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New Ceratocystis species associated with rapid death
of Metrosideros polymorpha in Hawai'i

I. Barnes', A. Fourie', M.J. Wingfield', T.C. Harrington?, D.L. McNew?,
L.S. Sugiyama?, B.C. Luiz*, W.P. Heller®, L.M. Keith?

Abstract The native "ohi’a lehua (Metrosideros polymorpha) has cultural, biological and ecological significance to
Hawai’i, but it is seriously threatened by a disease commonly referred to as rapid “6hi*a death (ROD). Preliminary
investigations showed that a Ceratocystis species similar to C. fimbriata s.lat. was the cause of the disease. In
this study, we used a combination of the phylogenetic, morphological and biological species concepts, as well as
pathogenicity tests and microsatellite analyses, to characterise isolates collected from diseased "6hi"a trees across
Hawai'i Island. Two distinct lineages, representing new species of Ceratocystis, were evident based on multigene
phylogenetic analyses. These are described here as C. lukuohia and C. huliohia. Ceratocystis lukuohia forms part
of the Latin American clade (LAC) and was most closely associated with isolates from Syngonium and Xanthosoma
from the Caribbean and elsewhere, including Hawai'i, and C. platani, which is native to eastern USA. Ceratocystis
huliohia resides in the Asian-Australian clade (AAC) and is most closely related to C. uchidae, C. changhui and
C. cercfabiensis, which are thought to be native to Asia. Morphology and interfertility tests support the delineation
of these two new species and pathogenicity tests show that both species are aggressive pathogens on seedlings of
M. polymorpha. Characterisation of isolates using microsatellite markers suggest that both species are clonal and
likely represent recently-introduced strains. Intensive research is underway to develop rapid screening protocols for
early detection of the pathogens and management strategies in an attempt to prevent the spread of the pathogens
to the other islands of Hawai'i, which are currently disease free.
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INTRODUCTION

The Ascomycete genus Ceratocystis (Sordariomycetes, Hypo-
creomycetidae, Microascales) is one of 11 clearly defined
genera in the Ceratocystidaceae (De Beer et al. 2014, 2017,
Mayers et al. 2015, Nel et al. 2017). Ceratocystis, as currently
recognized, includes 36 species (Marin-Felix et al. 2017, Liu
et al. 2018) that are characterized by their mostly black, glo-
bose ascomatal bases with long, elongated necks terminating
in an ostiole, through which sticky hat-shaped ascospores
exude (Upadhyay 1981, Seifert et al. 1993). Based on phylo-
genetic inference, the species reside in four broadly defined
geographic clades. These include the Latin American clade
(LAC) (Harrington 2000, Engelbrecht & Harrington 2005), the
North American clade (NAC) (Johnson et al. 2005), the African
clade (AFC) (Heath et al. 2009, Mbenoun et al. 2014) and the
Asian-Australian clade (AAC) (Johnson et al. 2005, Thorpe et
al. 2005, Li et al. 2017).

Diseases caused by Ceratocystis spp. include vascular wilts,
cankers, as well as rot of various root crops (Kile 1993, Roux
& Wingfield 2009). Of particular concern in recent years has
been the emerging epidemics caused by aggressive Cerato-
cystis spp., particularly those residing in the LAC. For example,
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C. manginecans, that was introduced into Oman and Pakistan
(Al Adawi et al. 2014) has caused devastating losses to the
mango industry (Al Adawi et al. 2006, Van Wyk et al. 2007) and
resulted in apparent host jumps to native Prosopis cineraria
and Dalbergia sissoo, causing branch and stem cankers (Al
Adawi et al. 2013). A pathogen of the same name has emerged
in South East Asia, causing a severe canker and wilt disease
of plantation grown Acacia mangium (Tarigan et al. 2011, Thu
et al. 2014, Brawner et al. 2015). Ceratocystis platani, also
residing in the LAC, is the causal agent of a devastating can-
ker and wilt disease of Platanus orientalis in Europe, where it
was introduced from the USA in the early 1940s (Engelbrecht
et al. 2004, Tsopelas et al. 2017). A strain of C. fimbriata, the
type species of the genus, is well known as the causal agent
of post-harvest black rot of sweet potato (lpomoea batatas) (Li
et al. 2016, Scruggs et al. 2017).

A new disease that is rapidly assuming crisis status in Hawai'i
has colloquially been termed rapid "ohi'a death (ROD). Hun-
dreds of thousands of native M. polymorpha have recently
died on the Big Island of Hawai'i (Keith et al. 2015, Mortenson
et al. 2016). Dying trees were first noticed in the Puna district
of Hawai'i Island as early as 2010, and the disease has now
spread across most of the Big Island. This iconic tree species,
more commonly known as ‘ohi'a lehua, is the most common
and widespread native tree species of Hawai'i, occurring from
sea level to 2500 m elevation in both dry and wet forests and
on substrates ranging from 50 to 4 million years in age (Friday &
Herbert 2006, Loope 2016). It is the most ecologically important
native tree in Hawai'i, defining native forest succession and
ecosystem function over broad areas, providing critical habitat
for rare and endangered native bird and insect species, and
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exemplifying the strong links between native Hawaiian culture
and the islands’ environment (Dawson & Stemmermann 1990).
Extensive mortality of "0hi’a associated with abiotic factors,
known as "0hi'a dieback, has been noted in the past (Hodges
et al. 1986), but the recent mortality appears to be caused by
a new, biotic factor. Trees of all ages, across all environmental
conditions, in native forests and residential areas, are currently
affected, with mortality ranging from 10—90 % in certain areas
(F. Hughes, pers. comm.).

A characteristic feature of much of the current mortality is the
rapid development of symptoms from the onset of the first ex-
pression of the disease. Initially, leaves on individual branches
in the crown appear to turn yellowish and become necrotic
within days to weeks. The brown leaves typically remain at-
tached to dead or dying branches as the disease symptoms
rapidly develop throughout the canopy. Dark-brown to black
radial discolouration or staining is observed in the outer woody
xylem of affected trees that is typical of wilt symptoms caused by
Ceratocystis species (Harrington 2013, Roux & Wingfield 2013).

The pathogen responsible for the wilt symptoms was tentatively
identified as C. fimbriata s.lat., and the disease was referred
to as Ceratocystis wilt (Keith et al. 2015). This identification
was based on a combination of disease symptoms typical of
Ceratocystis infections, morphological structures similar to
those of C. fimbriata s.lat. and a 98 % similarity blast hit of
the ITS (internal transcribed spacer) sequence to an isolate
identified as C. fimbriata in GenBank (KC493164) (Keith et al.
2015). This isolate, CBS 115167, was obtained from basal rot
symptoms on Syngonium podophyllum (arrowhead plant) in
Florida, and its ITS sequence was identical to those of other
Syngonium isolates in Florida, as well as Syngonium isolates
from Brazil, Australia and Hawai'i (Uchida & Aragaki 1979,
Thorpe et al. 2005). Other strains of Ceratocystis from Hawai’i
include C. fimbriata from sweet potato, which has been known
on this crop plant in Hawai'i since 1925 (Chung 1923, Brown
& Matsuura 1941, Li et al. 2016), and strains from Colocasia
esculenta (taro), which have been known in Hawai'i since the
1970s (Uchida & Aragaki 1979). These isolates from taro, also
previously referred to as C. fimbriata (Thorpe et al. 2005), were
recently described as a new species, C. uchidae, which resides
in the AAC (Li et al. 2017).

The increasing importance of ROD in Hawai'i demands that
the isolates of the Ceratocystis sp. associated with the disease
on M. polymorpha be accurately identified. The objective of
this study was to identify and describe a collection of isolates
associated with ROD based on morphology, the biological spe-
cies concept and by using a multigene phylogenetic approach.
The study included closely related Ceratocystis species and
isolates treated as C. fimbriata s.lat. previously reported from
Hawai'i. The pathogenicity of the isolates from M. polymorpha
were confirmed in inoculation studies and the ability of isolates
to cross-infect other hosts was determined. In addition, isolates
collected from different regions on the Island of Hawai'i were
characterized using microsatellite markers to determine their
genetic diversity.

MATERIALS AND METHODS

Sampling and isolations

Surveys were conducted in the Puna, Hilo and Kona districts of
Hawai'i Island during 2014 and 2015 for M. polymorpha trees
showing typical symptoms of ROD (Fig. 1). Wood samples were
collected from M. polymorpha showing brown to black streaking
in the woody xylem. Carrot baiting was used to isolate Cerato-
cystis from discoloured wood (Moller & Devay 1968). Primary
isolations were made by transferring ascospore drops from the
tips of the ascomata formed on the wood or carrot discs onto

10 % V8 agar. Pure cultures were stored at -80 °C in 15 %
glycerol. Single ascospore cultures were generated by transfer-
ring single ascospores to 2 % malt extract agar (MEA, Biolab,
Midrand, South Africa), supplemented with 100 pg/L thymine
(Sigma-Aldrich, Germany). Cultures were incubated at 25 °C.

Cultures obtained in this study are stored at the USDA Ag-
ricultural Research Service, Hilo, HI; the culture collection
(CMW) of the Forestry and Agricultural Biotechnology Institute
(FABI), University of Pretoria, South Africa; or at lowa State
University (Table 1; Appendix). Representative cultures have
been deposited at the Westerdijk Fungal Biodiversity Institute
(CBS-KNAW), Utrecht, The Netherlands, Mycothéque de
I’'Université Catholique de Louvain, Belgium (MUCL) and dried
specimens have been deposited in the National Collection of
Fungi (PREM), Pretoria, South Africa (Table 1).

DNA extraction, PCR and sequencing

Cultures were grown for 2 wk on 2 % MEA. Mycelium was
scraped from the surface of the agar plates, lyophilized and
crushed using the Retsch® GmbH MM301 homogenizer (Haan,
Germany). DNA was extracted using the phenol/chloroform
method described by Goodwin et al. (1992). DNA quantity was
measured using a Thermo Scientific NanoDrop® ND-1000
spectrophotometer (Wilmington, DE, USA) and diluted to 30 ng/
pL working stock solutions.

For the phylogenetic analyses of Ceratocystis species, partial
regions of five loci were amplified (Marin-Felix et al. 2017).
These included the Internal Transcribed Spacer (ITS) rDNA
regions and the 5.8S rRNA gene using the primers ITS1 and
ITS4 (White et al. 1990), Beta-tubulin 1 (bt7) gene using prim-
ers Bt1a and Bt1b (Glass & Donaldson 1995), Transcription
Elongation Factor-1 alpha (tef?) gene with primers TEF1F and
TEF2R (Jacobs et al. 2004), the guanine nucleotide-binding pro-
tein subunit beta-like protein (ms204) using primers MS204F.
cerato (AAG GGC ACC CTC GAG GGC CAC) and MS204R.
cerato (GAT GGT RAC GGT GTT GAT GTA) (Fourie et al. 2015)
and second largest subunits of RNA polymerase Il (rpb2) us-
ing degenerate primers RPB2-5Fb (GAY GAY CGT GAT CAC
TTY GG) and RPB2-7Rb (CCC ATR GCY TGY TTR CCC AT)
(Fourie et al. 2015).

Kailua-Kona
°

Fig.1 Distribution of samples yielding isolates of Ceratocystis lukuohia (red
circles) and C. huliohia (blue circles) on Hawai'i Island during 2014—-2015.
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PCR amplification reactions and conditions, including annealing
temperatures and MgCl, concentrations, for all gene regions
were the same as those described by Fourie et al. (2015).
When rbp2 was difficult to amplify, a second round of PCR was
carried out using the cleaned product of the first PCR reaction
as a template. Successful PCR amplicons were determined by
gel electrophoresis on 1 % agarose gels and visualized with
GelRed™ (Biotium, Hayward, CA, USA) under UV illumination
(Gel Doc EZ Imager, BioRad, Johannesburg, South Africa).
PCR amplicons were purified through 6 % Sephadex G-50
(Sigma-Aldrich, Steinheim, Germany) using Centri-Sep spin
columns (Princeton Separations, Inc., Adelphia, NJ, USA).

PCR amplicons were sequenced in both directions using the
BigDye® Terminator Cycle Sequencing Ready Reaction Kit
(Applied Biosystems, Thermo Fisher, Foster City, CA, USA)
cleaned by filtration through 6 % Sephadex G-50 and run on
an ABI 3100 Genetic Analyzer (Applied BioSystems, Thermo
Fisher). In cases where the ITS region was difficult to sequence
due to multiple ITS types (Marin-Felix et al. 2017), cloning
and sequencing of the PCR product was carried out using the
pGEM®-T Easy Vector System, according to manufacturer’s
instructions (Promega, Madison, WI, USA). Forward and re-
verse sequences were assembled into consensus sequences
using CLC MainWorkbench v. 6.6.2 (CLC Bio, www.clcbio.com).
All unique sequences generated in this study were submitted
to GenBank.

Multi-gene phylogenetic analyses

Initial BLAST analyses of the sequences obtained against the
NCBI GenBank database (NCBI; http://www.ncbi.nim.nih.gov)
were performed to identify the species of Ceratocystis most
closely related to the isolates from Hawai'i and the biogeo-
graphic clade in which they reside. Representative sequences
showing the highest similarity matches were downloaded and
included in the datasets. Separate ITS datasets were gener-
ated using ex-type and ex-paratype sequences representing all
described species of Ceratocystis (Li et al. 2017, Marin-Felix
et al. 2017, Liu et al. 2018) for LAC and AAC. These datasets
also included the different ITS types that have previously been
described (Al Adawi et al. 2013, Naidoo et al. 2013, Harrington
et al. 2014, Fourie et al. 2015, Liu et al. 2015). A third dataset
included the combined sequences of the bt1, ef1, ms204 and
rpb2 loci for both the LAC and AAC.

For phylogenetic tree construction, the consensus sequence
reads were aligned using the online software MAFFT v. 7 (Katoh
& Standley 2013) (http://mafft.cbrc.jp/alignment/server/) and
the best alignment strategy for each locus was automatically
selected by the software. Alignments were edited and trimmed
in MEGA v. 7 (Kumar et al. 2016). Sequence alignments for
all three datasets were deposited in TreeBASE (No. S22005)
(http://purl.org/phylo/treebase/phylows/study/TB2:5S22005).

Aligned sequences were used as input for phylogenetic tree
construction using a maximum parsimony (MP) and maximum
likelihood (ML) approach. Ceratocystis albifundus, residing in
AFC, was used as the outgroup in all tree constructions (Table
1). Maximum parsimony analysis was performed with PAUP
v. 4.0b10 (Swofford 2003), and most parsimonious trees were
obtained using a heuristic search and TBR branch swopping
strategy, based on 1000 repeats. Gaps were treated as missing
except for the LAC ITS dataset, where gaps were treated as
a fifth character state. For the ITS datasets, sites 227—-234 in
the LAC dataset and sites 222—-226 in the AAC dataset were
excluded from the analyses because they contained repeating
thymine nucleotides. Sites 867—880 in the combined dataset,
forming part of the ms204 region, were excluded due to poly-C

nucleotides and ambiguous sites. Tree length (TL), consistency
index (Cl), retention index (RI) and rescaled consistence index
(RC) were all calculated. Branch confidence was determined
using 1000 bootstrap replicates.

Maximum likelihood analysis was performed using RAXML
(Stamatakis 2014) with standard parameters and the GTR-
GAMMA setting to determine the optimal nucleotide substitution
model. Branch confidence for ML was determined using 1 000
bootstrap replicates. Single gene trees for bt1, ef1, ms204 and
rpb2 and a species tree based on the combined sequences of
the four genes were generated using both MP and ML analysis.
Phylogenetic trees were edited using MEGA v. 7 (Kumar et al.
2016) and Adobe lllustrator CS6.

Culture characteristics and morphology

Isolates used for morphological characterisation were grown
on 2 % MEA and incubated for 3 wk at 22 °C with natural day/
night light intervals. Colony colour was determined using the
colour charts of Rayner (1970). Fungal material was mounted
in 80 % lactic acid amended with bromothymol blue on glass
slides. Observations of structures were made using the Nikon
SMZ 18 stereo microscope and Nikon Eclipse Ni compound
microscope with differential interference contrast (DIC) illu-
mination. Measurements were made, and electronic images
captured, with a Nikon DS-Ri2 camera and NIS-Elements
BR (Nikon Instruments Software-Elements Basic Research)
software program.

Up to 50 measurements were taken for each characteristic
morphological structure including ascomata, ascospores, phia-
lides and the different conidial forms for isolates representing
the holotypes and paratypes for all new species. Measurements
are presented as (min—)mean-SD — mean+SD(—max), height
x width. All relevant data pertaining to type specimens were
deposited in MycoBank (www.MycoBank.org).

Growth in culture

In order to determine growth rate in culture, 4 mm agar plugs
covered with mycelium were taken from the outer edges of
10-d-old cultures and placed face down in the centres of 90 mm
Petri dishes containing 2 % MEA. Four replica plates were made
for all isolates chosen to represent holotypes and paratypes
and grown in the dark in incubators at temperatures ranging
from 10—30 °C at 5 °C intervals. Measurements of colony diam
were taken for each culture every 2nd d for 14 d and averages
calculated.

Genotyping of Ceratocystis isolates

Twenty-seven microsatellite markers (Barnes et al. 2001,
Steimel et al. 2004, Fourie et al. 2016) were used to determine
the genetic diversity of the isolates obtained from Hawai'i. PCR
reactions and conditions were the same as those described by
Fourie et al. (2015). PCR amplicons were visualised on 2 %
agarose gels. Products were pooled into three panels and run
on an ABI 3500xI Genetic Analyzer (Thermo Fisher Scientific)
and sized using GeneScan software and Liz500 (-250) size
standard (Thermo Fisher Scientific). Alleles, based on fragment
length, were determined using GeneMapper® v. 4.1 software
(Applied Biosystems, Thermo Fisher Scientific). Microsatellite
profiles of isolates that were phylogenetically most closely re-
lated to those from Hawai'i were also generated and included
for comparative purposes.

Interfertility tests

Two series of mating tests were performed on strains of the
identified new species and their close relatives as described
by Li et al. (2017). Most field isolates of Ceratocystis are MAT2


http://www.clcbio.com
http://www.ncbi.nlm.nih.gov
http://mafft.cbrc.jp/alignment/server/
http://purl.org/phylo/treebase/phylows/study/TB2:S22005
http://www.MycoBank.org
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and self-fertile, but self-sterile sectors of MAT2 isolates that had
lost female characteristics (loss of protoperithecium production)
are often found in laboratory cultures and can be used as male
testers (Harrington & Mcnew 1997, 1998, Ferreira et al. 2010,
Oliveira et al. 2015). Such self-sterile MAT2 tester strains were
recovered as V-shaped sectors during the cultivation of field
isolates on malt yeast extract agar (MYEA; 2 % malt extract,
0.2 % yeast extract, 2 % agar). Female, MAT1 tester strains
that produced protoperithecia were obtained by recovering
single-ascospore progeny from self-fertile field isolates, which
yield both self-fertile (MAT2) and self-sterile (MAT1) strains.

Two putative species of Ceratocystis, referred to as species
A and species B, were recovered from symptomatic ‘ohi‘a
trees. Suitable male, MAT2 tester strains were derived from
three isolates of Ceratocystis sp. A and two isolates of species
closely related to it in the phylogenetic analyses. These were
a North Carolina isolate of C. platani and a Florida isolate of a
Ceratocystis sp. from Syngonium podophyllum (Thorpe et al.
2005). In two replicate experiments, the MAT2 testers were
used to spermatize MAT1 testers from eight field isolates of
Ceratocystis sp. A, C. platani and Ceratocystis sp. from Syn-
gonium, plus MAT1 testers of C. colombiana, C. cacaofunesta
and C. fimbriata of the LAC of Ceratocystis. In the second series
of pairings, suitable male, MAT2 testers were derived from two
isolates of Ceratocystis sp. B, two isolates of C. uchidae and an
isolate of C. cercfabiensis (Li et al. 2017). These MAT2 testers
were used to spermatize 11 MAT1 testers derived from field
isolates of Ceratocystis sp. B, C. uchidae, C. cercfabiensis and
C. polychroma, all of the AAC of Ceratocystis (Li et al. 2017).

The tester strains were grown on MYEA for 7 d at room tem-
perature and lighting before spermatization. Sterile water was
added to the male tester, and a suspension of conidia, coni-
diophores and mycelial fragments was scraped from the agar
surface. An aliquot of 1—2 mL of the suspension was dispersed
over the colony of the female tester. The plates were incubated
at room temperature and lighting for 7 d and examined through
a dissecting microscope for the presence of ascomata and
ascospore masses that accumulated at the tip of the ascomatal
necks. If ascospore masses were evident, the ascospores were
examined and rated by making microscope slides of ascospore
masses from three ascomata mounted in cotton blue and
examining at 1125x with Normarski interference microscopy.
Mounts of normal ascospore masses had greater than 90 %
uniform ascospores, while abnormal ascospore masses had
10 % or more of the spores misshapen or without cytoplasm,
and there was generally debris within the spore mass, assumed
to be aborted asci (Li et al. 2017).

Germination of the ascospores from the crosses was evaluated
by placing an ascospore mass from atop one perithecium into
25 L of light oil (Isopar M) on a MYEA plate. Small amounts
of the oil suspension were taken with a wire loop (bacterial
loop) and thoroughly streaked across each of two additional
plates of MYEA. The remaining oil suspension on the original
plate was also thoroughly spread with the wire loop. Germina-
tion was evaluated on the three plates after 6—8 d incubation
at room temperature (Li et al. 2017). If the colonies on the
three plates were too numerous to count (TNTC), then the
germination percentage was considered high. If fewer than 40
total colonies developed on the three plates, the germination
was considered low. If there were 40 or more total colonies on
the three plates, but sill countable, then the germination was
considered medium. The phenotypes of the colonies were also
evaluated after incubating for 1—-2 wk to confirm that a cross had
occurred, thatis, that the progeny colonies were from a genetic
recombination between the two parent strains and not from a
selfing event. In the case of recombination, the streaks of the
ascospore masses resulted in colonies of differing phenotype

(the fluffy mycelial phenotype of the male parent and the flat
phenotype of the female parent), and some of the colonies
produced ascomata and ascospores (self-fertile, MAT2), while
others produced no ascomata.

Pathogenicity tests

Metrosideros polymorpha plants were propagated from seeds
or cuttings taken from 6—12-mo-old seedlings and grown in
10 cm pots. Platanus x acerifolia ‘Bloodgood’ was imported as
1.5 m bare rooted whips and planted into 38 L pots. Colocasia
esculenta ‘Lehua’ and ‘Bun-long’ plants were propagated from
corms grown in 15 cm pots, divided and individually trans-
planted into 15 cm pots. Syngonium podophyllum cv. ‘White
Butterfly’ plants were propagated by rooting cuttings from lo-
cally purchased stock plants and grown in 10 cm pots. All host
plants were grown in Sunshine Mix #4 (Sun Gro Horticulture,
Agawam, MA, USA), fertilized every 3 months with Nutricote
Total 13-11-11 Type 100 (Arysta LifeScience) and watered twice
daily for 5 min with an automatic irrigation system. All plants
were grown in a greenhouse in Hilo, HI, with shade ranging
from 30 to 72 %, except for C. esculenta, which was grown
outdoors in a partially shaded area.

Pathogenicity tests were conducted on 1—-2-year-old, ~3—12 mm
diam, ~13-96 cm tall M. polymorpha plants; 1-mo-old, ~19—-38
mm diam, ~147-177 cm tall Platanus x acerifolia; ~30 cm
tall C. esculenta plants with only one fully expanded leaf; and
11-mo-old transplanted S. podophyllum plants. Trial inoculations
of M. polymorpha using multiple isolates of Ceratocystis spp.
were previously conducted to assess if variation in pathogenicity
and/or virulence existed in the population. Since no variation
was observed (data not shown), one isolate of Ceratocystis
sp. A(P14-1-1), one isolate of Ceratocystis sp. B (P15-59), and
two isolates of Ceratocystis from Syngonium (P16-1, P16-2)
were used. Three to six plants were inoculated for each isolate
and tests were repeated at least once. Plants were inoculated
either by a stem injection method or a stem-flap wound method
(Uchida & Aragaki 1979, Harrington 2004, Thorpe et al. 2005,
Keith et al. 2015). For both methods, an inoculum suspension
was produced from 7-d-old cultures grown on 10 % V8 agar at
24 °C under 24 h continuous fluorescent lighting and adjusted
to 1x 108 spores/mL using a Bright-Line haemocytometer.
Meterosideros polymorpha, C. esculenta and S. podophyllum
were inoculated with a 31 gauge insulin syringe (BD brand)
with + 1 pL of inoculum injected into the stems, pseudopetioles
and pseudostems, respectively. Meterosideros polymorpha
and Platanus x acerifolia were also wound inoculated using
a sterile scalpel to produce a longitudinal stem flap ~0.5 mm
deep x 10—15 mm long and the approximate width of the stem.
Inoculum for stem flaps included 5 mm diam filter paper discs
soaked in the conidial suspension, plated onto fresh 10 % V8
agar, and grown for 2 d at 24 °C under 24 h continuous fluo-
rescent lighting. Two filter paper discs were inserted into the
stem flap of Platanus x acerifolia plants; a single strip of filter
paper was trimmed from one of the discs and inserted into the
stem of M. polymorpha plants. Control plants were injected
with sterile distilled water or inoculated with filter paper discs
soaked in sterile distilled water. All stem flaps were wrapped
with parafilm. All plants, except for Platanus x acerifolia, were
placed in a growth chamber set at 24 °C with 12-h light and
~70 % relative humidity. Platanus x acerifolia plants were
placed in a greenhouse with 70 % shade and daily tempera-
tures ranging from 22 °C to 32 °C. All inoculated plants were
observed for wilting of leaves, stem discolouration, and plant
death every 3—7 d for as little as 2 wk and up to 1 yr depend-
ing on the host. Ceratocystis spp. were reisolated using carrot
baiting and identified by morphology and PCR amplification
and sequencing of the ITS region of rDNA.
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Fig. 2 Typical symptoms associated with Ceratocystis lukuohia (sp. A). a, b. Affected trees exhibiting rapid, synchronized death of leaves on a major trunk
fork or the entire crown; c. dark brown to black vertical streaks of discolouration seen in the woody xylem of an affected tree; d—e. radiating pattern of sapwood
discolouration in stem cross-sections of wilting trees; f—g. ascomata of C. lukuohia with long necks supporting sticky masses of ascospores.

RESULTS

Sampling and isolations

Trees exhibiting wilt symptoms of the foliage, including death
of the entire canopy (Fig. 2, 3), were sampled by chopping into
the trees with a hatchet or axe, while the stems of other trees
were dissected with a chain saw. Internal signs of infection
included brown to black discolouration of the woody xylem. The
symptomatic trees lacked bark cankers, and mycelial mats and/
or ascomata were not observed on the surface of intact bark of
dead trees. Symptoms were not directly associated with obvious

wounding. Tunnels and boring frass of ambrosia beetles were
evident in dead trees at some locations, especially in the Puna
district, where there was widespread mortality and boring dust/
frass could be readily found.

The majority of the sampled symptomatic trees exhibited verti-
cal streaks in the wood that were dark brown-black in colour
(Fig. 2). When transverse sections of the trunk were made, the
darkest discolouration appeared to follow radially along the ray
parenchyma (Fig. 2). In some of the sampled trees, including
some completely dead trees and also some trees with partial
crown death, a second pattern of wood discolouration was ob-
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Fig. 3 Typical symptoms associated with Ceratocystis huliohia (sp. B). a. Affected trees exhibiting rapid, synchronized death of leaves on individual branches
and spreading to the entire crown; b. brown to grey-black vertical streaks of discolouration in the woody xylem of an affected tree; c—e. blotchy, diffuse black
to grey staining of sapwood; and thin black lines of host reaction following the contours of the cambium (arrows); f—g. ascomata of C. huliohia with necks

supporting sticky masses of ascospores.
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served in which the vertical streaks were lighter, more diffuse
and brown to grey-black in colour. Discolouration in transverse
sections of the second pattern was typically diffuse and blotchy
and in a few cases, black lines of discolouration appeared in
the woody xylem that followed the contours of the cambium
(Fig. 3, arrows).

Successful isolations of Ceratocystis spp. were made from
both the radial and diffuse patterns of xylem discolouration
using the carrot baiting technique. A total of 68 isolates were
obtained from the discoloured xylem of wilted trees ranging in
age from young saplings to mature trees at 17 different sites
across Hawai'i Island (Table 1; Fig. 1; Appendix).

PCR and sequencing

The ITS region was amplified and sequenced for 64 isolates,
with an amplicon size of £ 550 bp in length. The PCR prod-
ucts were directly sequenced with the PCR primers, but the
electropherograms of the PCR products from the extracted
DNA of 35 isolates showed overlapping base calls indicative of
intragenomic variation among the repeats of the rDNA operon.
These PCR products were cloned, and at least 4—6 cloned
products were sequenced per isolate. Three ITS haplotypes
were obtained from the cloned PCR products or from direct
sequencing: A haplotype ‘A’ was obtained from 18 isolates, a
haplotype ‘B’ was obtained from nine isolates, and a haplotype
‘C’ obtained from two isolates (Table 1; Appendix; GenBank
accession numbers KY809157, KY809156 and KY809158).
Both haplotype ‘A’ and ‘C’ sequences were obtained from the
cloned fragments of each of the 35 samples that could not be
directly sequenced. When the ITS sequences of haplotypes A
(KY809157) and C (KY809158) were aligned with each other,
they differed at six base positions: at site 103 in the ITS1 re-
gion (T in haplotype A vs C in haplotype C), at site 373 in the
ITS2 region (an extra T present in haplotype C), and at sites
517-519 in the ITS2 region where three extra cytosine bases
were present in haplotype A that were absent in haplotype C.
No recombinants among the three polymorphisms were pre-
sent in any of the direct sequences or cloned fragments of the
A and C haplotypes. The haplotype A and C sequences were
most similar to the ITS sequences of members of the LAC.
The sequence of the haplotype B was most similar to the ITS
sequences of members of the AAC.

Based on the results of the ITS sequencing, isolates represent-
ing the three haplotypes, and mixtures of haplotypes A and C
from different locations on the island, were chosen for further
PCR and sequencing of the bt1, ef1, ms204 and rpb2 loci.
These amplified products were ~610 bp, ~780 bp, ~970 bp
and ~1200 bp, respectively.

Multi-gene phylogenetic analyses

The total number of aligned characters used for the phyloge-
netic analysis of the ITS (LAC) dataset (56 isolates), the ITS
(AAC) dataset (48 isolates) and the combined dataset of bt7,
ef1, ms204 and rpb2 (82 isolates) were 549, 630 and 3264,
respectively. The number of parsimony-informative characters
were 157, 273 and 510, and the number of parsimony-uninform-
ative characters were 66, 36 and 14, respectively. MP analyses
for the ITS_LAC loci resulted in 205 most parsimonious trees
with TL = 383, Cl =0.736, RI = 0.892 and RC = 0.656. The
ITS_AAC loci resulted in 34 most parsimonious trees with
TL=571, CI=0.758, Rl =0.917 and RC = 0.695. The com-
bined dataset had 15 most parsimonious trees with TL = 763,
Cl =0.765, RI =0.952 and RC = 0.729. The log-likelihood of
the most likely tree obtained from ML analyses were -1871.29

Table 2 Number of fixed nucleotide differences between Ceratocystis lukuo-
hia (sp. A) and close relatives of the Latin American clade, and C. huliohia
(sp. B) and close relatives from the Asian-Australian clade, observed at five
loci used in the phylogenetic analyses.

ITS bt1 ms204 b2 eff Total

C. lukuohia compared with

C. cacaofunesta 33 3 19 6 1 61
C. colombiana 30 2 18 10 5 69
C. fimbriata (I[pomoea batatas) 29 5 18 6 1 55
Ceratocystis sp. from Syngonium 2 0 2 5 1 8
Ceratocystis sp. from Xanthosoma 2 0 2 4 0 6
C. platani 13 1 1 2 1 18
C. huliohia compared with
C. atrox 36 6 6 6 13 67
C. cercfabiensis 23 2 1 4 5 35
C. changhui 9 0 2 4 5 20
C. corymbiicola 32 4 20 4 7 67
C. polychroma 34 2 0 6 5 47
C. uchidae 13 0 1 5 6 25

(ITS_LAC), -2203.75 (ITS_AAC) and -8552.56.55 (combined).
Bootstrap confidence values > 60 % for both MP and ML analy-
ses are presented on a single most parsimonious tree based
on MP for each dataset (Fig. 4—6).

For all loci tested, the isolates from M. polymorpha in Hawai'i
separated into two biogeographical clades, viz. LAC and AAC
in both the ML and MP analyses (Fig. 4—6). Although the ITS
phylogenies differed in topology with that of the combined
phylogeny, the isolates from M. polymorpha formed two mono-
phyletic lineages supported with high bootstrap values and were
distinct from all other described Ceratocystis species. These
unique lineages represent two new species of Ceratocystis
from Hawai'i, hereafter referred to as Ceratocystis sp. A and
Ceratocystis sp. B.

In both the ITS_LAC and the combined phylogeny (Fig. 4, 5),
one of the emerging new taxa (Ceratocystis sp. A) grouped most
closely with isolates collected from Xanthosoma sp. from Cuba
and Costa Rica and those from Syngonium sp. from Hawai'i and
Florida. There was little or no sequence difference observed
between Ceratocystis sp. Aand these isolates based on the bt1
and ef1 loci. Ceratocystis sp. A differed, however, from these
isolates by up to six and eight fixed polymorphisms, respectively,
across all five loci (Table 2). In the combined phylogeny (Fig.
4), Ceratocystis sp. A also grouped closely to C. platani (dif-
fering at five fixed nucleotide sites), C. cacaofunesta (differing
at 29 sites) and C. colombiana (differing at 35 sites) (Table 2).
In the ITS_LAC phylogeny, the two ITS types of Ceratocystis
sp. A (haplotypes A and C) were clustered together and were
designated as Group 1 and Group 2 in Fig. 5.

Within the AAC, Ceratocystis sp. B formed a distinct lineage in
the C. polychroma cluster and separated from six closely related
species (C. uchidae C. changhui, C. polychroma, C. atrox, C. cer-
fabiensis and C. corymbiicola) with a minimum of 20 fixed nu-
cleotide differences across the five loci (Table 2; Fig. 4, 6). In
the ITS_AAC phylogeny (Fig. 6), Ceratocystis sp. B was sister
to C. changhui, known only from China, and C. uchidae, known
from Hawai'i and Fiji. In the combined analyses, Ceratocystis
sp. B was closest to C. polychroma, known from S. aromaticum
from Indonesia. In the AAC, the ef1 and the ITS loci showed the
greatest differences among species. Ceratocystis sp. B could
not be distinguished from C. changhui and C. uchidae using
bt1 or from C. polychroma using ms204.
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Fig. 4 Maximum parsimony tree based on the combined dataset of four gene regions (bt1, tef1, ms204 and rpb2) for species in the Latin American clade
(LAC) and the Asian-Australian clade (AAC) of Ceratocystis. Isolates sequenced in this study from M. polymorpha in Hawai'i are highlighted in blue in the LAC,
as C. lukuohia (sp. A), and in green in the AAC, as C. huliohia (sp. B). Bootstrap values > 60 % for MP/ML are presented at the branches. Bootstrap values

lower than 70 % are indicated with *. Ceratocystis albifundus (CMW 4068) from the African clade was used as the outgroup.
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Fig. 5 Phylogenetic tree based on MP of the ITS-rDNA of Ceratocystis species in the Latin American clade (LAC). Two ITS haplotypes (Group 1 and Group
2) were evident in the isolates of C. lukuohia (sp. A) from M. polymorpha in Hawai'i. These grouped closest to isolates from Xanthosoma sp. from Cuba and
Costa Rica and Syngonium sp. from Hawai'i and Florida. Bootstrap values > 70 % for MP/ML are presented at the branches. Ceratocystis albifundus (CMW

4068) from the African clade was used as the outgroup.
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Fig. 6 Phylogenetic tree based on MP of the ITS-rDNA of Ceratocystis species in the Asian-Australian clade (AAC). Ceratocystis huliohia (sp. B) forms a
monophyletic clade and is closest to species of C. uchidae, also described from Hawai'i and C. changhui. Bootstrap values > 70 % for MP/ML are presented

at the branches. Ceratocystis albifundus (CMW 4068) from the African clade was used as the outgroup.
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Table 3 Morphological measurements (in um) of isolates of Ceratocystis lukuohia (sp. A) and C. huliohia (sp. B) on 2 % MEA taken after 2 wk of growth.

C. huliohia

C. huliohia

C. lukuohia

C. lukuohia

C. lukuohia

CMW 47135/P14-10

CMW 47149/P15-58

CMW 46741/P15-64 (ITS_C)
(134-)163—-244.5(~306.5) x
(121-)161.5-244.5(~272.5)

204 x 203

CMW 47152/P15-65 (ITS_AC)
(157.5-)173.5-242(-271) x
(142-)169-229(~250.5)

208 x 199

CMW 44102/P14-1-1 (ITS_A)
(151-)161.5—-239(~308)

(169.5-)196.5—-279(—331.5) x
(161-)182-257(—321.5)

238 x 220

(128-)175.5-258.5(~310.5) x
(116-)156—234(—287.5)

217 x 195

Ascomatal base

(146.5-)153.5-241.5(~311)

200 x 198

Av. ascomatal base

Neck length
Av. neck leng
Neck width a
Av. neck wid

(504-)573.5-781(~871.5)

(287.5-)480—824.5(-928.5)
652 677

(503.5-)690.5-1002.5(~1144.5)

847

(560-)727-1022.5(—1244)

875

(324.5-)534.5-833.5(-971.5)

684

h

=

(24-)29.5-39(~41.5)

34

(26-)31-40(-43)

355

(25-)28.5-35.2(~42.5)

32

(16-)23.5-31.5(-33.5)

28

(12-)22-37(~42.5)

30

base
h at base

—

=3

(14-)16.5-22(~28)

19

(13.5-)16.5-24(=34)

20

(15-)16-20(=22)

18

(13-)15-21(-28)

18

(9-)15-26(31.5)

20

—

Neck width at tip
Av. neck wid

h at tip

=3

(26.5-)29-49.5(-65)

39

(30-)37.5-56(~70)

47

(48-)61.5-86.5(~102)

74

(38.5-)49-82.5(-98)

66

(40-)56.5-89.5(~111.5)

73

Ostiolar hyphae length

Av. ostiolar hyphae length
Conidiogenous cell length

(20.5-)26.5-51(-61.5)

39

(48.5-)50—64.5(-72)

57

(22.5-)29.5-86.5(~178.5)

58

(24.5-)38-53.5(-57.5)

46

(28-)42.5-65.5(—81)

Av. conidiogenous cell length

Cylindrical conidia

(10-)13-23(=39.5) x 3—4(=5)

18 x 4

(12-)16.5-23.5(~28.5) x (2.5-)3—4(~4.5)

20x 3.5

(11-)14—26(~34.5) x 3—4.4(-6)

20 x 4

(9.5-)12-19.5(~24) x (2-)3—4(-6)

16 x 4

10-)13-19(~24.5) x (3.5-)4—5

6x4

(10-)11.5-13.5(-14.5)
(9.5-)10-12(~13.5)

13 x 11

(10-)12-14.5(~17) x
(8-)9.5-12(-14)

13x 11

(12-)12.5-15.5(~18) x

(8-)9.5-11(=11.5)

14 x 10

(11-)12-14(-14.5) x

(7.5-)8.5-10.5(-12)

13x 10

8.5-)9.5-10.5(~11.5)

11-)13-15(-16.5) x
4x10

N N4

Av. cylindrical conidia length

Aleurioconidia

-

Av. aleurioconidia

4.5-5.5(-6) x (3-)3.5-4(-4.5)

5x4

(4-)4.5-5.5(—6) x 3.5-4(-4.5)

5x4

(5-)5.5(~6) x 4—4.5

5x4

(4-)4.5-5.5 x (3-)3.5-4.5(~5)

5x4

4.5-)5-5.5(—6) x (3.5-)4—4.5(-5)

5x4

Ascospores top view

Av. ascospores top view
Ascospores side view

(3-)4—5(—6) x 2—3(—3.5)

4x2

(3.5-)4.5-5(~5.5) x (1.5-)2—-2.5(~3)

5x2

5-6 x (2-)2.5-3(~3.5)

55x3

(4-)4.5-5.5 x (2-)2.5-3(~3.5)

5x3

(4.5-)5-6 x 2.5-3(~3.5)

5x3

Av. ascospores side view

Culture characteristics and morphology

Isolates representing the different ITS types of Ceratocys-
tis sp. A (CMW 44102/P14-1-1 = haplotype A, CMW 46741/
P15-64 = haplotype C and CMW 47152/P15-65 = mixture of
haplotypes A and C) and the haplotype B of Ceratocystis sp.
B (CMW 47149/P15-58 and CMW 47135/P14-10) were used
to characterise the culture and morphological characteristics
of these fungi (Table 3; Fig. 7-10).

Ceratocystis sp. A and Ceratocystis sp. B could be distin-
guished from each other based on culture characteristics and
some morphological features. In culture, the colony growth of
Ceratocystis sp. A was circular to irregular in form with undulate
to lobate colony margins, whereas the colonies of Ceratocystis
sp. B were circular with smooth to undulate colony margins (Fig.
10). The cultures of Ceratocystis sp. A were olivaceous green
to brown in colour due to the production of excessive quantities
of aleurioconidia in long chains in the medium, with grey aerial
mycelium. Cultures of Ceratocystis sp. B varied in colour from
white to grey to olivaceous green. Sectoring occurred in both
taxa. Some isolates of Ceratocystis sp. B produced cultures
with concentric rings of black ascomata (Fig. 10), and occasion-
ally, multiple necks were observed on single ascomatal bases,
particularly in culture CMW 47135/P14-10. In Ceratocystis
sp. A, the light- to dark-brown to black ascomata were gener-
ally scattered throughout the colony. The ascomatal bases of
Ceratocystis sp. A were generally more globose (av. = 204 x
200 pm) than the more pyriform bases (av. = 227.5 x 207.5 ym)
of Ceratocystis sp. B, but the differences were minor.

The most obvious morphological characters distinguishing
Ceratocystis sp. A and Ceratocystis sp. B were the average
lengths of the necks and ostiolar hyphae. Ceratocystis sp. A
had longer necks (av. ranging from 684—-875 pm among the
three isolates) and ostiolar hyphae (av. ranging from 66-74
pgm among the three isolates) compared to the shorter necks
(av. of the two isolates = 652 and 677 um) and ostiolar hyphae
(av. of the two isolates = 39 and 47 um) of Ceratocystis sp.
B. Both cylindrical conidia and the thick-walled aleurioconidia
were more abundant in cultures of Ceratocystis sp. A, and the
aleurioconidia of Ceratocystis sp. A were produced in long
chains, whereas they were only produced in short chains in
Ceratocystis sp. B.

Growth in culture

For three isolates of Ceratocystis sp. A(CMW 46741, P15-64;
CMW 47152, P15-65 and CMW 44102, P14-1-1) and for four
isolates of Ceratocystis sp. B (CMW 47149, P15-58; CMW
46716, P14-14; CMW 46738, P15-59 and CMW 47135, P14-
10), the optimal temperature for growth was 25 °C (Fig. 9).
Overall, Ceratocystis sp. B grew faster than Ceratocystis sp.
A at 15, 20, 25 and 30 °C and grew an average of 4.3 mm/d at
25 °C, while Ceratocystis sp. A grew an average of 3.6 mm/d.
For both taxa, there was a significant reduction in growth at
10 °C. Although there was a sharp decline in growth at 30 °C
as compared to 25 °C for both taxa, Ceratocystis sp. B (43
mm diam) had almost double the growth of Ceratocystis sp.
A (25 mm diam) at this temperature after 14 d. For both taxa,
ascomatal production was most abundant when grown at 20
and 25 °C, and no ascomata were produced at 10 and 30 °C.

TAXONOMY

Phylogenetic inference based on five gene regions showed
conclusively that there are two distinct taxa associated with
the death of M. polymorpha trees on the Island of Hawai'i.
Ceratocystis sp. Aand Ceratocystis sp. B reside in the LAC and
AAC biogeographical clades of Ceratocystis s.lat., respectively,
and they are phylogenetically distinct from the other described
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species in those clades. These two putative new taxa could be
distinguished from each other based on morphology. These
results provide robust evidence to justify describing the two taxa
as new species as follows (where Ceratocystis sp. A = Cerato-
cystis lukuohia and Ceratocystis sp. B = Ceratocystis huliohia):

Ceratocystis lukuohia |. Barnes, T.C. Harr. & L.M. Keith, sp.
nov. — MycoBank MB824050; Fig. 2, 7

Etymology. The name lukuohia is derived from the Hawaiian words luku
(destruction) and "6hi*a, and reflects the fact that this fungus destroys “6hi‘a
trees.

Persoonia — Volume 40, 2018

Type. USA, Hawai'i, Puna District, Leilani Estates, isolated from diseased
Metrosideros polymorpha, 20 Feb. 2014, J.B. Friday (holotype PREM 61770,
culture ex-type CMW 44102 = P14-1-1 = CBS 142792 = MUCL 56342). ITS
sequence GenBank KY809157.

Ascomata perithecial, developing within 8 d and mature within
12 d, mostly scattered, sometimes gregarious, partially em-
bedded or superficial in agar; bases subglobose to globose
(151-)161.5—-239(—308) x (146.5-)153.5-241.5(-311) um,
dark brown to black, covered with undifferentiated hyphae
and conidiophores with aleurioconidia. Necks straight, oc-
casionally curved, (324.5-)534.5-833.5(-971.5) um long,
smooth, brown to black at base (12-)22-37(—42.5) ym wide

Fig. 7 Morphological characteristics of Ceratocystis lukuohia (sp. A). a. Globose ascomata base with long neck; b. straight ostiolar hyphae; c. hat-shaped
ascospores from top and side view; d. terminal thick-walled aleurioconidium; e. aleurioconidia in chains; f. flask-shaped conidiophores; g. cylindrical conidia;
h. short, barrel-shaped conidia. — Scale bars: a = 50 ym; b, f =20 ym; ¢, g—h =5 pm; d—e = 10 pm.
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and becoming paler towards tapering apex (9-)15—-26(—31.5)
um wide. Ostiolar hyphae mostly straight, occasionally diver-
gent, non-septate, (40—)56.5-89.5(-111.5) um long, hyaline.
Asci evanescent, not seen. Ascospores accumulate in white
to creamy masses at tips of necks, single-celled, hyaline, el-
lipsoidal in top view (4.5-)5-5.5(-6) x (3.5-)4—4.5(-5) ym
with gelatinous sheath giving hat-shaped appearance in side
view (4.5—)5-6 x 2.5—3(—3.5) um. Conidiophores branched or
unbranched, straight or flexuous, hyaline to pale brown, multi-
septate, smooth-walled. Conidiogenous cells endophialidic with
enteroblastic conidium ontogeny, flask-shaped (lageniform)
or tubular (28-)42.5-65.5(—81) uym long. Conidia mostly
cylindrical with apices rounded, smooth, non-septate, hyaline,
(10-)13-19(—24.5) x (3.5—)4—5 um, borne in long chains; other
conidia barrel-shaped with truncate bases, smooth-walled,
non-septate, hyaline, 4-5.5(-6.5) x 3—4.5(-5) um. Aleurio-
conidia abundant, pale brown to brown, pyriform to ovoid (11-)
13-15(-16.5) x (8.5-)9.5-10.5(-11.5) ym, thick-walled,
formed singly or in long chains.

Cultural characteristics — Colonies on 2 % MEA circular
to irregular with undulate to lobate colony margins, mycelium
submerged to aerial, producing fruity aroma; submerged my-
celium greenish olivaceous, mainly due to aleurioconidia; aerial
mycelium light grey, frequently sectoring. Optimal temperature
for growth 25 °C, with colony diam reaching 66.5 mm after 14 d.
Optimal temperature for ascomatal production 20-25 °C.

Substratum — Woody xylem of trunk, stems and branches
of M. polymorpha.

Distribution — Hawai’i Island, HI, USA.

Additional specimens. USA, Hawai'i, Puna District, Nanawale, isolated
from diseased M. polymorpha, 3 June 2015, T. Sowards (paratype PREM
61771, culture ex-paratype CMW 46741 = P15-64 = CBS 142793 = MUCL
56343) (ITS haplotype C); South Hilo District, Waiakea Forest Reserve, isolat-
ed from diseased M. polymorpha, 27 May 2015, T. Sowards (paratype PREM
61772, culture ex-paratype CMW 47152 = P15-65 = CBS 142591 = MUCL
56344) (ITS haplotype A/C).

Notes — Typical symptoms associated with C. lukuohia
include rapid, synchronized death of the entire crown and
extensively stained sapwood.

Ceratocystis lukuohia has two different ITS haplotypes (Gen-
Bank KY809157 and KY809158), and most isolates appear
to have a mixture of the two haplotypes among the tandem
repeats of the rDNA operons. It is phylogenetically most closely
related to C. platani (Engelbrecht & Harrington 2005) and an
undescribed species of Ceratocystis isolated from Xanthosoma
sp. in Cuba and Costa Rica and from Syngonium in Hawai’i
and Florida (Thorpe et al. 2005). Ceratocystis lukuohia can
be distinguished from these Ceratocystis spp. based on ITS,
ms204 and rpb2 and from C. platani with ITS, ms204, rpb2,
eff and bt1 sequence data. Morphologically, C. lukuohia is very
similar to these other Ceratocystis spp. and they cannot reliably
be distinguished from each other, although isolates from Syngo-
nium and Xanthosoma generally have less aerial mycelium.

Ceratocystis huliohia |. Barnes, T.C. Harr. & L.M. Keith, sp.
nov. — MycoBank MB824051; Fig. 3, 8

Etymology. The name huliohia is derived from the Hawaiian words huli
(to turn) and "6hi*a and refers to the fact that this fungus changes the natural
state of “6hi’a trees.

Type. USA, Hawai'i, North Kona District, Holualoa, isolated from diseased
M. polymorpha, 10 June 2015, J.B. Friday (holotype PREM 61769, culture
ex-type CMW 47149 = P15-58 = CBS 142794 = MUCL 56340). ITS sequence
GenBank KY809156.

Ascomata perithecial, developing within 8 d and mature with-
in 12 d, aggregated, partially embedded in agar; bases sub-
globose to pyriform (128-)175.5-258.5(-310.5) x (116-)

156-234(—287.5) um, dark brown to black, covered with un-
differentiated hyphae. Spines and ornamentations absent.
Necks straight or occasionally slightly curved and (287.5-)
480-824.5(—928.5) ym long, wider at base (26—)31-40(—43)
gm and tapering towards apex (13.5-)16.5—-24(—34) um,
unbranched, light brown to dark brown or black, smooth to
crenulate. Ostiolar hyphae straight to mostly divergent, non-
septate, hyaline to light brown, (30-)37.5-56(-70) um long.
Asci evanescent, not seen. Ascospores accumulate in white
to creamy masses at tips of necks, single-celled, hyaline, el-
lipsoidal in top view (4—)4.5-5.5(-6) x 3.5-4(—4.5) um with
gelatinous sheath giving hat-shaped appearance in side view
(3.5-)4.5-5(-5.5) x (1.5-)2-2.5(—3) ym. Conidiophores
branched or unbranched, straight or flexuous, hyaline to pale
brown, multiseptate, smooth-walled. Conidiogenous cells en-
dophialidic, flask-shaped (lageniform) (48.5-)50—-64.5(-72)
pgm in length producing primary conidia in chains by means of
enteroblastic conidium ontogeny. Conidia hyaline, non-septate,
smooth-walled, cylindrical or bacilliform with rounded apices,
mostly (12-)16.5-23.5(—28.5) um long x (2.5—)3—4(—4.5) ym
wide. Aleurioconidia ovoid, thick-walled, hyaline when young,
becoming brown when mature, smooth, formed mostly singly
(terminal) or in short chains, (10-)12-14.5(-17) x (8—)9.5—
12(-14) ym in size.

Culture characteristics — Colonies on 2 % MEA showing
circular growth with entire (smooth) to undulate colony mar-
gins. Mycelium submerged to aerial, producing fruity aroma;
submerged mycelium greenish olivaceous, aerial mycelium light
grey, turning dark olivaceous green to brown with age. Asco-
mata/perithecia either produced in clumps or in a concentric
‘ring-like’ fashion. Optimal temperature for growth 25 °C, with
colony diam reaching 58.4 mm after 14 d. Optimal temperature
for ascomatal production 20-25 °C.

Substratum — Woody xylem of trunk, stems and branches
of M. polymorpha.

Distribution — Hawai'i Island, HI, USA.

Ad(ditional specimens. USA, Hawai'i, Puna District, "Opihikao, isolated
from diseased M. polymorpha, 8 July 2014, T. Sowards (paratype PREM
61768, culture ex-paratype CMW 47135 = P14-10 = CBS 142795 = MUCL
56341).

Notes — Ceratocystis huliohia has been isolated from stained
sapwood of trees showing rapid, synchronized death of major
branches or death of the entire crown. However, it has also been
isolated from trees that have appeared to be dying gradually
over a period of years. Phylogenetically, C. huliohia groups in
the C. polychroma cluster of the AAC and is closest to C. uchi-
dae, C. changhui, C. cercfabiensis and C. polychroma, which
are generally less aggressive plant pathogens than members
of the LAC. Morphological features within individuals of the
same species can show great variation in the dimensions of
measured morphological characteristics and in some cases,
these overlap with other species (Li et al. 2017, Liu et al. 2018).
However, based on average measurements, C. huliohia can
be distinguished from its closest relatives based on ascomatal
size, the length of the neck and ostiolar hyphae (Li et al. 2017,
Liu et al. 2018). The ascomatal bases of C. huliohia (av. of two
isolates = 227.5 x 207.5 ym, Table 3) are somewhat larger
than those of C. uchidae (range 95-190 diam), C. changhui
(av. =182 x 180.5 ym) and C. cercfabiensis (av. = 178 x
184 um). The ascomatal necks of C. huliohia (av. of two iso-
lates = 664.5 ym) are longer than C. uchidae (av. = 422.5 ym)
but shorter than C. changhui (av. = 702 uym), C. cercfabiensis
(av. =1114.5 ym) and C. polychroma (av. = 960 ym). The
length of ostiolar hyphae of C. huliohia (av. of two isolates = 43
um) is shorter than that of C. uchidae (av. = 57.5 ym), C. chang-
hui (av. = 82 ym) and C. cercfabiensis (av. = 59 um), but slightly
longer than C. polychroma (av. = 38 ym).
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Fig. 8 Morphological characteristics of Ceratocystis huliohia (sp. B). a. Ascomata with globose to obpyriform base and short neck; b. conidiophore with
emerging, short, barrel-shaped conidium; c. terminal aleurioconidium; d. cylindrical conidia; e. short, straight ostiolar hyphae; f. divergent ostiolar hyphae;
g. hat-shaped ascospores in side and top view. — Scale bars: a = 50 ym; b, d—f =10 pm; ¢, g =5 pm.

Ceratocystis lukuohia and C. huliohia can clearly be differenti-
ated from each other based on culture characteristics and
morphology. On MEA, C. lukuohia grows more slowly than
C. huliohia (Fig. 9) and has smaller, more rounded ascomata
that are distributed evenly in olivaceous green to brown cultures.
Sectoring is more common in cultures of C. lukuohia than in
cultures of C. huliohia, but both species frequently change
mycelial phenotype. The culture colour in C. huliohia varies
considerably and can be white, to grey, to olivaceous green
(Fig. 10). The larger ascomata of C. huliohia are often clumped
together (Fig. 3) and in some cases, multiple necks are seen
from the same ascomatal base. In both species, optimal growth

is at 25 °C (Fig. 9) with ascomata production occurring between
20-25 °C. The most distinguishing morphological features of
these two species are the longer necks and ostiolar hyphae
in C. lukuohia. Ceratocystis lukuohia also produces prolific
amounts of conidia and aleurioconidia in long chains.

Genotyping of Ceratocystis isolates

The 10 C. lukuohia isolates used in the phylogenetic studies for
the LAC were clonal at 27 microsatellite loci. The remaining 49
isolates that were screened with a reduced number of markers
(10-20) were also all clonal (Appendix). Isolates having the A
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Growth of Ceratocystis lukuohia (red) and C. huliohia (blue) on 2 % MEA after 14 d
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Fig. 9 Diameter of colonies in mm of Ceratocystis lukuohia (sp. A) and C. huliohia (sp. B) isolates on 2 % malt extract agar at five different temperatures taken
after 14 d growth. Ceratocystis huliohia grows slightly faster than C. lukuohia. Both species have optimal growth at 25 °C.

ITS haplotype (18 isolates), the C ITS haplotype (2 isolates) or
mixtures of Aand C haplotype (35 isolates) did not differ in their
multilocus microsatellite profile. The six Ceratocystis isolates
from Xanthosoma and Syngonium, which were phylogenetically
closest to C. lukuohia, had £ 20 % alleles in common with this
species. Similarly, the clonal lineages of C. platani isolates
from continental USA, Greece, Switzerland, France and ltaly
were identical to C. lukuohia at only 33.3 % of the scorable loci
(Appendix). The multilocus genotype (MLG) of the C. fimbriata
isolate from sweet potato in Hawai'i was very different to that of
C. lukuohia and only shared 7.4 % of the total alleles.

The nine C. huliohia isolates from Hawai'i all shared the same
MLG and were, therefore, clonal at all 27 microsatellite loci.
Isolates of C. huliohia shared 47.80 % similar alleles with
C. polychrome, 52.17 % with C. uchidae, 60 % with C. changhui

and 70.83 % with C. cercfabiensis. The two Ceratocystis spe-
cies causing disease on M. polymorpha only shared a single
allele, out of a total of 26. Primer set AF6 did not amplify in
either species.

Interfertility tests

In the parings among closely-related species in the LAC or in
pairings among closely-related species in the AAC, almost all
of the crosses between male, MAT2 and female, MAT1 testers
resulted in ascomata with ascospore masses at the tips of their
necks. Ascospores germinated when they were streaked onto
the surface of MYEA, but the germination percentages were
relatively low in crosses between different species (Table 4, 5).
When ascospores were produced in either interspecific or intra-
specific pairings, progeny arising from the ascospores plated

Table 4 Mating reactions (production of normal or abnormal ascospores/with high, medium, low or no germination) in two replicated pairing experiments
between MAT1, female tester strains of Ceratocystis spp. in the Latin American clade and MAT2, male testers of Ceratocystis lukuohia, C. platani and Cerato-

cystis sp. from Syngonium.

MAT2 males
C. lukuohia C. platani Ceratocystis sp.
from Syngonium
MAT1 females From C4133 From C4185 From C4186 From C1342 From C1774
C. lukuohia From C4185 Normal/high, Normal/high, Normal/high, Abnormal/NT, Abnormal/medium,
Normal/high’ Normal/high Normal/high Abnormal/medium Normal/medium
From C4210 (P15-64) Abnormal/high, Normal/high, Normal/high, Abnormal/medium, Abnormal/medium,
Normal/high Normal/high Normal/high Abnormal/medium Abnormal/medium
From C4212 (P14-1-1) Abnormal/high, Normal/high, Normal/high, Abnormal/medium, Abnormal/medium,
Abnormal/high Abnormal/high Normal/high Abnormal/medium Abnormal/medium
From C4213 (P15-65) Abnormal/high, Normal/high, Normal/high, No ascomata, Abnormal/medium,
Normal/high Normal/high Normal/high Abnormal/medium Abnormal/medium
C. platani From C1339 Abnormal/medium, Abnormal/medium, Abnormal/medium, Normal/high, Abnormal/low,
Abnormal/medium Abnormal/medium Abnormal/medium  Normal/high Abnormal/medium
From C1329 Abnormal/medium, Abnormal/medium, Abnormal/medium, Normal/high, Abnormal/medium,
Abnormal/medium Abnormal/medium Abnormal/medium  Normal/high Abnormal/medium
Ceratocystis sp. from Syngonium  From C1717 Abnormal/high, Abnormal/medium, Abnormal/medium,  Abnormal/medium, Normal/medium,
Abnormal/high Abnormal/low Abnormal/medium  Abnormal/medium Normal/high
From C4118 Abnormal/medium, Abnormal/high, Abnormal/high, Abnormal/medium, Normal/high,
Abnormal/medium Normal/high Abnormal/medium  Abnormal/medium Normal/high
C. colombiana From C1945 Abnormal/low, Abnormal/low, Abnormal/low, Abnormal/medium, Abnormal/low
Abnormal/medium Abnormal/medium Abnormal/low Abnormal/medium Abnormal/low
C. cacaofunesta From C1833 Abnormal/low, Abnormal/none, Abnormal/low, Abnormal/none, Abnormal/low,
Abnormal/none Abnormal/none Abnormal/none Abnormal/low Abnormal/medium
C. fimbriata From C4135 No ascomata, No ascomata, No ascomata, No ascomata, No ascomata,

No ascomata

No ascomata

No ascomata

No ascomata

No ascomata

' Microscopic examination of abnormal ascospore masses showed more than 10 % of the ascospores misshapen or empty and typically with ascus or ascospore debri. Streaked ascospore mass
on malt yeast extract agar: high germination = colonies too numerous to count on three plates; medium germination = 40 or more colonies on three plates; and low germination = fewer than 40
colonies on the three plates. Pairings or ascospore germinations not tested are indicated by NT.
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Fig. 10 Variation in culture morphology of isolates of Ceratocystis lukuohia (sp. A) and C. huliohia (sp. B) after 14 d growth on 2 % MEA at temperatures 10,

15, 20, 25 and 30 °C.

onto MYEA showed some variation in the mycelial phenotype
(colony texture and in presence/absence of ascomata), which
suggested that sexual recombination had occurred. However,
microscopic examination of the ascospores showed substantial
variation among interspecific crosses in the abundance and
proportion of misshapen ascospores. In most cases of pairings
between two strains of the same species, less than 10 % of the
ascospores were misshapen or empty, but in most interspecific
pairings, greater than 10 % of the ascospores were misshapen
(Table 4, 5). In most of the cases, where a pairing of isolates
was conducted twice, the identical results were obtained.

With few exceptions, the female, MAT1 testers were only fully
interfertile (production of normal appearing ascospores and
high germination percentage) with male testers of the same
species. For C. lukuohia, three of the four female testers pro-
duced normal ascospores with high germination percentages
with each of the three male testers of C. lukuohia in at least one
of the two tests (Table 4). The fourth female tester (from C4212)
produced abnormal ascospores in both crosses with the male
tester from isolate C4133 of C. lukuohia, but the percentage
of germinating ascospores was high in both cases. The four
female testers of C. lukuohia produced abnormal ascospores

and only medium germination percentages with the male test-
ers of C. platani and the strain isolated from Syngonium. The
female tester strains of C. platani produced normal ascospores
with high germination percentage only with the male tester of C.
platani. The female testers of the Syngonium strain produced
normal ascospores with high germination percentages with the
male Syngonium tester, but high germination percentages also
were obtained for some of the ascospore masses taken from the
Syngonium MAT1 testers after spermatization with male testers
of C. lukuohia (Table 4). The female tester strains of C. colombi-
ana and C. cacaofunesta produced abnormal ascospores with
low or medium germination percentages when crossed with the
male testers, and in some cases ascospores taken from female
C. cacaofunesta ascomata spermatized with C. lukuohia male
testers failed to germinate (Table 4). The female tester of the
sweet potato strain of C. fimbriata produced no ascomata with
any of the male tester strains.

Similar results were found in pairings among representative
tester strains of the AAC (Table 5). The four female testers of
C. huliohia produced normal ascospores and high germina-
tion percentages only in pairings with the two male testers
of C. huliohia; the two female testers of C. uchidae produced
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Table 5 Mating reactions (production of normal or abnormal ascospores/with high, medium, low or no germination) in two replicated pairing experi-
ments between MAT1, female tester strains of Ceratocystis spp. from the Asian-Australian clade and MAT2, male testers of Ceratocystis huliohia, C. uchidae,
C. cercfabiensis and C. polychroma.

MAT2 males
C. huliohia C. uchidae C. cercfabiensis
MAT1 females From C4215 From C4192 From C1714 From C1931 From C3358
(P15-59)
C. huliohia From C4191 Normal/high, Normal/high, Abnormal/low, Abnormal/medium, Abnormal/medium,
Normal/high’ Normal/high Abnormal/low Abnormal/medium NT
From C4192 Normal/high, Normal/high, Abnormal/medium, Abnormal/medium, Abnormal/low,
Normal/high Normal/high Abnormal/low NT Abnormal/medium
From C4211 Normal/high, Normal/high, Abnormal/medium, Abnormal/medium, Abnormal/medium,
Normal/high Normal/high Abnormal/medium Abnormal/medium Abnormal/medium
From C4190 Normal/high, Normal/NT, Abnormal/low, Abnormal/medium, Abnormal/high,
Normal/high Normal/high Abnormal/low Abnormal/medium Abnormal/medium
C. uchidae From C1714 Abnormal/medium, Abnormal/medium, Abnormal/high, Normal/high, Abnormal/medium,
Abnormal/medium Abnormal/medium Normal/high Normal/high Abnormal/medium
From C1715 Abnormal/medium, Abnormal/medium, Normal/high, Normal/high, Abnormal/medium,
Abnormal/medium Abnormal/medium Normal/high Normal/high Abnormal/medium
C. cercfabiensis From C3301 Abnormal/medium, Abnormal/medium, Abnormal/low, Normal/medium, Normal/high,
Abnormal/medium Abnormal/low Abnormal/medium Normal/medium Normal/high
From C3356 Abnormal/medium, Abnormal/NT, Abnormal/medium, Abnormal/high, Normal/high,
Abnormal/low Abnormal/medium Abnormal/medium Abnormal/medium Normal/high
From C3302 Normal/medium, Normal/medium, Abnormal/medium, Abnormal/medium, Normal/high,
NT NT NT NT NT
From C3305 Abnormal/medium, Abnormal/medium, Abnormal/medium, Normal/medium, Normal/high,
Abnormal/medium Abnormal/medium Abnormal/medium Normal/medium Normal/medium
C. polychroma From C2240 Sterile ascomata Sterile ascomata Abnormal/low, Abnormal/low, Abnormal/medium,

Abnormal/low

Abnormal/medium

Abnormal/medium

' Microscopic examination of abnormal ascospore masses showed more than 10 % of the ascospores misshapen or empty and typically with ascus or ascospore debri. Streaked ascospore mass
on malt yeast extract agar: high germination = colonies too numerous to count on three plates; medium germination = 40 or more colonies on three plates; and low germination = fewer than 40
colonies on the three plates. Pairings or ascospore germinations not tested are indicated by NT.

normal ascospores with high germination when paired with the
two male testers of C. uchidae; and the four female testers of
C. cercfabiensis only produced normal ascospores with high
germination with the male testers of C. cercfabiensis. Normal
ascospores with low to medium germination were found in
some crosses between three of the C. cercfabiensis female
testers and males of either C. huliohia or C. uchidae (Table
5). The female tester of C. polychroma produced only sterile
ascomata (no ascospore masses) when paired with C. huliohia
and only abnormal ascospores with medium to low germination
percentages with C. uchidae and C. cercfabiensis male tester
strains (Table 5).

Pathogenicity tests

Inoculations of M. polymorpha with isolates of C. lukuohia and
C. huliohia resulted in wilt symptoms in 2—4 wk. As symptoms
progressed, leaves withered, died and remained attached to the
plants. Complete plant mortality occurred between 4 wk to 1 yr

for 91.7 % of the seedlings inoculated with C. lukuohia and 70 %
of the seedlings inoculated with C. huliohia (Table 6). For both
species, xylem discolouration was observed in the main stem
and the pathogen was re-isolated from all inoculated plants.
The reisolated cultures were the same Ceratocystis species
inoculated into the plant based on morphology and sequencing
the ITS region. All control plants remained healthy. Metrosideros
polymorpha inoculated with the Ceratocystis isolates from
Syngonium did not produce symptoms (Table 6). Similarly,
no wilt symptoms were observed on seedlings of Platanus x
acerifolia regardless of whether they had been inoculated with
either of the new Ceratocystis spp. or with the isolates from
Syngonium (Table 6).

Syngonium podophyllum inoculated with Ceratocystis isolates
from Syngonium resulted in tissue collapse and discolouration
of the petiole. Inoculated pseudostems of S. podophyllum died
within two weeks. No symptoms were observed on Syngonium
inoculated with either of the two new species of Ceratocystis

Table 6 Percent mortality of four host species with isolates of Ceratocystis lukuohia, C. huliohia and Ceratocystis sp. from Syngonium.

Inoculated host Source of inoculum’

Total no. of inoculated plants Mortality (%)

Metrosideros polymorpha C. lukuohia from M. polymorpha (CMW 44102, P14-1-1) 12 91.7
C. huliohia from M. polymorpha (CMW 46738, P15-59) 10 70.0
Ceratocystis sp. from Syngonium (CMW 50456, P16-1) 8 0.0
Platanus x acerifolia C. lukuohia from M. polymorpha (CMW 44102, P14-1-1) 8 0.0
C. huliohia from M. polymorpha (CMW 46738, P15-59) 8 0.0
Ceratocystis sp. from Syngonium (CMW 50456, P16-1) 8 0.0
Syngonium podophyllum C. lukuohia from M. polymorpha (CMW 44102, P14-1-1) 8 0.0
C. huliohia from M. polymorpha (CMW 46738, P15-59) 8 0.0
Ceratocystis sp. from Syngonium (CMW 50456, P16-1 and CMW 50457, P16-2) 16 75.0
Colocasia esculenta C. lukuohia from M. polymorpha (CMW 44102, P14-1-1) 6 16.72
C. huliohia from M. polymorpha (CMW 46738, P15-59) 6 16.72

1 CMW = Culture collection of the Tree Pathology Co-operative Program, Forestry and Agricultural Biotechnology Institute, University of Pretoria, South Africa; P = culture collection of the USDA

Agricultural Research Service, Hilo, HI.
2 One pseudopetiole of one plant.
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from M. polymorpha (Table 6). One pseudopetiole of Coloca-
sia esculenta inoculated with C. lukuohia and one inoculated
with C. huliohia died (Table 6). Mortality was most likely due
to natural senescence and not the pathogen since observed
discolouration was no more than in the controls.

DISCUSSION

Results of this study have shown that two new Ceratocystis
species, C. lukuohia and C. huliohia, are associated with the
devastating mortality seen in native M. polymorpha forests,
known as rapid ‘ohi*a death (ROD). Recognition of these spe-
cies as novel taxa in Ceratocystis was based on a combination
of phenotypic, biological, morphological and phylogenetic data.
Phylogenetically, C. lukuohia resides in the Latin American
clade and C. huliohia in the Asia-Australian clade of Cerato-
cystis. Neither species was fully interfertile with their closest
relatives in those respective clades, and neither appeared to
be pathogenic to Syngonium podophylum, Colocasia esculenta
or Platanus x acerifolia, the hosts of their nearest known rela-
tives. Microsatellite analyses have shown that they represent
two clonal lineages, suggesting that they represent recent
introductions into Hawai'i.

Widespread mortality of M. polymorpha has been noted in past
decades (Hodges et al. 1986), but in the current epidemic, the
trees die more rapidly (Keith et al. 2015). In most ROD cases,
a major branch or the whole crown suddenly shows wilt symp-
toms, and discolouration that follows along the ray parenchyma
of the woody xylem is strongly evident. These symptoms are
characteristic of wilt or canker-stain diseases caused by those
Ceratocystis spp. that reside in the Latin American clade (Har-
rington 2013, Roux & Wingfield 2013). The initial Ceratocysis
sp. associated with M. polymorpha mortality was originally iden-
tified as C. fimbriata based on morphology and ITS sequences,
which were similar to those of other members of the LAC, inclu-
ding the canker-stain pathogen C. platani (Baker et al. 2003)
and a Syngonium strain that had been previously reported in
Hawai'i (Thorpe et al. 2005, Keith et al. 2015). Koch’s postulates
were completed with small seedlings of M. polymorpha, and the
disease was reported as Ceratocystis wilt (Keith et al. 2015).
The present study confirms the association of this Ceratocystis
sp. with the Ceratocystis wilt epidemic and describes the patho-
gen as a new species, C. lukuohia. This study also associates
a second Ceratocystis sp., C. huliohia, with the M. polymorpha
mortality, and seedling inoculations confirm its capacity to cause
wilt-like symptoms in "0hi’a.

Minor differences in symptoms and rate of symptom develop-
ment are associated with the two Ceratocystis species. For
example, mortality caused by C. lukuohia typically occurs ra-
pidly and is associated with an extensive staining of the wood
that is brown-black in colour, with discolouration developing in
a radial pattern. In contrast, C. huliohia is commonly isolated
from dying trees that show partial crown death, and the staining
of the sapwood is often more diffuse and brown to grey-black in
colour. In transverse sections of wood, the staining associated
with C. huliohia appears more blotchy and can be seen follow-
ing the contours of the cambium, perhaps due to host defence
responses in sapwood tissues near the cambium. Inoculation
of seedlings indicates that C. huliohia is aggressive on M. poly-
morpha, but field observations on the progression of symptoms
in naturally infected trees suggest that it is less aggressive
than C. lukuohia. This is consistent with the generalization that
species of Ceratocystis in the Asian-Australian clade are less
aggressive pathogens than species in the Latin American clade
(Harrington 2013, Li et al. 2016). Further work is needed to char-
acterize the disease on M. polymorpha caused by C. huliohia

and its role in the currently widespread mortality known as rapid
“ohi‘a death. In the present study, C. lukuohia was the more
commonly isolated pathogen from suddenly wilting trees, and
it has been consistently associated with the dramatic mortality
found in new outbreak areas on Hawai'i Island.

Thus far, the distribution of the two Ceratocystis pathogens ap-
pears to be limited to the Island of Hawai'i. The spread of the
pathogens, from the initial discovery in the Puna district on the
southeast side of the island in 2010, has been hypothesised to
be due to a combination of anthropogenic movement of infected
material used for firewood or contaminated tools and aerial dis-
persal of infected insect boring dust. Some Ceratocystis species
are known for their loose association with bark beetles (Scolyti-
nae), ambrosia beetles (Scolytinae and Platypodinae), nitidulid
beetles (Coleoptera: Nitidulidae) and flies (Diptera) that act as
pathogen vectors (Wingfield et al. 2017). However, members
of the LAC have been more commonly associated with wind
dispersal of aleurioconidia in the frass of wood-boring ambro-
sia beetles (Harrington 2013). Non-native ambrosia beetles,
such as Xyleborinus saxesenii and various Asian Xyleborus
spp., bore into the colonised sapwood of killed M. polymorpha
trees (Samuelson 1981), and both species of Ceratocystis have
been detected in the frass expelled to the outside of the trees
during beetle tunnelling. The frass, contaminated with abundant
aleurioconidia, could then be airborne and dispersed in winds.
Infections of healthy trees would then take place via natural
or induced wounds. However, the modes of transmission and
the associated insects involved, require further investigation.

Ceratocystis species are capable of selfing through unidirec-
tional mating type switching, but they can also outcross (Har-
rington & Mcnew 1997, Witthuhn et al. 2000, Wilken et al.
2014, Wilson et al. 2015). Thus, introduced strains are capable
of reproducing clonally through sexual as well as asexual
reproduction, and introduced populations typically show only
limited genetic variation (Engelbrecht et al. 2004, 2007, Ocasio-
Morales et al. 2007, Al Adawi et al. 2014, Oliveira et al. 2015,
Lietal. 2016, Scruggs et al. 2017). Isolates of both C. lukuohia
and C. huliohia, collected across three different districts of
Hawai'i Island, showed no variation in alleles at 23 microsatel-
lite loci. The genetic homogeneity of both pathogens indicates
that they are each reproducing clonally and more importantly,
this signifies recent introductions of single genotypes of each
of the pathogens into Hawai'i. Distinct microsatellite alleles
and phylogenetic concordance among the DNA sequences
of each of the nuclear genes show that the two genotypes
are members of the respective Asian-Australian and Latin
American geographic clades, which are only distantly related.
Thus, it is unlikely that the two species are two genotypes of
a single hybridization event between an Asian species and
a Latin American species. However, further genetic studies
are needed to confirm intersterility and reproductive isolation
between the two species.

The possible origins of C. lukuohia and C. huliohia and their
pathways into Hawai'i are unknown, but species of Ceratocystis
have been frequently dispersed to new regions in vegetatively
propagated plant material (Thorpe et al. 2005, Engelbrecht et al.
2007, Ferreira et al. 2011, Harrington 2013, Oliveira et al. 2015,
Lietal. 2016). Phylogenetically, C. lukuohia and C. huliohia are
distinct from each other, and they reside in distinctly different
geographical clades of Ceratocystis. Ceratocystis lukuohia
resides in the LAC, and its closest relatives are C. platani and
strains of an undescribed Ceratocystis species on Xanthosoma
and Syngonium (Thorpe et al. 2005, Li et al. 2017). Ceratocystis
platani is an aggressive canker and wilt pathogen of Platanus
spp. that is specific to this host (Panconesi 1999, Engelbrecht et
al. 2004). ltis considered to be indigenous to the south-eastern
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USA, but it has been spread to California and several countries
in southern Europe (Tsopelas et al. 2017). As demonstrated in
the present study, C. lukuohia and C. platani do not infect each
others’ hosts, they are only partially interfertile and they differ
by more than 66 % in their microsatellite profiles. Phylogeneti-
cally, C. lukuohia is very similar to isolates from Xanthosoma
and Syngonium, and these strains are believed to be native
to the Caribbean region (Thorpe et al. 2005). A strain on the
American ornamental Syngonium podophyllum has apparently
been moved in infected cuttings to other continents by the
commercial nursery trade, and this strain was reported from an
ornamental nursery in Hilo, Hawai'i (Uchida & Aragaki 1979,
Thorpe et al. 2005), close to the area where Ceratocystis wilt
of M. polymorpha was first recognized. However, C. lukuohia
is morphologically distinct from the Syngonium strain, it has
mostly distinct microsatellite alleles, and the two species are
only partially interfertile. In addition, Syngonium isolates did
not cause disease in "Ohi’a seedlings. In general, isolates from
Araceae are not aggressive on dicotyledonous hosts and vice
versa (Baker et al. 2003, Thorpe et al. 2005), and in the present
study, Ceratocystis isolates from M. polymorpha did not cause
disease in the aroids S. podyphyllum or Colocasia esculenta.
Nonetheless, itis possible that C. lukuohia, or something closely
related, was introduced to Hawai'i in plant propagative material,
and it may have hybridized with the Syngonium strain.

Black rot of sweet potato caused by C. fimbriata has been
known in Hawai'i since 1925, but it is host specialized and
infects only sweet potato (Brown & Matsuura 1941, Li et al.
2016). Ceratocystis lukuohia is clearly distinct from the sweet
potato pathogen. A sweet potato isolate from Hawai'i Island was
found to have the same combination of microsatellite alleles
as other sweet potato isolates from around the world (Li et al.
2016). Although the sweet potato strain resides in the LAC, the
present study confirmed that it is not interfertile with C. platani
(Engelbrecht & Harrington 2005), and it is not interfertile with
C. lukuohia.

Ceratocystis huliohia falls in the C. polychroma cluster in the
AAC, where the taxonomic placement and differences among
species have recently been well debated and characterised
(Li et al. 2017, Liu et al. 2018). The species most closely re-
lated to C. huliohia based on ITS sequence are the recently
described C. uchidae and C. changhui (Li et al. 2017, Liu et
al. 2018). Both of these species are pathogens of root crops in
the Araceae. Ceratocystis uchidae was described from Hawai'i
and Fiji on C. esculenta and X. sagittifolium, while C. chang-
hui is currently only known from China on Eucalyptus sp. and
Colocasia esculenta. Thorpe et al. (2005) hypothesized that
C. uchdiae was introduced from Asia to Hawai'i many years
ago on corms of Colocasia esculenta. Interestingly, C. huliohia
was not pathogenic on Colocasia esculenta, and it is distinct
from the other species in the ACC (including C. polychroma
and C. cercfabiensis) based on phylogenetic inference, partial
interfertility and host range. The origin and introductory pathway
of C. huliohia will need further study.

The ITS region is considered the barcoding region of choice for
species identification of fungi (Schoch et al. 2012, 2014, Stielow
etal. 2015), and it has been used extensively for delimiting spe-
cies in Ceratocystis (Fourie et al. 2015). However, Harrington
et al. (2014) recognised that this region is very variable and
heterogeneous and needs to be used with caution for species
delimitation in Ceratocystis. Even in the current study, the to-
pology of the species in the ITS phylogeny differed somewhat
to the other gene regions used. In addition, the discovery of
multiple ITS types within a single spore can complicate species
delineation (Al Adawi et al. 2013, Naidoo et al. 2013, Harrington
etal. 2014, Lietal. 2017, Liu et al. 2018), and at least two ITS

types were found in most isolates of C. lukuohia. However,
both of these sequences clustered closely together in the ITS
phylogeny and were separated from the Araceae isolates
with moderate bootstrap support. Although species concepts
in Ceratocystis remain open to debate, it is clear that the two
species associated with ROD are phylogenetically distinct from
all other described species of Ceratocystis based on multiple
gene regions.

Ceratocystis lukuohia and C. huliohia now represent the fourth
and fifth species of Ceratocystis to have been introduced into
Hawai'i. Itis evident that these two species did not arise through
sympatric speciation on the same host because they reside in
distinct phylogeographic lineages of Ceratocystis. The ROD
epidemic provides a sobering example of where introduced tree
pathogens can threaten natural ecosystems. The rapid spread
of C. lukuohia and C. huliohia in Hawai'i presents a great threat
to the diversity, structure and function of M. polymorpha forests
and the services they provide. If the disease is not contained,
much of the landscape is likely to be replaced by non-native
species (Mortenson et al. 2016). These pathogens not only
threaten the natural biodiversity of Hawai'i, but also the culture
of a people that is intricately tied to this native tree species. The
implementation of strict quarantine and biosecurity measures
are, therefore, crucial to prevent the spread of the pathogens to
other continents and islands, such as New Zealand, that have
extensive Meterosideros forests.
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New Ceratocystis spp. associated with death of Metrosideros polymorpha

|. Barnes et al.:
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