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The Botryosphaeriaceae is a species-rich family that includes pathogens of a wide variety of trees, including Eucalyptus spe-
cies. Symptoms typical of infection by the Botryosphaeriaceae have recently been observed in Eucalyptus plantations in
South China. The aim of this study was to identify the Botryosphaeriaceae associated with these symptoms. Isolates were
collected from branch cankers and senescent twigs of different Eucalyptus spp. All isolates resembling Botryosphaeriaceae
were separated into groups based on conidial morphology. Initial identifications were made using PCR-RFLP fingerprinting,
by digesting the ITS region of the rDNA operon with the restriction enzymes Cfol and Kspl. Furthermore, to distinguish
isolates in the Neofusicoccum parvum/N. ribis complex, a locus (BotF15) previously shown to define these species, was
amplified and restricted with Cfol. Selected isolates were then identified using comparisons of DNA sequence data for the
ITS rDNA and translation elongation factor 1-alpha (TEF-1a) gene regions. Based on anamorph morphology and DNA
sequence comparisons, five species were identified: Lasiodiplodia pseudotheobromae, L. theobromae, Neofusicoccum
parvum, N. ribis sensu lato and one undescribed taxon, for which the name Fusicoccum fabicercianum sp. nov. is provided.
Isolates of all species gave rise to lesions on the stems of an E. grandis clone in a glasshouse inoculation trial and on the stems
of five Eucalyptus genotypes inoculated in the field, where L. pseudotheobromae and L. theobromae were most pathogenic.
The five Eucalyptus genotypes differed in their susceptibility to the Botryosphaeriaceae species suggesting that breeding and
selection offers opportunity for disease avoidance in the future.
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Introduction

The Botryosphaeriaceae (Botryosphaeriales, Ascomyce-
tes) is a family of fungi that have a cosmopolitan distribu-
tion and occur on a wide range of monocotyledonous,
dicotyledonous and gymnosperm hosts (Barr, 1987;
Crous et al., 2006; Slippers & Wingfield, 2007). These
fungi are generally regarded as weak, opportunistic
pathogens that cause disease symptoms on plants
exposed to stressful environmental conditions such as
those associated with drought, frost, hail and damage
caused by other pathogens and pests (Smith et al., 1994;
Slippers & Wingfield, 2007). It has also been shown that
the Botryosphaeriaceae occur in symptomless tissues as
endophytes and latent pathogens on a variety of trees,
including Eucalyptus spp. (Smith et al., 1996; Mohali
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et al., 2007; Pavlic et al., 2007; Slippers & Wingfield,
2007; Slippers et al., 2009). These fungi can cause differ-
ent symptoms on Eucalyptus, but are typically associated
with cankers and die-back followed by kino exudation
and in severe cases tree death (Smith ez al., 1996; Slippers
& Wingfield, 2007).

Species of the Botryosphaeriaceae are considered to
be a significant threat to the production and sustainabil-
ity of plantations of Eucalyptus spp., where they are
grown as non-native crops (Smith et al., 1994, 2001;
Slippers et al., 2004b, 2009; Mohali et al., 2009; Rodas
et al., 2009). At least 23 species of Botryosphaeriaceae
have been associated with Eucalyptus spp. in commer-
cially grown plantations worldwide (Slippers et al.,
2009). Some of these species, such as Botryosphaeria
dothidea and Neofusicoccum ribis were the most com-
monly reported species from Eucalyptus spp. in the past
(Slippers et al., 2009). However, the application of
DNA-based molecular tools for identification of species
in the Botryosphaeriaceae has shown that these two
species are rare on Eucalyptus spp. Furthermore, a large
number of new or cryptic sister species have been
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identified on Eucalyptus spp., mostly in the genera
Neofusicoccum, Pseudofusicoccum and Lasiodiplodia
(Slippers et al., 2009).

Eucalyptus plantations are of increasing importance
in China where they provide the country with struc-
tural timber and pulp products such as paper. Approx-
imately 2-6 million hectares of Eucalyptus plantations
have been established in China to meet the needs of
the country, especially for the rapidly growing pulp
industry (Xie, 2006; Iglesias-Trabad & Wilstermann,
2008). Eucalyptus trees are thus important in China,
both for the development of the economy and protec-
tion of native ecosystems that have been strictly pro-
tected from logging since the beginning of the 21st
century.

Similar to the situation in other countries (Wingfield
et al., 2008), Eucalyptus plantations in China are threa-
tened by various pests and diseases (Zhou et al., 2008).
However, limited research has been conducted on Euca-
lyptus diseases in this country. A recent survey of Euca-
lyptus plantations in South China reported a number of
fungal pathogens, including species within the
Botryosphaeriaceae (Zhou et al., 2008). The aims of the
current study were to identify the Botryosphaeriaceae
occurring on Eucalyptus spp. in the FuJian, GuangXi and
HaiNan Provinces in South China, using PCR-RFLP fin-
gerprinting analysis, DNA sequence comparisons and
morphology of the anamorph stages. Furthermore, the
pathogenicity of these fungi was tested on Eucalyptus
genotypes in glasshouse and field trials.

Materials and methods

Isolates

Isolates used in this study were collected from different
Eucalyptus clones/species in plantations in FuJian,
GuangXi and HaiNan during the period of 2006 and
2007. Isolations were made from diseased branches,
and from pycnidia formed on senescing branches fol-
lowing the protocols described by Pavlic et al. (2007,
2008). Cultures were maintained on 2% malt extract
agar (MEA) (20 g malt extract, 15 g agar, 1 L water;
Biolab) at 25°C under near-fluorescent light and stored
at 5°C. To induce sporulation of cultures, isolates were
transferred to 2% water agar (WA) (20 g agar, 1L
water; Biolab) with sterilized pine needles placed on
the agar surface and incubated at 25°C for 10-14 days
until fruiting structures appeared on the surface of the
pine needles.

Conidial masses from fruiting structures were spread
on the surface of WA in sterile drops of water. Single ger-
minating conidia were isolated after 4-12 h, and trans-
ferred to clean 2% MEA plates. All the single-spore
cultures are maintained in the Culture Collection (CMW)
of the Forestry and Agricultural Biotechnology Institute
(FABI), University of Pretoria, South Africa and the
China Eucalypt Research Centre (CERC), Chinese Acad-
emy of Forestry (CAF), China.

DNA extraction and PCR amplification

For DNA extraction, single-conidial cultures were
grown on 2% MEA for 7-10 days at 25°C in the dark.
Mycelium used for DNA extraction was scraped
directly from the medium using a sterile scalpel, and
transferred to 1-5 mL Eppendorf tubes. DNA was
extracted following a modified DNA extraction method
(Raeder & Broda, 1985; Smith et al., 2001). The DNA
pellets were re-suspended in 50 ul sterile SABAX
water. RNAse (1 mg mL™") was added to DNA suspen-
sions and incubated overnight at 37°C for RNA degra-
dation. DNA was separated by electrophoresis on a 1%
agarose gel, stained with ethidium bromide and visual-
ized under ultraviolet (UV) light.

The internal transcribed spacer (ITS) regions, ITS1 and
ITS2, and the 5-8S gene of the ribosomal DNA (rDNA)
operon, were amplified using the primers ITS1 (5'-
TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-TCC
TCCGCTTATTGATATGC-3') (White et al., 1990). Part
of the translation elongation factor 1-alpha (TEF-1«)
gene was amplified using the primers EF1-728F (5’-CAT
CGAGAAGTTCGAGAAGG-3’) and EF1-986R (5’-TA
CTTGAAGGAACCCTTACC-3) (Carbone et al., 1999).
The PCR reactions were performed following the PCR
protocol described in Slippers et al. (2004a). In the case of
isolates that were difficult to amplify using primers EF1-
728F and EF1-986R, the primers EF1F (5-TGCGGT
GGTATCGACAAGCGT-3’) and EF2R (5’-AGCATGT
TGTCGCCGTTGAAG-3’) (Jacobs et al., 2004) were
used. The PCR amplicons were viewed on a 1% agarose
gel, stained with ethidium bromide and visualized under
UV light. The fragment sizes were estimated against a
standard 100 bp molecular weight marker (Roche
Molecular Biochemicals). The PCR products were
cleaned using 6% Sephadex G-50 columns (Sigma-
Aldrich).

PCR-RFLP analysis

A PCR-RFLP fingerprinting technique was applied to
identify groups among the collected isolates and to select
representative isolates for sequencing. The ITS rDNA
locus was amplified from all the isolates using primers
ITS1 and ITS4 and amplicons were digested with the
restriction enzymes (RE) Cfol and Kspl (Roche Diagnos-
tics). Isolates identified as representing the Neofusicoc-
cum parvum/N. ribis complex were further separated by
PCR-RFLP analysis of the amplicons obtained using
primers BotF15 and BotF16 (Slippers et al., 2004b) and
digested with Cfol. The RFLP reaction mixtures con-
sisted of 20 uLL PCR products, 0-:30 uL. RE and 2-5 uL
matching enzyme buffers. The reaction mixtures were
incubated for 18 hat 37°C. The resulting restriction frag-
ments were separated on 2% agarose gels, stained with
ethidium bromide and visualized under UV light. A stan-
dard 100 bp molecular marker was used to estimate the
fragment sizes. The banding patterns were compared
with those previously published (Slippers ez al., 2004b).
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DNA sequencing and analysis

Representative isolates from all groups identified based
on PCR-RFLP analysis were sequenced (Table 1). To
determine their identities, ITS and TEF-1o sequences of
known Botryosphaeriaceae species were obtained from
GenBank and included in the analysis (Table 1). The PCR
products were sequenced in both directions using the
same primers that were used for PCR reactions, and were
purified using 6% Sephadex G-50 columns. Sequence
reactions were run on an ABI PRISM 3100™ autosequ-
encer (Perkin-Elmer Applied Biosystems).

Noucleotide sequences were analysed using MEGA4 soft-
ware (Tamura et al., 2007). Sequence alignments were
conducted online using MAFFT version 5.667 (Katoh ez al.,
2002) with the iterative refinement method (FFT-NS-i
settings) and adjusted manually. Gaps were treated as a
fifth character and all characters were unordered and of
equal weight. A partition homogeneity test (PHT) was
used to determine the congruence of the ITS and TEF-1«
datasets (Farris et al., 1995; Huelsenbeck et al., 1996).
After an outcome indicating congruence between the
datasets, phylogenetic analyses of the combined datasets
were done in PAUP (Phylogenetic Analysis Using Parsi-
mony) version 4.0b10 (Swofford, 2002). Most parsimo-
nious trees were found using the heuristic search function
with 1000 random addition replicates and tree bisection
and reconstruction (TBR) as branch swapping algorithm.
Maxtrees were unlimited, branches of zero length were
collapsed, and all most parsimonious trees were saved.
A bootstrap analysis (1000 replicates) was done to deter-
mine the confidence levels of the tree-branching points
(Felsenstein, 1985). The sequence of Guignardia philop-
rina from GenBank was used as the outgroup taxon
(Table 1).

By using the Markov Chain Monte Carlo (MCMC)
method, Bayesian analyses were performed to ascertain
the topology of the trees obtained with paup. These were
conducted on the combined datasets of ITS and TEF-1«
sequences as used in the parsimony analysis. First
MrModeltest v.2.3 (Nylander, 2004) was used to deter-
mine the best nucleotide substitution model. Phylogenetic
analyses were performed with MrBayes v. 3.1 (Ronquist
& Huelsenbeck, 2003). GTR+G was chosen as best-fit-
ting model for the ITS and TEF-1a combined dataset.
Two independent runs of MCMC with four chains were
run for 1 000 000 generations. Trees were sampled every
100th generation for a total of 10 000 trees. The first
1000 trees were discarded as the burn-in phase of each
analysis, well after the likelihood values converted to sta-
tionary, leaving 9000 trees from which the consensus
trees and posterior probabilities were calculated. The
sequence of Guignardia philoprina from GenBank was
used as the outgroup taxon (Table 1).

Morphology
Single-spore cultures of each species identified using

DNA sequence data were transferred to WA media with
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sterilized pine needles placed on the agar surface and
incubated at 25°C to induce sporulation. Released coni-
dia from the pycnidia formed on pine needles were
mounted in 85% lactic acid on glass slides and examined
microscopically. Digital images were taken using a light
microscope, a HR¢ Axiocam digital camera and accom-
panying software (Carl Zeiss Ltd.). Widths and lengths of
20 conidia were measured for each taxon and average
(mean), standard deviation (std. dev), minimum (min)
and maximum (max) measurements presented as [(min-)
(average—std. dev.)-(average + std. dev.)(-max)], and
their length: width ratios were calculated. The morphol-
ogy of fungal colonies and the growth rates of cultures
were conducted following the method described in
Begoude et al. (2010Db).

Pathogenicity tests

Glasshouse trial

Fourteen isolates, representing different species of the
Botryosphaeriaceae identified based on PCR-RFLP fin-
gerprinting, anamorph morphology and DNA sequence
comparisons were used in a glasshouse pathogenicity trial
(Table 1). These isolates were randomly selected to repre-
sent different locations and hosts. Six-day-old isolates
grown on 2% MEA at 25°C were used for inoculations.

Trees of a Eucalyptus grandis clone (TAG-5) were
selected for pathogenicity tests under glasshouse condi-
tions. The trees were approximately 2 m tall and had
diameters of approximately 10 mm. Before conducting
the inoculations, the trees were allowed to acclimatize to
the glasshouse conditions of 25°C and 14 h daylight, with
10 h darkness, for 1 month. Each of the 14 selected iso-
lates was inoculated into the stems of 10 trees. Ten trees
were also inoculated with sterile MEA plugs to serve as
controls. The total of 150 inoculated trees was randomly
arranged in a glasshouse.

For inoculations, wounds were made on the stems of
the plants using a 6 mm diameter cork borer to remove
the bark and expose the cambium. Wounds were made
on the stems of the trees, approximately 300 mm above
soil level. Plugs of mycelium were taken from 10-day-old
cultures grown on MEA using the same size cork borer,
and were placed into the wounds with the mycelium fac-
ing the cambium. Inoculated wounds were sealed with
laboratory film (Parafilm M, Pechiney Plastic Packaging)
to prevent desiccation and contamination.

After 6 weeks, the bark of the inoculated plants was
removed and internal lesion lengths (mm) on the cam-
bium were measured. The inoculated fungi were re-iso-
lated by cutting small pieces of wood from the edges of
lesions and plating them on 2% MEA at 25°C. Re-isola-
tions were made from four randomly selected trees per
isolate and from all trees inoculated as controls. Results
were analysed in sas (Version 8) using PROC GLM (General
Linear Model) (SAS Institute, 1999). Analysis of vari-
ance (ANOVA) was used to determine the effects of fungal
strain on lesion length. Prior to anova, homogeneity
of variance across treatments was verified. To test the
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HQ332222
EU821874

HQ332206
EU821904

M.J. Wingfield

D. Pavlic
D. Pavlic

Fudian, China

Eucalyptus sp.
S. cordatum
S. cordatum

N. ribis s. 1.

CMW 27119°¢
CMW 14058

CMW 14127

Kosi Bay, South Africa

N. umdonicola

CBS 123645
CBS 123648

EU821896

EU821926

Kwambonambi, South Africa

N. umdonicola
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Na: Not available.

@Designation of isolates and culture collections: CMW: Tree Protection Co-operative Program, Forestry and Agricultural Biotechnology Institute, University of Pretoria; ATCC: American Type Culture

Collection; CBS: Centraalbureau voor Schimmelcultures, Utrecht, the Netherlands; ICMP: International Collection of Microorganisms from Plants, Auckland, New Zealand; WAC: Department of Agriculture,

Western Australia Plant Pathogen Collection, Perth, Australia. STE-U: University of Stellenbosch, South Africa.

®solates sequenced in this study are given in bold.
CIsolates used in glasshouse pathogenicity trials.

9isolates used in field pathogenicity trials in China.

significance of the comparison means, Fisher’s protected
test was used and F values with P < 0-05 were consid-
ered significant.

Field inoculation trial

The eight most aggressive isolates identified in the
glasshouse trial, belonging to five different species of
Botryosphaeriaceae, were selected for field inoculations
in China (Table 1). The field inoculations were conducted
in an experimental Eucalyptus plantation in the Zhan]Ji-
ang area of South China. Five Eucalyptus genotypes
(1-year-old, 40-70 mm diameter), commonly grown in
commercial plantations in South China were used in the
field trial. These included an E. grandis clone (CEPT-1),
an E. grandis x E. tereticornis clone (CEPT-2), an E. pel-
lita genotype (CEPT-3), an E. urophylla x E. grandis
clone (CEPT-4) and an E. urophylla clone (CEPT-5).
Each of the eight isolates was inoculated into eight trees
for every Eucalyptus genotype. Eight trees of each Euca-
lyptus genotype were also inoculated with sterile MEA
plugs to serve as controls.

Inoculations were made on the stems of trees 50—
100 cm above the soil level. A 9-mm-diameter sterile
metal cork borer was used to remove the bark and to
expose the cambial layer. Discs of mycelium of the same
size were taken from 7-day-old cultures and placed into
the exposed wounds with the mycelium facing the cam-
bium. The inoculated wounds were sealed with Parafilm
to protect them from desiccation and contamination. The
inoculations were conducted in October-November,
2008. Internal lesion lengths in the cambium were mea-
sured after 5 weeks. Results from the field trial were anal-
ysed in sas (Version 8) using PROC GLM (SAS Institute Inc.,
1999) and in a similar manner to those for the glasshouse
inoculation test.

Results

Isolates

Forty-eight isolates of Botryosphaeriaceae were col-
lected from 14 trees in three provinces during collection
trips in 2006 and 2007 (Table 1). Six of these isolates
were collected from a single E. grandis hybrid tree and
two trees of an unknown Eucalyptus clone at two sites
in GuangXi Province in November of 2006. Three iso-
lates were each collected from three different trees of
an E. urophylla x E. tereticornis clone at a site in the
HaiNan Province in June of 2007. Thirty-nine isolates
were collected from four different sites in FuJian Prov-
ince in September of 2007, nine isolates were collected
from a single E. urophylla x E. grandis clone at one site,
four isolates from two trees of an E. dunnii clone at
another site, and 26 isolates were collected from five
trees of an unknown Eucalyptus sp. at two different
sites. Nine isolates from the GuangXi and HaiNan Prov-
inces were collected from diseased twigs, while the 39
isolates from FuJian Province were collected from
senescing twigs on different trees (Table 1).
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Figure 1 Agarose gel showing Cfol restriction fragments of the ITS and DNA locus BotF15 PCR, and Kspl restriction fragments of the ITS PCR
products of different clades of Botryosphaeriaceae from China. (a—-b) All the isolates are distinguished into three groups by using restriction
enzyme Cfol to digest ITS PCR products, (a) Group 1 (dash arrow): Lasiodiplodia pseudotheobromae and L. theobromae, (a—b) Group 2
(bold arrow): Neofusicoccum parvum/ N. ribis species complex; Group 3 (thin arrow): species within Botryosphaeria dothidea complex; (c) ITS
PCR products of isolates of B. dothidea complex digested by restriction enzyme Kspl; (d) DNA locus BotF15 PCR products of isolates of

N. parvum/ N. ribis species complex digested by restriction enzyme Cfol, one isolate is in group of N. ribis s. I, and other isolates in

N. parvum. The oblique arrow indicates the 500 bp marker, and lane ‘M’ contains a 100 bp size marker.

PCR-RFLP analysis

The 48 isolates of Botryosphaeriaceae from South China
were separated into four groups based on PCR-RFLP
profiles. After digestion of ITS rDNA amplicons with
Cfol, the 48 isolates were separated into three groups
(Fig. 1a-b). These profiles were compared with those
published by Slippers et al. (2004b). Four isolates, identi-
fied as Lasiodiplodia spp. based on morphology, pro-
duced the same profile (Group 1) (Fig. 1a) and 17 isolates
in Group 2 represented members of the N. parvum/
N. ribis complex (Fig. 1a-b). Profiles of 27 isolates in
Group 3 matched those of the B. dothidea complex or
N. luteum/N. australe (Fig. 1a-b). The ITS amplicons of
these isolates were therefore also digested with KspI and
identified as B. dothidea complex (Fig. 1c).

The 17 isolates residing in the N. parvum/N. ribis com-
plex (Group 2) produced two profiles after digestion of
BotF15 and BotF16 amplicons with Cfol (Fig. 1d). These
profiles matched those of N. parvum (16 isolates) and
N. ribis s. I. (one isolate) as described by Slippers et al.
(2004b).

Phylogenetic analysis

The partition homogeneity test comparing the ITS and
TEF-1a datasets gave a PHT value of P = 0-297, indicat-
ing that these two datasets were congruent and could be

combined in the phylogenetic analysis. The aligned
sequences of the combined datasets were submitted to
TreeBASE (11035; http://www.TreeBASE.org), and con-
sisted of 863 characters of which 481 were constant and
382 were parsimony informative. Heuristic searches
resulted in 20 most parsimonious trees. A consensus tree
(50% majority rule) (tree length = 784 steps; CI = 0-802;
RI = 0:969; RC =0-777) was computed (Fig. 2; Tree-
BASE 11035).

In the Bayesian analysis, the position of the genera in
relation to each other was different, but within each
genus the topology was similar to the parsimony tree
(TreeBASE 11035). Three clades were identified, each
corresponding to a separate genus and each supported
with high Bayesian posterior probabilities (PP) and boot-
strap support (BS) (Fig. 2, PP =099, BS = 100%;
PP = 0-95, BS = 99%; PP = 0-99, BS = 100%, respec-
tively). These were Clade 1 (Neofusicoccum), Clade 2
(Botryosphaeria) and Clade 3 (Lasiodiplodia). Within
the Neofusicoccum clade, a single Chinese isolate was
phylogenetically distant from other species within this
clade, while other Chinese isolates in this clade resided
with N. parvum. Within the Botryosphaeria clade, the
Chinese isolates were found to be distinct from the known
species in the genus by congruent distinction in both the
datasets, and high Bayesian posterior probability and
high bootstrap value (PP = 0-98, BS = 99%), suggesting
that they represent an undescribed species. Within the

Plant Pathology (2011) 60, 739-751
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Figure 2 One of the 20 most parsimonious trees obtained from Maximum Parsimony analysis of the combined ITS and TEF-1x« sequence data

of the representative taxa of the Botryosphaeriaceae. Posterior probabili
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given on the branches (PP/BS). Isolates marked in bold represent those obtained from Eucalyptus trees in China.

Lasiodiplodia clade, the isolates in this study resided in
clades identified as L. theobromae and L. pseudotheobro-
mae, respectively (Fig. 2).

Morphology and taxonomy
All 48 isolates of the Botryosphaeriaceae from

Eucalyptus plantations in South China produced

Plant Pathology (2011) 60, 739-751

anamorph fruiting structures on pine needles on WA
media within 2-3 weeks. Teleomorph structures were
not observed. All isolates were separated into two main
groups based on conidial morphology. Forty-four isolates
produced hyaline, Fusicoccum-like conidia, and four
isolates produced dark, septate and striate conidia typical
for Lasiodiplodia spp. Based on PCR-RFLP finger-
printing, anamorph morphology and DNA sequence
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comparisons, five species were identified. The conidial
morphology of the four species and taxonomy of the
undescribed species are described below.

Two isolates from one tree of an unknown Eucalypius
sp. in GuangXi Province were identified as L. pseudotheo-
bromae. Conidia of L. pseudotheobromae were ellipsoi-
dal, apices and bases rounded, widest in their middle to
upper two-thirds, thick-walled, initially hyaline and
aseptate, becoming one-septate and dark walled, (26-5-)
27-29(-30-5) X (13-)14-5-16(-17) um (average of 40 con-
idia 281 x 152 um, l/w 1-8) (Fig. 3a).

Two isolates from a single unknown Eucalyptus tree in
GuangXi Province were identified as L. theobromae.
Conidia of L. theobromae were ellipsoid or oblong,
broadly rounded at their apices, tapering to truncate
bases, widest in their middle to upper one-quarter sections,
initially hyaline and aseptate, becoming one-septate
and dark brown, (22-:5-)23:5-26(-27) x (12-)13-14-5
(-16) um (average of 40 conidia 247 x 13-9 um, l/w 1-8)
(Fig. 3b).

Conidia of isolates identified as N. parvum and
N. ribis s. I. were fusiform to ellipsoidal, aseptate,
hyaline, smooth with granular contents. Conidia of
N. parvum (Fig. 3c) were (16-5-)17-20(-23:0) x (5-)55-
6:5(-7) um (average of 100 conidia 18-7 x 6:0 um, I/w
3-1) and N. ribiss. [. (Fig. 3d) were (19-)19-5-21
(-22:5) X (5:5-6'5) um, (average of 20 conidia 20-6 x
6:0 um, 1I/w 3-5). Sixteen isolates were identified as
N. parvum. One isolate was from a single E. grandis
hybrid tree in GuangXi Province, 15 isolates from FuJian
Province, including four isolates from two trees of an
unknown Eucalyptus sp., seven isolates from a single
E. urophylla x E. grandis tree and another four isolates

Figure 3 Conidia of Lasiodiplodia, Fusicoccum and Neofusicoccum
species isolated from Chinese Eucalyptus plantations. (a)
Lasiodiplodia pseudotheobromae; (b) L. theobromae; (c)
Neofusicoccum parvum; (d) N. ribis s. . Bars = 10 um.

from two E. dunnii trees. One isolate, from a single
unknown Eucalyptus tree in FuJian Province was identi-
fied as N. ribis s. I.

Fusicoccum fabicercianum S.F. Chen, D. Pavlic, M.]J.
Wingf. & X.D. Zhou, sp. nov., MycoBank No.
MB519065

Etymology. Name refers to the co-operation between
FABI (Forestry and Agricultural Biotechnology Institute,
South Africa) and CERC (China Eucalypt Research Cen-
tre, China), that led to the discovery of this new species
(Fig. 4).

Conidiomata superficialia solitaria vel aggregata
atrobrunnea globosa, hyphis vel mycelio tecta. Conidio-
phorae absunt. Cellulae conidiogenae cylindricae vel
lageniformes, hyalinae laeves parietibus tenuibus holob-
lasticae conidium unicum in apice formantes. Paraphyses
absunt. Conidia hyalina parietibus tenuibus laevia cont-
ento granuloso, unicellularia non septata, fusiformia
medio vel in tertia parte summa latissima, apice acuta,
basi truncata fimbriis minutis marginalibus, mediocriter
22:0 x 5-8 um, 3-8—plo longiora quam latiora; unum vel
duo septa ante germinationem formantes.

Conidiomata. Developing in culture on pine needles
after 10 days and producing conidia after 14 days,
superficial, solitary to aggregated, dark brown, globose,
covered with hyphae/mycelium, diameter (245-)346-
470(-525) pm (average of 50 conidiomata 408 um);
wall composed of three layers: an outer thick-walled
dark to light brown textura angulari; a middle layer of
thin-walled light brown cells; and an inner layer of
thin-walled hyaline cells (Fig. 4a). Conidiophores
absent. Comnidiogenous cells (Fig. 4b—c) cylindrical to
lageniform, hyaline, smooth, thin-walled, holoblastic
producing a single conidium at the tip, rarely proliferat-
ing at same level giving rise to periclinal thickenings,
(6:5-)10-5-13-5(-16:0) x (2-0-)2:5-3-5(-4-5) um (average
of 50 conidiogenous cells 12:0 x 3-:0 um). Paraphyses
absent. Comnidia (Fig. 4d—g) hyaline, thin-walled,
smooth (Fig. 4d) with granular contents (Fig. 4e); uni-
cellular, aseptate, fusiform, widest in the middle to
upper third, apex acute, base truncate with a minute
marginal frill, (16:7-)19-6-24-4(-261) x (4:5-)5-2-6-4(-
7:5) um (average of 100 conidia 22:0 X 5-8 um,
l/w = 3-8); forming one or two septa before germina-
tion (Fig. 4f-g).

Culture characteristics. Colony mycelium fluffy, ini-
tially white turning smoke grey (21>”’f) from the middle
of colonies within 4-6 days, with an appressed mycelial
mat, sparse to moderately dense. Cottony aerial myce-
lium toward the edge of colony, becoming pale oliva-
ceous grey (21°”7’d) to olivaceous grey (21°’i), and
greenish black (33°7k) (reverse) within 12-16 days
(Fig. 4h-i). Optimal temperature for growth 25(-30)°C,
colony covering the 90 mm diameter Petri dish after
5 daysin the dark.

Plant Pathology (2011) 60, 739-751
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Figure 4 Fusicoccum fabicercianum CMW 27094 = CBS 127193 (culture ex-epitype). (a) Conidiomata formed in culture on pine needle;

(b) immature, developing conidia produced by conidiogenous cells; (c) conidiogenous cells and developing conidia; (d) smooth, aseptate,
fusiform mature conidia; (e) mature conidia with granular contents; (f) germinating conidia with one or two septa; (g) a typical germinating
conidium with two septums; (h) living culture after growing 10 days on MEA (front); (i) living culture after growing 10 days on MEA (reverse).

Bars: a = 100 um; b—g = 10 um; h—-i = 10 cm.

Teleomorph. Not observed, but expected to be Bot-
ryosphaeria-like based on phylogenetic inference.

Habitat. Branches and twigs of Eucalyptus species and
hybrids.

Hosts and  distributions. Eucalyptus —urophylla x
E. grandis and a Eucalyptus sp. in FuJian Province;
E. wurophylla x E. tereticornis in HaiNan Province;
Eucalyptus grandis hybrid in GuangXi Province; China.

Specimens examined. CHINA. FuJian Province, from
senescing twigs of an unknown Eucalyptus sp. Aug.,
2007, M.]. Wingfield, Herb. PREM 60449, holotype of
F. fabicercianum sp. nov., culture ex-type CMW
27094 = CBS 127193; FuJian Province, from senescing
twigs of unknown Eucalyptus sp. Aug., 2007, M.]. Wing-
field, Herb. PREM 60450, culture CMW 27121 = CBS
127194; GuangXi Province, from senescing twigs of
Eucalyptus grandis hybrid, Nov., 2006, M.]. Wingfield
& X.D. Zhou, culture CMW 24703 = CBS 127187,
HaiNan Province, from diseased living twigs of E. uro-
phylla x E. tereticorni; June, 2007, M.]. Wingfield &
X.D. Zhou, culture CMW 27091.

Plant Pathology (2011) 60, 739-751

Notes. Fusicoccum fabicercianum sp. nov. is morpho-
logically similar to Botryosphaeria corticis, but can be
distinguished from that species by having smaller conidi-
ogenous cells and smaller conidia. Botryosphaeria corti-
cis: conidiogenous cells 12:5-17-5 x 2:5-4-5 pum, conidia
(20-5-)23-5-32-5(-34-5) x (5-)5-5-7(-7-5) pm, av. = 289
X 64 um, I/w = 4-5 (Phillips et al., 2006). Compared to
the conidial morphology of other species of Fusicoccums,
the conidia of F. fabicercianum sp. nov. are larger than
those of F. ramosum (13-4 x 5-7 um in culture) (Pavlic
etal.,2008), similar to B. dothidea (247 X 49 um in cul-
ture, 19-6 x 4-8 um on a natural Prunus sp.) (Slippers
et al., 2004a), smaller than F. atrovirens (33-5 X 8-:5 um
in culture) (Mehl et al., 2010) and B. mamane
(33:5 x 6:1 um in culture) (Mohali et al., 2007). Fusicoc-
cum fabicercianum sp. nov. is also characterized by one
or two septa that develop in the conidia before germina-
tion, which is not uncommon amongst species of Bot-
ryosphaeria (Slippers et al., 2004a).

Twenty-seven isolates were identified as F. fabicercia-
num sp. nov. in this study. One isolate was from a single
unknown E. grandis hybrid tree in GuangXi Province,
three isolates were from three different trees of an E. uro-
phylla x E. tereticornis clone in the HaiNan Province, 21
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Figure 5 Column chart indicating the mean lesion lengths (mm) resulting from inoculation trials with L. pseudotheobromae, L. theobromae,
Fusicoccum fabicercianum, Neofusicoccum parvum and N. ribis s. |. onto E. grandis clone (TAG-5) under glasshouse conditions. Bars
represent 95% confidence limits for each treatment. Different letters above the bars indicate treatments that were significantly different

(P = 0:05).

isolates were from four trees of an unknown Eucalyptus
sp.and an additional two isolates from a single E. urophy-
lla x E. grandis tree were identified from the FuJian Prov-
ince.

Pathogenicity tests

Glasshouse trial

All isolates of the Botryosphaeriaceae inoculated on the
Eucalyptus clone TAG-5 produced lesions within
6 weeks, while only small lesions were produced in the
controls (Fig. 5). The comparison of means showed that
the lesions produced by the isolates of Botryosphaeria-
ceae were significantly longer than those of the controls
(P < 0-0001) (Fig. 5). The inoculated fungi were success-
fully re-isolated from the lesions. Although small lesions
were produced on the controls, no Botryosphaeriaceae
were re-isolated from those trees.

The mean comparison tests showed that lesions pro-
duced by isolates of L. pseudotheobromae and L. theo-
bromae were significantly longer than those induced by
isolates of F. fabicercianum sp. nov., N. parvum and
N. ribis s. 1. (P < 0-05) (Fig. 5).Isolates of L. pseudotheo-
bromae were more aggressive than those of L. theobro-
mae (Fig. 5). The two most aggressive isolates of each
species of L. pseudotheobromae, L. theobromae and
F. fabicercianum sp.nov., and one most aggressive isolate
of N. parvum and N. ribis s. I. were selected for field inoc-
ulations.

Field trial

All isolates used in the field trial produced lesions on the
Eucalyptus genotypes. Small lesions were also produced
for the control inoculations but they were significantly
shorter (P < 0-05) (Fig. 6). ANovas showed significant
isolate X genotype interaction (P < 0-0001), indicating
that not all the Botryosphaeriaceae isolates reacted in the
same manner to all the tested Eucalyptus genotypes, and

this was supported by the mean comparison test results.
For example, lesions produced by L. pseudotheobromae
on Eucalyptus genotypes CEPT-1, CEPT-2 and CEPT-4
were significantly longer than those on CEPT-3 and
CEPT-5 (P < 0-05) (Fig 6), while no significant differ-
ences in lesion length were found for the five Eucalyptus
genotypes inoculated with isolates of F. fabicercianum
sp. nov. (P > 0:05) (Fig. 6). Similar to the glasshouse
inoculations, L. pseudotheobromae was found to be the
most aggressive pathogen.

Discussion

This study represents the most comprehensive consider-
ation of species of Botryosphaeriaceae from Eucalyptus
spp. in China to date. Using comparisons of ITS rDNA
and TEF-1a sequence data combined with PCR-RFLP
analysis and morphology of the anamorph structures, it
was possible to identify five species from a relatively small
collection of isolates. They included L. pseudotheobro-
mae, L. theobromae, N. parvum, N. ribis sensu lato and
F. fabicercianum sp. nov. Except for N. parvum (Slippers
etal.,2009), all species are reported for the first time from
Eucalyptus trees in China.

The distribution of the species collected in this study
varied among the regions. Fusicoccum fabicercianum
was found on diseased Eucalyptus trees in the GuangXi
and HaiNan Provinces, and also on dying Eucalyptus
twigs in FuJian Province. Lasiodiplodia pseudotheobro-
mae and L. theobromae were identified on a diseased
Eucalyptus sp. in GuangXi Province. Neofusicoccum
parvum was found on diseased Eucalyptus trees in Guan-
gXi Province and dying twigs in FuJian Province. Neo-
fusicoccum ribis s. I. was collected from senescing twigs
ona Eucalyptus sp. in FuJian Province. Fusicoccum fabic-
ercianum sp. nov., N. parvum and N. ribis s. I. were
isolated from senescing twigs on the same tree in FuJian
Province, indicating that different species of Botryosph-
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Figure 6 Column chart indicating the mean lesion lengths (mm) resulting from inoculation trials with Lasiodiplodia pseudotheobromae,
L. theobromae, Fusicoccum fabicercianum, Neofusicoccum parvum and N. ribis s. I. onto five Eucalyptus genotypes in Chinese plantations.
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aeriaceae share the same ecological environment in
China, which is similar to that found in other studies
(Slippers & Wingfield, 2007). The relatively limited
distribution of L. pseudotheobromae and L. theobromae
is most likely related to a collecting bias as these fungi are
known from numerous countries, especially from tropi-
cal regions (Punithalingam, 1980; Mohali et al., 20035,
2007; Pavlic et al., 2007; Alves et al., 2008; Begoude
etal.,2010a).

Fusicoccum fabicercianum resides in the Botryosphae-
ria (anamorph Fusicoccum) clade of the Botryosphaeria-
ceae and pathogenicity tests indicate that it is a weak
pathogen. Although the species was most commonly iso-
lated in samples taken in three provinces of South China,
it was less pathogenic than the other species collected.
Phylogenetically, F. fabicercianum is closely related to
Botryosphaeria corticis, B. dothidea and F. ramosum.
Interestingly, the results further showed that Botryosp-
haeria spp. with Fusicoccum anamorphs clustered in
two clades supported by high statistical values. One
clade includes B. corticis, B. dothidea, F. fabicercianum
and F. ramosum, while B. mamane and F. atrovirens
reside in the other clade (Fig. 2). Previous studies have
shown that there are conidial differences amongst the
species residing in the two clades, for example the coni-
dia of species in the former clade are shorter (average:
<30 um) than those of B. mamane and F. atrovirens
(average: more than 30 um) (Slippers et al., 2004a; Phil-
lips et al., 2006; Mohali et al., 2007; Pavlic et al., 2008;
Mehl et al., 2010). More representative species and fur-
ther work is needed to better understand the relevance
of this divergence, and whether these groups validate
distinct generic descriptions.

Neofusicoccum parvum is a well known pathogen of
Eucalyptus spp. (Slippers et al., 2004b; Burgess et al.,
2005; Pavlic et al., 2007; Slippers & Wingfield, 2007;
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Mohali er al., 2009; Rodas et al., 2009). The pathogen
has been identified from Eucalyptus trees in Australia
(Slippers et al., 2004b), Africa (Gezahgne et al., 2004;
Slippers et al., 2004b), South America (Mohali et al.,
2007) and Southeast Asia (Slippers et al., 2009). Results
of this study also showed that N. parvum was amongst
the most pathogenic species except Lasiodiplodia spp.,
supporting the view that it is an important pathogen of
Eucalyptus spp. (Slippers et al., 2004b; Slippers & Wing-
field, 2007).

The taxonomy of N. ribis and closely related species
has been confused for many years. Isolates of N. ribis
were initially separated from its sister species N. parvum,
based on concordance between sequence data of multiple
gene regions and PCR-RFLP analysis and were treated as
N. ribiss. . (Slippers et al., 2004b). Subsequently,
N. ribis has been reported from Eucalyptus in Australia
(Barber et al., 2005), Colombia (Rodas et al., 2009) and
Venezuela (Mohali ez al., 2007). Recently, four species,
N. batangarum, N. cordaticola, N. kwambonambiense
and N. umdonicola were identified in the N. ribis s. I.
complex based on multiple gene genealogies (Pavlic ez al.,
2009a,b; Begoude et al., 2010b). Thus, isolates previ-
ously identified as N. 7ibis based on PCR-RFLP analysis
could represent any of a number of cryptic species. The
isolate included in this study grouped closely, but sepa-
rately from N. batangarum, N. cordaticola and N. um-
donicola in the phylogenetic analysis of the ITS rDNA
and TEF-1a sequences. Thus, it could represent another
cryptic species in the N. parvum/N. ribis complex. Addi-
tional isolates and DNA sequence data for a greater num-
ber of gene regions will be required to resolve its identity.
Pathogenicity tests in this study showed that the isolate
has the ability to produce lesions on Eucalypius trees,
which were generally longer than those produced by
F. fabicercianum.
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Two Lasiodiplodia species, L. pseudotheobromae
and L. theobromae, were identified in this study. The
latter species is a widely distributed plant pathogen that
has most commonly been reported from the tropics and
subtropics (Punithalingam, 1980). It has been associ-
ated with more than 500 host plants including Eucalyp-
tus (Punithalingam, 1976; Roux et al., 2000, 2001;
Burgess et al., 2006; Mohali et al., 2007). This patho-
gen has been reported from Eucalyptus trees in Africa
(Roux et al., 2000, 2001), Australia (Burgess et al.,
2006) and South America (Mohali et al., 2007), and is
considered the most aggressive species of Botryo-
sphaeriaceae on these trees (Pavlic et al., 2007; Mohali
et al., 2009). In the current study, L. theobromae was
second only to L. pseudotheobromae in terms of its
pathogenicity, which further supports the view that
L. theobromae is one of the most damaging species of
Botryosphaeriaceae on Eucalyptus (Slippers & Wing-
field, 2007).

Lasiodiplodia pseudotheobromae is a sister species to
L. theobromae and was recently described from species
of Acacia, Citrus, Coffea, Gmelina and Rosa (Alves
et al., 2008). It has also been identified on Eucalyptus
spp. in eastern Australia (Mohali et al., 2005; Alves
et al., 2008; Slippers et al., 2009) and Venezuela (Mo-
hali et al., 2005; Alves et al., 2008; Slippers et al.,
2009). In this study, isolates of this species were the
most aggressive of all the Botryosphaeriaceae tested.
Previous inoculations on Terminalia trees also showed
that L. pseudotheobromae is the most pathogenic
among all the tested species of Botryosphaeriaceae on
those trees (Begoude et al., 2010a).

Overall results of this study suggest that it is important
to consider the impact of genotype by isolate and environ-
ment interaction when conducting artificial screening
trials. For example, in the field pathogenicity trial on
Eucalyptus genotypes CEPT-3, CEPT-4 and CEPT-S,
lesions produced by isolate CMW 24702 of L. theobro-
mae were significantly longer than those of N. parvum
and the controls. In contrast, lesions produced by L. theo-
bromae on Eucalyptus clones in Venezuela were signifi-
cantly shorter than those of N. parvum, while the lesions
produced by L. theobromae and the controls were not
significantly different (Mohali ez al., 2009). It is thus
important to select the appropriate isolates for screening
trials and to consider the involvement of isolate by tree
genotype interaction, which has also been shown to be
important for the Eucalyptus stem pathogen Chrysopor-
the austroafricana (Van Heerden et al., 2005; Gryzenh-
outetal.,2009).

Species of Botryosphaeriaceae are considered to be a
significant threat to the production and sustainability of
Eucalyptus plantations. These fungi can infect native and
introduced or cultivated hosts and appear to have been
moved easily between different countries and continents
(Slippers & Wingfield, 2007; Slippers et al., 2009). The
results of this study provide a foundation for future work
aimed at managing diseases caused by the Botryosphaeri-
aceae in Eucalyptus plantations in China.
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