1967), in Latin American Clade (LAC) (Hagton 2000;
Harrington 2009; Harrington et al. 2011) new species have beegnired based on
DNA sequence variation (Rodas et al. 2008; van Wyk et al. 2009, 2011a, 2011b).
However, according to Harrington & Rizzo (1999), to describe species is
necessary that lineages show unique and diagnosable pherchigpacters. Host
specialization may have been a driving force in relativebent speciation events
(Harrington et al. 2002; Harrington et al. 2014). In the LACe¢hhost specialized
lineages were identified orheobroma cacafcacao,)lpomoea batatagsweet potato)
and Platanusspp. (sycamore) (Baker et al. 2003). Later, studies of ietdity and
morphological characterization allowed to describe ¢heao pathogen as a new
speciesC. cacaofunest&ngelbr. & T.C. Harrin., and elevate the sycamore patihoge
to a species level named @s platani Engelbr. & T.C. Harrin., and sweet potato

pathogen remaining &S. fimbriata s.s(Englebrecht & Harrington 2005). In North
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America Clade (NAC), two lineages host specialize®adpulus tremuloideMichx.
and Carya illinoensis(Wangenh.) K. Koch. have been defined to new spe€les,
populicola J.A. Johnson & Harrington an@. caryaeJ.A. Johnson & Harringtgn
respectively(Jonhson et al. 2005). Besides @efimbriatacomplex, inCeratocystsis
coerulescensomplex, lineage host specialized have also been igeh(iarrington
et al. 2002).

Ceratocystis fimbriatds a soilborne pathogen that seems to be native tal Braz
(Ferreira et al. 2010; 2103; Oliveira et al. 2015). Nevertheleasnative hosts of.
fimbriata has been identified in Brazil, which includétevea brasiliensislL.,
(Alburqueque et al. 1972; CAB International 2005; Valdetaro et al. 28h8)
Theobroma cacad.. (Englebrecht & Harrington 2005). Howeveg. fimbriata
populations fronH. brasiliensiswere introduced in a cultivated area (Valdetaro et al.
2015) and of. cacaathe fungus seems to be native from upper Amazon region, but
was considered as a new species withinG@hdimbriata complex (Englebrecht &
Harrington 2005).

Then, this work aimetb: a) study the taxonomy of the fungus from andiroba
through phylogenetic analyses using the mating type genes tenstenlity test; b)
analyze the ITS rDNA as fingerprimting; c) estimate thaegje variability using
microsatellite markers to determine whetBeratocystigpopulations on andiroba are
native to Amazon region; d) evaluate the aggressivemebsi@st specificity of the

fungal by cross-inoculations on mango, teak, eucalyptdsadiroba.
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Materials and Methods

Sample collection and fungal isolation

Andiroba seedlings with stem blight symptoms and fungaldgioon on stem
and seeds were collected in native Amazonian Rain Fonests states of Acre (AC),
Amazonas (AM) and Roraima (RR) (Fig.. Bour populations were analyzed: two
from Roraima (S&o Jodo da Baliza), one fromin Acr® (BRianco) and one from
Amazonas (Boa Vista do Ramos/Parintins) (Fig 1). The mmyere collected in an
area of 50 m radius around andiroba trees. Seeds aswebdlings infected with the
fungus were brought to the Laboratory of Forest Pathology/BI®AGRO at the
Universidade Federal de Vigosa (UFV). The infected tissuetnaasferred to carrot
baits (Moller & DeVay 1968) and subsequently incubated at roonpeeature
(approximately 25 °C) to stimulate ascomatal production. Tthenascospore mass
formed in the apice of perithecia on the material iatet was transferret plate
with MYEA (2% malt extract, 0.2% yeast extract, and 2yara(Ferreira et al. 2010;
Alfenas & Mafia 2016). For all isolates, the single apoos strains were obtained by
collecting the ascopore masses and dispersing in about @Dqillautoclaved. Then,
the spore suspension was streaked over the fresh plateM¥iBA. After 12h,
approximately, individual germlings were transferred to frdakep (Harrington &
McNew 1997). One self-fertile isolate per tree was stored indlgéerol at -80 °C at
the Forest Pathology Laboratory at the Universidade Fedendicosa, Brazil. Some
andiroba isolates were also storedhie Forest Pathology Laboratory at lowa State

University, USA.
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DNA extraction

The fungus was grown on MYEA (Malt Yeast Extract Agar) andbated at
28 °C for about 15 days before DNA extracting using the Wfz&dnomic DNA
Purification Kit (Promega Inc- Madison, USA) withthe manufacturer’s protocol
modified by Valdetaro et al. (2015). The concentration of ariDNA was quantified
with a Nanodrop 2000c(Thermo Fisher Scientific Inc., Massachusetts, USHA)

adjusted to 50 - 100 ng-.

ITS and mating type genes sequences

For all andiroba isolates, amplification and sequencihghe ITS rDNA
region, including 5.8s gene, was performed using the primersF{Sardes & Bruns
1993) and ITS4 (White et al. 1990). Portion of the MATMIAT1-1-2 and MAT-=2
(MAT1-2-) genes were amplified and sequenced. The primers CFMAahd-
CFMAT1-R (Harrington et al. 2014) were used to amplify and sequabout 1040
bp region of MAT-1. The primers X9978R1R and CFM2-1F (Harringtioal. 2011)
amplify and sequence about 1131 bp region of MAT-2 .

The PCR conditions for amplifying the three regions wesed as described
previously by Harrington et al. (2014). The PCR products amplifiee sequenced
with the PCR primers. The fragments were purified usimgtil™ GFX™ PCR DNA
and all sequencing was conducted by lowa State University DNA Sisthed
Sequencing Facility. Sequences were analyzed and edited using Seljaeigedor
(Applied Biosystems, Foster City, California) softwarel aubsequently manually
aligned when necessary.

The ITS sequences obtained of andiroba isolates veenpared with those

reported earlier for the LAC (Harrington et al. 2011, 2014) usingimpany analyses.
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Phylogenetic analyses based on mating type genes

Mating type genesMAT1-1-2 and MAT1-2-) sequences were analyzed
separately. The partition homogeneity test (PHT) wadwcted using PAUP 4.0b1.0
(Swofford 2003) in order to determine whether the datasets ceudrhbined.
Maximum parsimony (MP) and Bayesian inference (Bl) weredu® construct
phylogenetic trees. The MP analysis was performed by using PA4R®b10
(Swofford 2003). The heuristic search based on parsimonythdtiBR algorithm
(Tree Bissection Reconnection) and stepwise additiolm ¥00 random repetitions
were used. Gaps were treated as a fifth base and all chnafzetecgual weight.

Bayesian inference was performed using MrBayes program (Rbn§u
Huelsenbeck 2003). The best model of nucleotide substitutisrcixasen based on
the Akaike information criterion (AIC) of MrModelTest 2 (Nylander 2004). A
posteriori probability PP) distribution of trees was created using MCMC (Mettispo
coupled Markov chain Monte Carlo), with two chains of fouaick (one cold and
three heated) initiated from a random tree and one mitlemerations executed,
discarding the first 25 percent of the trees by meansefburn-in procedure in
MrBayers.

Sequences of isolates obtained in this study were compdétecepresentative
isolates of theC. fimbriatacomplex, includingC. cacaofunestaC. colombiandV. van
Wyk & M. J. Wingfield andC. platani (Table 1).Ceratocystis variosporgR.W.
Davidson) C. Moreau from the North American Clade (NAC) usesl as the outgroup

taxon.
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Mating experiments

Carapa guianensigandiroba) isolates from each state were selectedAds M
1 (female-only) testers. The self-sterile MAT-1 tes{gmales) were obtained from
single ascospore isolation from self-fertile fieldlaes.

Self-sterile isolates, MAT-2 (male-only), were selectdor mating
experiments: one isolate @f. fimbriatafrom T. grandis (teak) (Sinop), one frorh
batatas(sweet potato), one frofBucalyptusspp. and three isolates frolh. indica
(mango), and one isolate Gf platani(Oliveira et al. 2015). The MAT-2 testers were
recovered from sectors, formed spontaneously by subgituthe colonies
systematically. The DNA was extracted and PCR was condusiad the primers
CFM2-1 and X9978R1R in order to confirm the presence of MA&gibn. The male
(MAT-2) and female (MAT-1) testers were grown on MYEA fbordays at room
temperature. The conidial suspension of the male testsrprepared as described
previously (Ferreira et al. 2010; Oliveira et al. 2015). ThanLiwas dispersed over
the female colony for spermatization.

During 3 to 4 weeks, the cultures were observed for the presépeeithecia
and ascospore masses. Ascospore masses were examined apicatigc(400 x
magnification) to see the spores quality (normal appearawleeaiing intraspecific
pairing or watery indicating hybrid). To observe the myceatiatphology, ascospore
masses from the progeny were spread onto fresh MYEA. Inssfaterosses, the
progeny showed the both mycelial phenotype of the parentgevés, unsuccessfully
pairing, the progeny showed the uniform mycelial morphology thee selfing
(Ferreira et al. 2010; Oliveira et al. 2015).

The experiment was repeated twice and the strains wesideoed interfetile

if they crossed in at least one of the two experiments.
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Microsatellite analyses

Fourteen microsatellite loci developed by Steimel et al. (2004) recently
mapped onto th€. fimbriata s.s.genome sequence (Simpson et al., 2013), were
analyzed. This microsatellite markers are widely used inetudipopulation structure
involving species within the Latin American Clade (Engsiit et al. 2004,
Engelbrecht et al. 2007b; Ocasio-Morales et al. 2007; Fere¢iad. 2010, 2011,
Oliveira et al. 2015; Valdetaro et al. 2015; Harrington et al., 20i165;al., 2016). For
each primer pair specific to the flanking regions of fourtsinple sequence repeat
regions, one of the primers was fluorescently labdlad.microsatellite analyses were
conducted in lowa State University (ISU), USA. PCR ampliiica of all
microsatellite loci were performed using a PCT 100 (MJ Rekdarc) following the
earlier described conditions (Ferreira et al. 2010). Banels sof the product were
determined using a four-capillary ABI Prism 3100- Genetic Araly@pplied
Biosystems Inc., Foster City, CA) and ABI Peak Scamhdy Analysis Software (Life
Technologies). Each product length (within 1 bp) was coreideo be a different
allele. Most of the microsatellite loci contained tigteotide repeats, and most alleles
of a given locus differed by increments of 3 bp.

Genetic variation of andiroba populations was comparedrefiifesentative.
fimbriata populations onT. grandis Colocasia esculentgL.) Schott (taro),
Eucalytpusspp. (Ferreira et al. 2010) ard. indica (Oliveira et al. 2015) in Brazil
using the microsatellite data. Nei’s gene diversity (H) for each population was
calculated without and with clone-corrected data using PopGe&# sbftware.
Multilocus genotypic diversity was estimatediwihe Stoddart and Taylor’s G index
(Stoddart & Taylor 1988)G values were estimated based on rarefaction curve

according the number of genotypes in the smallestaippled (Grinwald et al. 2003)
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using the Vegan package from CRAN in R v.2.6.1 (R CoeanT2007). For
comparisons among individual populations, the maximum val@& wés 5, and for
comparisons among different host groups and regions was 13.

Nei’s genetic distance between populations and UPGMA (unweigted pair
group method with arithmetic mean) dendrogram were constiructsing
POPULATIONS 1.2.30 (Langella 1999). Bootstrap values were calculated1©0
replications using POPULATIONS 1.2.30.

Partition of total variance using analysis of moleculaiance (AMOVA) on
Euclidean distance was performed using ARLEQUIN v3.11 (Exarodfi al. 2005) to
determine variation associated with different levels gehetic structure (host-
associated groups, among populations within groups, and withinghioms).

Relationships among the andiroba genotypes (combinatiortbeotilleles
among the 14 microsatellite loci) and representative gpastfrom other hosts of the
LAC (Ferreira et al. 2010; Harrington et al. 2015; OliveiraleR015; Valdetaro et al.
2015) were examined in PAUP* (Swofford 2003) using genetic distéNeés)

matrices and UPGMA trees. Bootstrapping tests utilized 1000 repfisat

Pathogenicity tests

Three representative isolates from andiroba (CarAC-14€RPAM-ANDP1
and CarRR1-RR74) and one isolate from eucalyptusBEt8BS1), one from mango
(ManCE-CEBS13) and one from teak (TecMT-QM29) were usedianinoculation
experiments. All of the isolates were inoculated on abdirseedlings (three-months
old), on mango seedlings (cultivar Espada, 19-months oldheohybrid clone 1172
of E. urophyllax E. grandis(three-month old) and on teak seedlings (six-months old).

The plants were transplanted into 2 L pots containing thetrse Carolina I
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(Carolina Soil do Brasil) supplemented with 6 kg of superphosphate and 1,5 kg m
3 Basacot® (19-6-10) (ComPo do Brasil). However, the teak plants \geogvn in
potting mix with soil, sand and substrate Carolina Il (ioportion 1-1-1). Both
experiments were conducted in a completely randomized desgsijsting of two
factors (host x isolate) with seven replications patinent. The plants were wounded
(around 3-mm deep) with a sterile scalpel at 3 cm abovgrthand. A volume of 500
uL of the inoculum (3 x 10° spores mb) was applied into the wound and the
inoculations site wrapped with Parafilm to reduce desiccamaincontamination. The
control plants were wounded and treated with the same vodirsterile distilled
water. The first experiment (inoculation dayMay 13" 2016), the plants were
incubated in the greenhouse at 23087.9°C — 44.6°C). The second experiment
(inoculation day- June 24 2016) was performed during the winter, and because of
weather conditions, the plants were incubated in grahéimber at 25.4% (22°C -
30.5°C), 12 h photoperiod and 95.@& photons/s/rh After 60 days, the length of
xylem discoloration was measured. To re-isolate the fsinthe carrot bait method
(Moller and DeVay 1968) was used. The variance analyses (ANOWAE data was
conducted and for each experiment, means of xylem distmo length were
compared by Fisher’s Protected LSD test (P< 0.01) using Statistica® software (StatSoft

Inc.).

Results

Sample collection and fungal isolation

A total of 194 samples, including infected seeds and seedlagscollected
and the funguwas successfully isolated from 73 samples (Fig. 1). Thetésshowed

uniform mycelial morphology and were self-fertile. In A&@nd Roraima, we observed
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seedlings showing symptoms Gkratocystsiseedling blight (Fig 2B) as well as
fungal sporulation (Fig 2C and 2E) and, in some caseqrésence of perithecia on
the stem (Fig 2D). In Amazonas population, only seeds wdiectaa. The infected
seeds were covered by fungalorulation and, sometimes, the presence of gummosis
was observed (Fig 2F), likely in response to the fungus infectichigh number of
seedlings affected by. fimbriatawas observed bellow the andiroba trees in the field.
In some cases, one or a very few healthy seedlings veserved coming from the

same fruit (Fig 3). These plants could be resistapisbrescaped from the disease.

ITS

For 73 andiroba isolates, only one from Amazonas (CapM\DP2) could not
be sequenced for the ITS region. This isolate had mix&dsBquences, that is, the
sequence generated with the ITS1F primer initially gave ncleaads in
electropherogram and then overlapping peaks followed (Hawringt al. 2014;
Oliveira et al. 2015).

The Maximum parsimony analysis found 9 trees of 321 step<O@ittumber
of variable characters. From those characters, 73 wargmony informative in
aligment of the 613 bp. The ITS haplotype numbers foltbev designations by
Harrington et al. (2011). The letters were named followimgs#quences previously
described (Harrington et al. 2014; Oliveira et al. 2015).

Three new ITS haplotypes (ITS17, ITS17a and ITS18) were fa®htimong
the sequenced andiroba isolates (Fig. 4). The ITS17 antdré&T®ere found in two
isolates from Acre. All of the other isolates sequenced IF&18 haplotype, but only

two isolates per each state was showed in the ITS tree.
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Phylogenetic analyses based on mating type gene

For phylogenetic analyses, the mating-type genes are sugable than ITS.
Then, fifteen andiroba isolates out of 73 from Acre,a&onas and Roraima states
were selected for sequencing of mating type geRes MAT-1 (MAT1-1-2, an
alignment of 1040 characters one haplotype were identifrexhg the isolates tested.
For MAT-2 (MAT1-2-1), an alignment of 1131 characters showed 62 characters
varying and three different haplotypes were found amongttetes analyzed.

Mating type genes when combined produced a robust phylogeneticane
the C. fimbriata complex because they are tightly linked and, differerthefother
genes, cannot be recombined during the crossover eventin@ttamret al. 2014).
Even so, the partition homogeneity teste (PHT) wasopmdd for the combined
dataset of MAT-1 and MAT-2 genes and showed that they coutimbined (P =
0.26) (Cunningham 1997; Barker & Lutzoni 2002).

The combined dataset of MAT-1/MAT-2 sequences of andirobiged(h
isolates) and from other hosts found in the LAC (Haranget al. 2014) had an
alignment of 2171 characters. The number of variable cteasawas 373, and 84 of
those characters were parsimony informative. Maximumirpargy (MP) analysis
found a single tree of 494 steps, with homoplasy index, @énsistency index (Cl),
rescaled consistency index (RC), and retention inB&xwere 0.0486, 0.9514, 0.8816
and 0.9266, respectively. Evolution model HKY+G was selectethaadcporated into
the Bayesian analysis, and the level of convergenee tfwo parallel runs after 1000
000 generations had a mean standard deviation of split fregeenfd.00665.

The likelihood tree from Bayesian analysis had very simdaology of the

MP tree. Therefore, the parsimony tree was selectedidstration (Fig. 5). Other
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species from the LACQ. cacofunestaC. colombianaandC. platan) had bootstrap
support of 100% and posterior probability (PP) of 1.00 (frig 5

All andiroba isolates haplotypes were placed along vhighdther Brazilian
isolates. Three new mating haplotypes (4e, 4f and 4q) foarel closely related to
each other among the 15 isolates analyzed. The matingtysed were named
following the sequence previously described by Harrington ¢2@14). The number
of the haplotype was defined according with the haplotypeber of the isolate more
closely related and the letters folledthe sequence used previously by Harrington et
al. (2014) for this number.

The 4e and 4f haplotypes did not match to any other sequeru®usly
described. The haplotype 4e was found in four isolates (two Roraima and two
from Acre) and was separated by moderately-supported (65%jrapand a high
posterior probability value (= 0.98). The haplotype 4f vaasifl in one isolate from
Acre. However, the haplotype 4g was found among the isofeten andiroba and

cacao (C1584).

Mating experiments

MAT-1 testers from andiroba isolates successfully @dsgth the majority of
the other Brazilians testers of opposite mating type €T2blin most of the successful
crosses, (normal and mixed), there were many fully dpeelmerithecia within a
week and they produced thick, creamy ascopores massesips thigperithecia necks
(Fig. 6A). Microscopic examination showed abundant, normppkaring ascopores
(Fig. 6C). Ascopores masses from normal cross were streakdresh plates to
demonstrated that ascopore masses is not due to a seliegcolonies produced

mycelial morphology of the both male and female testieains. In unsuccessfully
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crosses, only a few perithecia were produced and ascospasssanvere watery (Fig.

6B), and microscopic examination showed few misshapen asesgjpag. 6D).

Microsatellite analyses

Of the 14 microsatellite loci tested on the 73 andirgbéaies, eight loci were
monomorphic and six were polymorphic (Table 3). The UPGMA t@estructed
based onNei’s genetic distance (Fig. 7) showed that andiroba genotypes grouped
separately from the other isolates with high support (95%rtEen genotypes were
found among the andiroba isolates and three microsatgétetypes (AMSATL,
AMSAT2 and AMSAT3) were found in more than one population (Fig.

The UPGMA tree constructed using allele frequencies of poposatFig. §
showed that andiroba populations grouped separately fronottier Brazilian
populations and had high bootstrap support (100%). The UPGMA tree ¢loteee
separation according to the host and geographic distribulmat was confirmed by
analysis of molecular variance (AMOVA), which shows thatrenthan a half (62%)
of the genetic variation was attributed to variation ambaogt-associated groups
(Table 4). The AMOVA also showed that 21% was attributabldiersity within
populations, and 17% to variation among populations within groups.

Nei’s gene diversity (H) and Stoddart and Taylor’s genotypic diversity (G)
(Table 5) were calculated for populations @f fimbriata from andiroba and these
values were compared to other Brazilian isolates frofardifit hosts and geographic
distribution. The Amazonas population showed greater gashgemotypic diversity
(H = 0.1486;G = 3.3889) (Table 5) among andiroba populations. Furthermore,
Brazilian populations fronkucalyptus (H= 0.3212,G = 8.2371), fromMangiferain

the Northeast BraziH =0.3758,G = 7.9237) andColocasia(H = 0.1530G = 6.7460)
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had greater gene and genotypic diversity than andiroba piopulel = 0.1271;,G =

4.8055) (Table 5).

Pathogenicity tests

At the end of the experiments, none of the plants wilezl, however wilting
was observed in some inoculated plants. Re-isolationghef pathogen from
discoloured tissue of the inoculated plants yielded &@iclonies ofC. fimbriataeven
in those with small lesions, which shows that the fungas alive but the fungus was
confined in a small portion of the host tissue. The césteomained asymptomatic and
we observed limited discoloration (wound reaction) neamhend.

The multifactorial ANOVA found significant variation ihé length of xylem
discoloration between two experiments as well as ambagisblates inoculated
(greenhouseF=14.44, P < 0.0001 and growth chambétr = 47.64, P < 0.0001), the
hosts (greenhouse F = 25.99, P < 0.0001 and growth chambef = 83.36, P <
0.0001) and isolate x host interaction (greenheuUse 15.43, P < 0.0001 and growth
chamber £=48.58, P < 0.0001).

In the growth chamber, despite the temperature had beemmrf22°C - 30.5
°C) during the experiment, the relative humidity was Jagh (90.76%) resulting in
edema formation on leaves and stem of andirObethe other handhelight intensity
was relatively low (95.6uM photons/s/rf) and some hosts as teak, mango and
eucalyptus suffered from cochineal attack probably becausesabtle conditions for
plant growth for such a long period of incubation (60 dals)oth experiments,
wilting occurred in hosts, from which the isolates watiginally obtained. Although,
some un-inoculated plants (controls), mostly eucalyptigs, wilted and displayed

only wound reaction. In the growth cham/a&e lesions were generally bigger (Table
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6) and more plants wilteghrobably becausef the high favorable conditions for the
fungal infection and especially because of less faverconditions for growth and
reaction of the plants. The lesions on mango inducechdnhost isolates were
discontinuous and narrow, differently from the lesiormiiged by the mango isolate.

Andiroba, mango and eucalyptus isolates inoculated irsthespective hosts
caused typical discoloration, extended continuouslly fiithwen inoculation point
especially upwards

In both experiments (greenhouse and growth chamber)hrak tandiroba
isolates caused significantly bigger lesions in andirplaats than did the other
isolates, which did not differ from the controls. Howewven, mango under growth
chamber conditions, all isolates induced xylem discatmasignificantly different
from the controls, but the mango isolate caused sigmifiz greater lesion. In both
experiments, mango and eucalyptus showed bigger lesions thasthdre hosts
inoculated with their respective isolatedthough the lesion was relatively small,
compared to other hosts and isolates, TecMT-QM29 caused xykulatation
significantly different from the control. Variation aggressiveness was found among

the andiroba isolates tested.

Discussion

Analysis of ITS rDNA sequences found two new haplotypes #lahfg toC.
fimbriatafrom LAC. The phylogenetic analysis, using sequences of mating tyes gen
(MAT1-1-1andMAT1-2-1, showed that andiroba isolates form a single group dtrong
supported and closely relatéal other Brazilian isolates, including the isolate from
sweet potato, on which the fungus was originally described (ldalk880). The

andiroba group, formed on the MP tree of the mating ggns, showed three mating
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type haplotypes, which are not correthto the states they were isolated from.
However, the andiroba isolates from the three statesefd a group, sharing the same
recent ancestor. Interestingly, one of three hapkgymatched with one cacao from
Trinidad (C1584) (Engelbrecht & Harrington, 2005). However, Hwdate C1584
differed genetically from isolates @f. cacaofunestand was not pathogenic to cacao
plants, and it was intersterile with members @f cacaofunestgdEngelbrecht &
Harrington 2005; Baker et al. 2003). Therefore, we hypothediz¢dhis isolate could
have been introduced on plant material from Upper Amamomorthern South
American into Trinidad and it may be in fact fimbriata

Although the andiroba populations showed to be a distinct grtup,
phylogenetic analysis and mating studies showed that tfeeyna reproductively
isolated because they were interfertile with the sywettto type strain df. fimbriatg
as well as witfEucalyptus Mangiferaand Tectonastrains. In contrast, the andib
isolates were intesterile wit@. platanj another species from LAC (Engelbrecht &
Harrington 2005). Thus, the andiroba isolates can be corSidenbriata using the
biological species concept (Harrington et al. 2011; Harringtai. 2014).

Microsatellite analysis showed that fourteen andiroba gpaet grouped
separately from the other Brazilian genotypes. Three yggest were widely
distributed within and among the three andiroba populatidosvever, one of the
genotypes was found in Roraima and Amazonas. At presentat known how this
genotype was moved between these places. Future work willebessary to
understand how this happened.

The populations from andiroba were differentiated wittorgy bootstrap
support from populations of other hosts. Furthermoreysisabf molecular variance

showed that the differentiation among populations was duevdhation among
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populations located in different regions of Brazil. Tieiexpected because of the high
genetic variability found in some populations (Engelbretial. 2007a; Ferreira et al.
2010; Oliveira et al. 2015).

Furthermore, andiroba populations@ffimbriatahad intermediary levels of
genetic diversity, compardd other populations considered native to Brazil, such as
those of Eucalyptus and Mangifera from Cerrado and Caatinga forest type,
respectively (Ferreira et al. 2010; Oliveira et al. 2015) Gaoldcasiapopulation along
with Mangiferapopulation from eastern Rio de Janeiro, which seems tmatbve to
coastal Mata Atlantica forest type (Baker et al. 2008e8a et al. 2006; Harrington
et al. 2014; Oliveira et al. 2015). However, diffetgnfrom the values found in
Mangifera Eucalyptusand Colocasia populations,the gene diversity within the
andiroba populations was limite@eratocystis fimbriatais homothallic through uni-
directional mating type switching (Harrington & McNew, 1997; tlihn et al. 2000)
its reproduction is mostly asexual or through selfingshwiguld, probably, result in
the low gene diversityH). Among the andiroba populations, the population from
Amazonas state had highest genetic diversity. Isolatéisisregion were obtained
mostly from contaminated seeds. In the Amazon forabher tree and andiroba are
the only native hosts of. fimbriata identified so far. Considering the results of
microsatellite analysi€;. fimbriataon andiroba seems to be native to the Amazon rain
forest.

Additionally, the results of inoculation tests sugdesst specialization. Eh
andiroba isolates infected only andiroba plants, exoapigo kept in growth chamber
in which all isolates caused xylem discoloratitnfection on mango by all isolates
tested can be attributed to the plant’s predisposition éofuthigus colonization and

highly conducive condition for disease developméthbst-specialized pathogens
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sometimes evolve in the same area as the plantatteey (Engelbrecht et al. 2007b),
like C. cacaofunestavith Theobrana showing that a co-evolution process is present.
Additionally, in Brazil the strains from non-native cultivated host did not showed
evidence of host specialization, instead they varied widedggressiveness to various
host species (Ito et al. 1988; Baker et al. 2003; Harrington2@HL, Valdetaro et al.
2015). Host specialization is helping in delimitation of spewig¢kin Ceratocytsis
complex, but the intersterility test have been very igu to complete the
identification of cryptic species (Harrington et al. 2002hnkon et al. 2005;
Engelbrecht & Harrington 2005; Ferreira et al. 2010; Oliveiral.e2015). Despite to
the interfertility between andiroba isolates and swetdtp isolate €. fimbriata ss.),

the fungus from andiroba may be under speciation psodesthe process to splitting
of the one species into two (speciation process)ntbesterility can occur at early or
late stages of speciation (Giruad et al. 2008). According ttatést referred authors,
the intersterility is the stage at which the procesdbbasme irreversible, but this stage
may take very long to be achieved. Additionally, accordirakeB et al. (2003),
lineages ofC. fimbriatathat have adapted to American hosts may represent distinct
species or populations in the process of speciation.

The infected andiroba samples were collected in atfgi® with some human
activity by researchers or simply transit of people. Beftation and human activities
in native forests may affect the equilibrium betweethinative pathogen and host.
Thus, the more aggressive strains may dominate and inmegettively andiroba
regeneration in this area, located near to private piepert

Therefore, phylogenetic analysis and intersterility testsfirmed that the
andiroba isolates belong @ fimbriatassof the American Latin Clade. Furthermore,

recognition of andiroba populations as native to Amazom Farests and host
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specialization may contribute to the disease managemenawid introduction of

isolates into new areas.
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Tables and figues

Table 1 Representatives sequences of each haplotype of solferatocystis fimbriatand forC. cacaofunesta, C. colombiana, C. platand
C. variosporaused for phylogenetic analyses of MAT genes and ITS rDNAnegi

ITS MAT1-1-2 MAT1-2-1
Species Hosts Localization Representative isolate sequence GenBank GenBank
acessions accessions accessions
C. fimbriata Carapa guianensis Acre, Brazil CarAC-144C3 AXXXX B. -
Carapa guianensis Acre, Brazil CarAC-129B2 XXXX - -
Carapa guianensis Acre, Brazil CarAC-144B2 - XXXX XXXX
Carapa guianensis Amazonas, Brazil CarAM-MA2 XXXX XXXX XXXX
Carapa guianensis Roraima, Brazil CarRR1-RR74 XXXX XXXX XXXX
Tectona grandis Mato Grosso, Brazil TecMT-RC353 XXXX - -
Tectona grandis Mato Grosso, Brazil TecMT-RC354 XXXX - -
Tectona grandis Mato Grosso, Brazil TecMT-QM15 XXXX - -
Tectona grandis Mato Grosso, Brazil TecMT-NS8 - XXXX XXXX
Tectona grandis Mato Grosso, Brazil TecMT-RC35 - KF482986 HQ157550
Hevea brasiliensis Acre, Brazil HevAC-RB08 XXXX XXXX XXXX
Hevea brasiliensis Bahia, Brazil HevBA-A50 XXXX XXXX XXXX
Actinidia deliciosa  Rio Grande do Sul, Brazil PP14 - XXXX XXXX
Actinidia deliciosa  Rio Grande do Sul, Brazil PM20 - XXXX XXXX
Cajanus cajan Distrito Federal, Brazil C2173 XXXX - -
Ficus carica S&o Paulo, Brazil C1782 (=CBS 115166) AY526292 KF482987 HQ157551
Ficus carica S&o Paulo, Brazil C1857 HQ157542 KF482987 HQ157551
Gmelina arborea Para, Brazil C918 (=CBS 115173) AY157967 KF482983 HQ157549
Eucalyptusspp. Bahia, Brazil C1442 (=CBS 115174) HQ157545 KF482985 HQ157550
Eucalyptusspp. Bahia, Brazil C1440 HQ157544 KF482985 HQ157550
Eucalyptusspp. Bahia, Brazil C1985 AY157966 KF482985 HQ157550
Eucalyptusspp. Bahia, Brazil C2123 AF395685 - -
Eucalyptusspp. Parana, Brazil C1987 - KF482990 HQ157552

AThe sequence will be deposite in GenBank;
B Not used in analyses.
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Table 1. Continued

ITS MAT1-1-2 MAT1-2-1
Species Hosts Localization Representative isolate sequence GenBank GenBank
acessions  accessions accessions
C. fimbriata Mangifera indica Distrito Federal, Brazil C2176 B. KF482985 HQ157550
Mangifera indica Pernambuco, Brazil C1970 - KF482986 HQ157550
Mangifera indica Pernambuco, Brazil C1968 AY585343 KF482984 HQ157553
Mangifera indica Rio de Janeiro, Brazil C2055 HQ157548 KF482986 HQ157550
Mangifera indica Rio de Janeiro, Brazil C2094 - KF482987 KF482998
Mangifera indica Rio de Janeiro, Brazil C1558 (=CBS 115175) AY157965 KF482988 HQ157552
Mangifera indica Séo Paulo, Brazil C1657 AY526291 KF482986 HQ157550
Mangifera indica Séo Paulo, Brazil C1655 HQ157546 - -
Mangifera indica Sao Paulo, Brazil C1889 HQ157547 - -
Mangifera indica Sao Paulo, Brazil C994 (=CBS 600.70) AY157964 KF482987 HQ157551
Colocasia esculenta  Sdo Paulo, Brazil C1905 (=CBS 115171) AY526288 KF482989 HQ157552
Colocasia esculenta Sao Paulo, Brazil C1926 HQ157541 - -
Ipomoea batatas Papua New Guinea C1476 (=ICMP 8579) AY157957 KF482992 KF483000
C.cacaofunesta Theobroma cacao Ecuador C1004(=CBS 153.62) AY157950 - KF482993 KF483001
Theobroma cacoa Bahia, Brazil C1587 AY157953 - -
Theobroma cacoa Rondénia, Brazil C2031 XXXX XXXX XXXX
C.colombiana  Coffea arabica Colombia C1543(=CBS 135861) AY157961 KF482994 KF483002
Coffea arabica Colombia C1024 XXXX KF482994 KF483002
C. platani Platanus accidentalis North Carolina, USA  C1317(=CBS 115162) AY157958 KF482995 KF483003
C. variospora  Prunussp. lowa, USA C1963(=CBS 135862) xxxx KF482996 KF483004

AThe sequence will be deposite in GenBank;
B Not used in analyses.
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Table 2- Normal or watery ascospores masses or lack of paatpeaduced from mating experiments of MAT-1/female andlivAmale strains
of Ceratocystis fimbriatdrom Carapa guianensis, Tectona grandisicalyptuspp.,Mangifera indicaandlpomoea batatgsandC. platani

MAT2, Male?
Species Host MAT1, Femalé Tectona grandis  Eucalyptusspp. Mangifera indica Ipomoea batatas C. platani
TecMT-SI69sec  C1347sec SEMS2-11sec SESP5-1sec ERRJ1-10sec C1418sec C1343sec
C. fimbriata Carapaguianensis CarRR1-RR74ss NormaP Normal Normal Normal Normal Normal Watery
CarAC-127-2ss Normal Normal Normal Normal Normal Normal Watery
CarAM-MAZ2ss Normal Normal Perithecid Normal - e
CarAM-MASss Normal Normal Normal - € e e e

asec = strains from MAT?2, self-sterile sectors recesidrom self-fertileisolates; ss = MAT1, female-coment isolates with protoperithecia;
®Normal = abundant, normal appearing ascospores;

‘Watery = few misshapen ascospores or there are npas¢o

dPerithecia = Perithecia only, no ascospore mass;

€---- = no perithecia produced;
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Table 3 - Estimated sizes (bp) of alleles of 14 micrdigat®ci in four Carapa guianensigandiroba) populations @eratocystis fimbriatawith
the number of isolates tested in the population shovparantheses.

Microsatellite Locus CarAC (13) CarRR1 (26) CarRR2 (24) CarAM (10)
AAGS 183 183 183 183
AAGY 400 400 400 400
CAA9 251 (5)*, 263 (8) 190 159 (1), 190 (23) 190 (3), 263 (7)
CAA10 127 127 127 127
CAA15 324 324 324 324
CAA38 159 (7), 168 (5), 214 (1) 159 (20), 180 (2), 205 (4) 159 (1), 171 (1), 205 (22) 159 (5), 171 (2), 214 (3)
CAA80 317 296 (1), 299 (25) 299 296 (3), 299 (5), 317 (2)
CAG5 317 317 317 317
CAG15 252 252 252 252
CAG900 194 194 194 194
CAT1 254 248 (1), 254 (25) 248 (8), 254 (16) 248 (3), 254 (7)
CAT12 377 365 (1), 377 (25) 377 377
GACABK 215 215 215 215
GACAG0 187 187 (25), 207 (1) 187 187

*The number of isolates in the allele size in parentheses.
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Table 4 - Analysis of molecular variance (AMOVA) Geratocystis fimbriatgpopulations orCarapa guianensis (andiroballangifera indica
(mango),Tectonagrandis(teak),Colocasiaesculentgtaro) andEucalyptusspp. in Brazil based on 14 microsatellite loci.

Percentage of

Source of variation d.f Sum of squared desviatior Variance components variation (%) p2
Among host-associated grotips 5 564.814 3.06639 61.96 <0.001
Among populations within groups 10 117.559 0.84786 17.13 <0.001
Within populations 195 201.779 1.03476 20.91 <0.001
Total 210 884.152 4.94902

a2TheP value is for the null hypothesis that there is no signifieaniition at that level based on 1023 permutations.

b The populations were distributed in 6 groups: (1) CarACRRA, CarRR2 and CarAM; (2) TecMT1 and TecMT3; (3) ManER&HLManRJ2; (4) EucBA1, EucBa2b and
EucMG1; (5) ManNEPB1, ManNEPE1 and ManNECEZ2; (6) ColSP atidIC
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Table 5 - Genetic diversity ofCarapa guianensigandiroba) populations d@eratocystis fimbriatand representativEucalyptus Mangifera
indica (mango),Colocasiaesculentgtaro) andlectona grandigteak) populations from Brazil based in 14 microsatetite

Host Population City/States No. Isolates tl\)l/g.egeno- (stisgrost?{si(té;)a Al isNO?;;:Sgene dci:\llgrrmsz‘ait-)g)rrected
Carapa guianensis AM Boa Vista de Ramos/Amazonas 10 4 3.3889 0.1486 0.1429
RR2 S&0 Jodo da Baliza/Roraima 24 5 2.5114 0.0486 0.0857
AC Rio Branco/Acre 13 3 2.3364 0.0735 0.0794
RR1 S&0 Jodo da Baliza/Roraima 26 6 2.2843 0.0482 0.1230
All Andiroba isolates 73 14 4.8055 0.1271 0.1713
Tectona grandis TecMT1 Nossa Senhora do Livramento/Mato Grosso 5 2 2.0000 0.0686 0.1071
TecMT2 Sao José dos Quatro Marcos/Mato Grosso 8 1 1.0000 0.0000 0.0000
All Tectonaisolates 13 2 1.7423 0.0913 0.1071
Colocasia esculenta ColRJ Rio de Janeiro/Rio de Janeiro 7 5 3.7692 0.1953 0.2343
ColSP Sorocaba/Sé&o Paulo 11 3 2.4069 0.0472 0.0635
All Colocasia isolates 18 8 6.7460 0.1530 0.2277
\I;/Iaerl]r;?izeraindic& Rio de ManRJ1 S0 Fidelis/Rio de Janeiro 7 4 3.3809 0.0816 0.1071
ManRJ2 Sé&o Fidelis/Rio de Janeiro 19 4 1.7895 0.0973 0.1875
All Mangiferaisolates from Rio de Janeiro 26 8 2.4717 0.2001 0.2076
Mangiferaindica— Northeast NECE2 Brejo Santo/Ceara 11 7 4.1515 0.2904 0.3469
NEPB1 Conde/Paraiba 10 6 3.7539 0.3814 0.3889
All Mangiferaisolates from the Northeast 21 13 7.9237 0.3758 0.3889
Eucalyptusspp. EucMG1 Curvelo/Minas Gerais 18 14 4.5899 0.3122 0.3309
EucBAl Eunapolis/Bahia 26 13 3.8735 0.2162 0.2832
All Eucalyptus isolates 44 27 8.2371 0.3212 0.3535

8Stoddart & Taylor’s genotypic diversity (G) with rarefaction. Values of G with rarefaction for individual populations ranged from 1 (only one genotype in the population) to a maximumeval
of 5 (each isolate in the population of a different genotyper) host population ranged from 1 (only one genotype in thalation) to a maximum value of 13 (each isolate in the pdipul of
a different genotype).
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Table 6 - Mean xylem discoloration (cm) cause@lyatocytsis fimbriatégsolates inoculated in four host plants in greenhouse andlgchamber.

Isolates Carapa guianensis Tectona grandis Eucalyptusspp. Mangifera indica

GH' GC GH1 GC GH1 GC GH GC
CarAM-ANDP1 9.13a 8.69ab 2.00ab 1.69b 3.25¢c 3.38bc 4.25b 6.47b
CarAC-C144B2 7.38ab 10.31a 1.69b 1.75b 2.94c 3.08c 4.38b 7.96b
CarRRRR174 5.38bc  10.88a 1.88ab 1.75b 3.88bc 3.06¢ 3.81b 7.03b
TecMT-QM29 3.75cd  5.03bc 2.69a 2.8la 3.44bc  4.50bc 4.34b 7.56b
EudBA-SBS1 3.19cd 3.94bc 2.06ab 1.81b 16.00a  28.38a 6.88b 9.26b

MangCE-CEBS13  2.50cd 3.54bc 2.06ab 1.81b 5.88b 5.81b 15.63a 13.94a

Control 1.81d 1.69c 1.69b 1.69b 2.13c 2.00c 2.69b 2.13c

The first three letters indicate the host genus 3aarapa; Euc =Eucalyptus Man =Mangiferaand Tec =Tectong and next two letters indicate the Barzilian

state (AC = Acre; AM = Amazonas; BA = Bahia; CE eata; MT- Mato Grosso and RR = Roraima);
Means within a column followed by the same loweredaster are not significantly differerf®«0.01) based on Fisher’s protected least significant difference.

YGH = Green House
2 GC = Growth Chamber
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samples and the number of isolates that were obtaioeddach population.

84



Pom Ay
A g 5>

$r b 3 » | ‘v ‘) d
Fig 2 - Ceratocystis fimbriateon Carapa guianensigandiroba). (A)

Healthy seedling. (B) Seedling witberatocystisseedling blight. (C, E)
Stem with fungus sporulation. (D) Stem with perithen@idated by the

red arrow. (F) Seed with fungus sporulation and gummosisared).
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Fig 3 - Ceratocystis fimbriatan Carapa guianensigandiroba). (A) and (B) Healthy
seedling (red narrow) and witBeratocystisseedling blight coming from the same
fruit.
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TecMT-RC354 Tectona, MT, Brazil ITS14c
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C1987 Eucalyptus, PR, Brazil, ITS14b
C2173 Cajanus, DF, Brazil, ITS14c

i C1442 Eucalyptus, BA, Brazil, ITS4
54| L C1968 Mangifera, PE, Brazil, ITS4a
C1440 Eucalyptus, BA, Brazil, ITS3
61-C2176 Mangifera, DF, Brazil, ITS3a
73, TecMT-QM15 Tectona, MT, Brazil |ITS10 d
TecMT-QM23 Tectona, MT, Brazil
HevAC-RB08 Hevea, AC, Brazil, ITS8a
51|1C994 Mangifera, SP, Brazil, IT10
TecMT-RC353 Tectona, MT, Brazil
70! TecMT-RC355 Tectona, MT, Brazil
C1970 Mangifera, PE, Brazil, ITS10c
56‘| C2042 Acacia, PR, Brazil

|ITS10e

C1985 Eucalyptus, BA, Brazil

C2847 Punica, China

C2055 Mangifera, RJ, Brazil, ITS6

C1889 Mangifera, SP, Brazil, ITS7

C1782 Ficus, SP, Brazil, ITS8
- C1558 Mangifera, RJ, Brazil, ITS9
51 C1926 Colocasia, SP, Brazil, ITS12
C1905 Colocasia, SP, Brazil, ITS13
851 C1657 Mangifera, SP, Brazil, ITS14
C918 Gmelina, PA, Brazil, ITS15
100—— C1587 Theobroma, BA, Brazil
L C2031 Theobroma, RO, Brazil

C1317 Platanus, USA C. platani

100 C1024 Coffea, Colombia ’
1 g1s4a ‘copes; Colombis | > SOLmeRna
C1963 Prunus, USA C. variospora

ITS5

C. cacaofunesta

—— 5changes

Fig 4 - One of 9 most parsimonious trees based on theDN& sequences of
representative isolates of the Latin American ClabdAQ) of the Ceratocytsis
fimbriata complex. The tree is rooted €. variosporaof the North American Clade
(NAC), and all other isolates are considered to be irL&@. The host genus, state
(AC = Acre; AM = Amazonas; BA = Bahia; DF = Distrito Fede Mato Grosso =
MT; PA = Para; PE = Pernambuco; PR = Parana; Rb=®&Janeiro; RR = Roraima
and SP = Sao Paulo) or country of origin are givendohésolate. The ITS haplotype
designations are indicated in the right. Bootstrap valuestgrthan 50% are indicated

on appropriate branches. Scale bar indicates basdiff@iences.
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C1985 Eucalyptus, BA, Brazil
C2847 Punica, China
C2042 Acacia, PR, Brazil

C1970 Mangifera, PE, Brazil

4 C2055 Mangifera, RJ, Brazil
C2175 Crotalaria, DF, Brazil
C1657 Mangifera, SP, Brazil
C2020 Eucalyptus, BA, Brazil
TecMT-RC35 Tectona, MT, Brazil

HevBA-A50 Hevea, BA, Brazil, M3d
HevAC-RB08 Hevea, AC, Brazil, M3e
C1213 Punica, India, M7
§| C1418 Ipomoea, USA

C1476 Ipomoea, Papua New Guinea
| C1558 Mangifera, RJ, Brazil | M5a
C1671 Mangifera, RJ, Brazil
C1865 Colocasia, SP, Brazil ‘ M5b
C1905 Colocasia, SP, Brazil
C1987 Eucalyptus, PR, Brazil, M5¢c
—PP14 Actinidia, RS, Brazil, M5d
C1004 Theobroma, Ecuador

M3a

M3b

|M8

| C. cacaofunesta

- C1024 Coffea, Colombia
e || C1543 Coffea, Colombia
10041 -°°’/v::| C858 Platanus, USA

100/1.00' C1317 Platanus, USA

93/0.997

»1C2031 Theobroma, RO, Brazil
| C. colombiana
I C. platani

PM20 Actinidia, RS, Brazi, M9
C1963 Prunus, USA C. variospora

— 5changes

Fig 5 - The single most parsimonious tree of the 494 stagedbon portions of the
MAT1-1-2 (MAT-1) and MAT1-2-1 (MAT-2) mating type geneGeratocystis
fimbriata and other members of the LAC ( cacaofunestaC. colombianaand C.

platani). The tree was rooted @. varioporg a member of the North American Clade

of the C. fimbriatacomplex. Bootstrap values greater than 60%/posterior prolyabilit

value greater than 0.85 are indicated on appropriate banthe host genus, state
(Acre = Acre; AM = Amazonas; BA = Bahia; Mato Grosso =,MPA = Parg; R¥
Rio de Janeiro; RR = Roraima and SP = Sao Paulo) otrgafrorigin are given for

each isolate. The mating type haplotype designatiengdicated in the right. Scale

bar indicates base pair differences.
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Fig 6 — Inter-fertile and inter-sterile crosses betweenaiss ofCeratocytsisspp.

(A) Perithecia and ascospore mass and (C) ascosparénirerfetile cross between
C. fimbriata strainsfrom Carapa guianensigandiroba) (CarA-MA3) and from
EucalyptugC1347). Interspecific cross between an andiroba strah 6ibriata

(CarRR1-RR74) andRlatanusstrain ofC. platani(C1343) showing small watery

ascospore masses and (B) misshapen ascopore (D).
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Fig 7 - A UPGMA (unweighted pair group method arithmetic meanylisigyram of
genotypes oflCeratocystis fimbriata, C. cacaofunestandC. platanibased on Nei’s

genetic distance. Bootstrap values are shown alonglsidbranches.The first three

letters indicate the host genu8da =Acacia; Car =Carapg Col =Colocasia Euc

Eucalyptus Fic = Ficus; Gme =Gmeling Hev = Hevea Ipo = Ipomoea Man

Mangiferg Pla =Platanus;Pun =Punicg Tec =TectonaandThe =Theobrom§ and

next two letters indicate the Brazilian state (AC erd§ AM = Amazonas; AL

Alagoas; BA = Bahia; CE = Ceara; MG = Minas Gerais; MMato Grosso, PA
Para; PB = Paraiba; RJ = Rio de Janeiro; RS = Riodérda Sul; RR = Roraima and
SP = S&o Paulo) or country (BR = Brazil; CN = China; US =ddnf@tates) of origin.
Carapagenotypes encircled by dashed line. The number of isolatieshat Carapa

genotypes is in parentheses. In additiGarapagenotypes found in more than one
population are designated by “AMSAT ” followed by a number. Scale bar indicates

genetic distance.
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Fig 8- Dendrogram o€eratocytis fimbriatgpopulations from Brazil according the
host and geographic distribution generated by UPGMA (unweighted gpaiimp
method, arithmetic mean) based on allele frequenci¢seoi4 microsatellite loci.
Bootstrap value are shown alongside the branches. Théhfiest letters indicate the
host genus (Car €Earapa Col =Colocasia Euc =EucalyptusMan =Mangiferaand
Tec =Tectong, and the next two letters indicate the Braziliaatest (AC, Acre; AM,
Amazonas; BA, Bahia; CE, Ceara; MG, Minas Gerais; MTtoM&rosso, PB, Paraiba;
PE, Pernanbuco; RJ, Rio de Janeiro; RR, Roraima andS&® Paulo)Carapa
populations encircled by dashed line. The number of isokdepled from each

population is in parentheses.
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GENERAL CONCLUSIONS
The results of this study allow concluding that:

1. The isolates from teak and andiroba belon@ .témbriatg

2. The genetic variability o€eratocystis fimbriatgopulations from teak
was relatively low;

3. Ceratocystis fimbriatapopulations from andiroba are native the
Amazonian Rain Forest.

4. There is variability in aggressiveness among isolatdgedtingus from

andiroba and teak.
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SUPPLEMENT
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Table. Collection sites of isolates @feratocystis fimbriatafrom Carapa guianensis
(andiroba) andectona grandigteak) in Brazil.

Isolate Host City State | Collector Geographic
Coordenate

CarAC-AND2 Andiroba Rio Branco Acre Denise/Acelino/Leonardo \?\/1607)2111571337 5

CarAC-AND3 Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarAC-236A Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarAC-144B2 | Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarAC-144B3 | Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarAC-129B2 | Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarAC-SPO1G | Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarAC-SPO3D | Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarAC-359D Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarAC12B Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarAC-127/2 Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarAC4115N Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarAC-127/1 Andiroba Rio Branco Acre Denise/Acelino/Leonardo

CarRR1-RR74 | Andiroba Sé&o Jodo da Baliza| Roraima Denise \'7\/05092259]920110

CarRR1-SJB02 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJBO5 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB06 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB07 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB08 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB13 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB14 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB15 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB18 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB19 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB22 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB24 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB26 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB28 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB29 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB33 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB84 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo

CarRR1-SJB85 | Andiroba Sé&o Jodo da Baliza| Roraima Denise/Leonardo
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Table. Continued

. Geographic
Isolate Host City State Collector Coordenate
CarRR1-SJB86 | Andiroba S&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR1-SJB87 | Andiroba S&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR1-SJB89 | Andiroba S&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR1-SJB90 | Andiroba S&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR1-SJB91 | Andiroba S&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR1-SJB94 | Andiroba S&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-RR13 Andiroba S&o Jodo da Baliza | Roraima Denise NO° 57”27

W5 54° 41~

CarRR2-SJB39 | Andiroba S&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB40 | Andiroba S&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB41 | Andiroba S&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB42 | Andiroba S&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB44 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB49 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB51 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB52 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB56 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB57 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB58 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB59 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB62 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB63 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB64 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB68 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB69 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB70 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB73 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB74 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB77 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB81 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarRR2-SJB82 | Andiroba Sé&o Jodo da Baliza | Roraima Denise/Leonardo
CarAM-MA2 Andiroba Boa Vista do Ramos | Amazonas Walter Svi;? 3281267;0,
CarAM-MA3 Andiroba Boa Vista do Ramos | Amazonas Walter
CarAM-AND4A | Andiroba Boa Vista do Ramos | Amazonas Walter
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Table. Continued

. Geographic
Isolate Host Cit State Collector
y Coordenate
CarAM-AND5SA Andiroba Boa Vista do Ramos| Amazonas Walter
CarAM-AND10A | Andiroba Boa Vista do Ramos| Amazonas Walter
. o S238° 15317
CarAM-ANDP1 Andiroba Parintins Amazonas Walter W560 44° 4 427
CarAM-ANDP2 Andiroba Parintins Amazonas Walter
CarAM-ANDP4 Andiroba Parintins Amazonas Walter
CarAM-ANDP5 Andiroba Parintins Amazonas Walter
CarAM-ANDP7 Andiroba Parintins Amazonas Walter
Nossa Senhora do . S16°2'46.2"
TecMT-NS3 Teak Livramento Mato Grosso | Denise/Lucas W056°23:08.4"
Nossa Senhora do .
TecMT-NS5 Teak Liviamento Mato Grosso | Denise/Lucas
Nossa Senhora do .
TecMT-NS7 Teak Liviamento Mato Grosso | Denise/Lucas
TecMT-NS8 Teak N_ossa Senhora do Mato Grosso | Denise/Lucas
Livramento
TecMT-NS10 Teak Nossa Senhora do Mato Grosso | Denise/Lucas
Livramento
Sao José dos Quatrg . S15°37'16.9"W
TecMT-QM15 Teak Marcos Mato Grosso | Denise/Lucas 58°18'34.2"
TecMT-QM16 Teak Sdo José dos Quatrg Mato Grosso | Denise/Lucas
Marcos
TecMT-QM18 Teak Sdo José dos Quatrg Mato Grosso | Denise/Lucas
Marcos
TecMT-QM22 Teak Sao José dos Quatrg Mato Grosso | Denise/Lucas
Marcos
TecMT-QM23 Teak Sdo José dos Quatrg Mato Grosso | Denise/Lucas
Marcos
TecMT-QM24 Teak Sdo José dos Quatrg Mato Grosso | Denise/Lucas
Marcos
TecMT-QM28 Teak Sdo José dos Quatr Mato Grosso | Denise/Lucas
Marcos
TecMT-QM29 Teak ;Z?C‘Losse dos Quatrg Mato Grosso | Denise/Lucas
Séo José do Rio . S12°29'24.4"
TecMT-RC32 Teak Claro Mato Grosso | Denise/Lucas W057°08'5.9"
TecMT-RC35 Teak gla;(.)]ose do Rio Mato Grosso | Denise/Lucas
TecMT-RC39 Teak gla;(.)]ose do Rio Mato Grosso | Denise/Lucas
TecMT-RC46 Teak glaac;é]ose do Rio Mato Grosso | Denise/Lucas
TecMT-RC353 Teak gla;(.)]ose do Rio Mato Grosso | Acelino
TecMT-RC354 Teak gla:r(;]ose do Rio Mato Grosso | Acelino
TecMT-RC355 Teak ila:r(;]ose do Rio Mato Grosso | Acelino
TecMT-RC356 Teak ila:r(;]ose do Rio Mato Grosso | Acelino
TecMT-RC358 Teak gla:r(;]ose do Rio Mato Grosso | Acelino
. . S11°39'42.1"
TecMT-SI357 Teak Sinop Mato Grosso | Acelino WO55°26'32 9"
TecMT-SI69 Teak Sinop Mato Grosso | Denise/Lucas
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