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Abstract

The genus Calonectria accommodates many important pathogens of agricultural, horticultural and forestry crops, including
Eucalyptus. During 2017 surveys of Eucalyptus diseases in Sabah, Malaysia, typical symptoms of Calonectria leaf blight
were observed. A large number of Calonectria isolates were collected from diseased leaves and soils associated with symp-
tomatic trees. The aim of this study was to identify and resolve the phylogenetic relationships between these isolates using
morphological characters and DNA sequence comparisons for six gene regions. From a collection of 73 isolates, eight spe-
cies residing in three species complexes were identified. Amongst these, four undescribed species were characterized and
are named here as Ca. borneana, Ca. ladang, Ca. pseudomalesiana and Ca. tanah. Results of this study support the view
that planted Eucalyptus in tropical and subtropical areas of the world represent niches remarkably rich in Calonectria spp.

This also has implications for the management of diseases on these important trees.
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Introduction

To meet the needs of rapidly growing economies, Southeast
Asian countries have increased the establishment of com-
mercial forest plantations. Importantly, they provide one of
the most significant sources of fibre for the local pulp and
paper industry. These planted forests, especially of Euca-
lyptus species, have been established relatively rapidly over
the last two decades and are based mostly on short rota-
tion cycles. There are presently at least 4.3 million ha of
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eucalypts planted, predominantly in different regions of
South China, Indonesia, Malaysia, Thailand and Vietnam
(Harwood and Nambiar 2014).

Pests and pathogens have emerged as a substantial threat
to Eucalyptus plantations as forestry based on these trees
expands (Wingfield et al. 2008, 2015; Paine et al. 2011).
In Southeast Asia, some of the more important diseases
of planted Eucalyptus include Ganoderma and Phellinus
root rot (O1d et al. 2003; Coetzee et al. 2011; Agustini et al.
2014), stem canker caused by species of Cryphonectriaceae
(Chen et al. 2010, 2011; Rauf et al. 2020), leaf spot and leaf
blight caused by various Mycosphaerellaceae and Terato-
sphaeriaceae (Wingfield et al. 1996; Old et al. 2003; Andjic
et al. 2019; Havenga et al. 2021) and the recently reported
Eucalyptus scab and shoot malformation (Pham et al.
2021). In addition to these, Calonectria leaf blight (CLB)
is amongst the most prevalent diseases found in Eucalyptus
plantations in the region (Lombard et al. 2015a; Li et al.
2017; Pham et al. 2019; Wang and Chen 2020).

Calonectria (Nectriaceae, Hypocreales) was first intro-
duced by De Notaris (1867) to accommodate a nectrioid
fungus collected from Magnolia grandiflora foliage in
Italy. The genus now includes many important fungi that
are pathogenic to a wide range of agricultural, horticultural
and forestry plants, especially in tropical and subtropical
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regions (Crous 2002; Lombard et al. 2010a; Marin-Felix
et al. 2017). Species in this genus are characterized by their
yellow to dark red, warty and uniloculate ascomata, clavate
asci, and septate, hyaline and fusiform ascospores (Crous
2002; Lombard et al. 2015b). They produce asexual states
with branched conidiophores, hyaline, cylindrical and sep-
tate conidia, and stipe extensions terminating in characteris-
tic vesicles (Crous 2002; Lombard et al. 2015b). Calonectria
species are also capable of producing microsclerotia that
facilitate a soil-borne lifestyle (Crous 2002).

During the course of the last decade, considerable atten-
tion has been paid to the species boundaries in Calonectria
(Li et al. 2017; Liu and Chen 2017; Lombard et al. 2010Db,
2015a, 2016; Marin-Felix et al. 2017; Pham et al. 2019). As
a result, the number of described species in the genus has
increased significantly. Lack of consistency in taxonomic
approaches such as the variable use of different markers/
gene regions, or introduction of new taxa based on limited
DNA sequence data, has resulted in a number of species
being described that are synonyms of existing species. This
has also, in some cases, resulted in an overestimation of
species diversity. Liu et al. (2020) provided the most recent
standardized and intensive approach to delineating species
for Calonectria based on phylogenetic inference from eight
gene regions. Consequently, the genus now accommodates
120 legitimate species residing in 11 well-defined species
complexes (Liu et al. 2020).

Despite the growing importance of Eucalyptus planta-
tion forestry in Malaysia, little is known regarding the pres-
ence of fungal diseases affecting this resource. During 2017
surveys of Eucalyptus diseases in Sabah (Borneo), typical
symptoms of CLB were observed. The aims of this study
were to collect a large number of fungal isolates from symp-
tomatic leaves as well as soil samples associated with the
diseased trees and to determine their identity based on mul-
tigene sequence analyses and morphological characteristics.

Materials and methods
Sampling and fungal isolations

Field surveys of Eucalyptus plantations were conducted in
Tawau, Sabah, Malaysia, during 2017. Ten leaves, displaying
typical symptoms of CLB, were randomly collected from
each of 20 trees in a single heavily infected plantation. Sam-
ples were also taken randomly from the soil beneath each
of these trees. These samples were placed in plastic bags
and transferred to the laboratory for isolations to be made.
Symptomatic leaves were incubated in moist chambers at
25 °C and examined daily for 7 days for fungal sporula-
tion. Soil samples were baited with germinating alfalfa seeds
(Medicago sativa) following the method described by Crous
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(2002). Conidiophores and conidia typical of Calonectria
spp. on the infected alfalfa seedlings were located with a dis-
section microscope and transferred using a sterile hypoder-
mic needle to Petri dishes containing 2% (w/v) malt extract
agar (MEA; 20 g malt extract (Biolab, Midrand, South
Africa), 20 g Difco® agar (Becton Dickinson, MD, USA),
1 L deionized water). Primary isolations were incubated for
3—7 days at 25 °C to allow for fungal growth. Single hyphal
tips of emerging fungal colonies were transferred to fresh
MEA plates to obtain pure cultures. These cultures were
deposited in the culture collection (CMW) of the Forestry
and Agricultural Biotechnology Institute (FABI), University
of Pretoria, South Africa. Representative cultures includ-
ing the ex-type strains were deposited in the culture collec-
tion (CBS) of the Westerdijk Fungal Biodiversity Institute,
Utrecht, the Netherlands. Dried-down sporulating cultures
were deposited in the dried herbarium collection (PREM)
of the National Collection of Fungi, Roodeplaat, Pretoria,
South Africa.

DNA extraction, PCR amplification and sequencing

DNA was extracted from 7-day-old isolates grown on 2%
MEA, using Prepman® Ultra Sample Preparation Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) following
the manufacturer’s protocols. A fragment of the actin (ACT
) gene region was amplified using primers ACT-512F and
ACT-783R (Carbone and Kohn 1999), a part of the calmodu-
lin (CMDA) gene region with primers CAL-228F and CAL-
2Rd (Carbone and Kohn 1999; Groenewald et al. 2013), a
part of the histone H3 (HIS3) gene region with primers
CYLH3F and CYLH3R (Crous et al. 2004), a fragment of
translation elongation factor 1-alpha (TEFI) with primers
EF1-728F and EF2 (O’Donnell et al. 1998; Carbone and
Kohn 1999), a fragment of B-tubulin (TUBZ2) gene region
with primers T1 and CYLTUBIR (O’Donnell and Cigelnik
1997; Crous et al. 2004) and a part of the DNA-directed
RNA polymerase II second largest subunit (RPB2) with
primer pair fRPB2-5F and fRBP2-7cR (Liu et al. 1999).
Initially, the TEFI and TUB2 gene regions were amplified
for all isolates. Based on the preliminary sequencing results,
isolates representing the range of genotypes revealed by
these two loci were chosen for further study.

The PCR reactions were conducted using an Applied
Biosystems ProFlex PCR System (Thermo Fisher Scien-
tific, Waltham, MA, USA) following the methods described
by Pham et al. (2019) and conditions for PCR were as rec-
ommended by Liu et al. (2020). Amplified fragments were
purified using ExoSAP-IT™ PCR Product Cleanup Reagent
(Thermo Fisher Scientific, Waltham, MA, USA). Amplicons
were sequenced in both directions using an ABI PRISM™
3100 DNA sequencer (Thermo Fisher Scientific, Waltham,
MA, USA) at the Sequencing Facility of the Faculty of
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Natural and Agricultural Sciences, University of Preto-
ria. Geneious v. 7.0 was used to assemble and edit the raw
sequences (Kearse et al. 2012). Sequences obtained in this
study were deposited in GenBank (http://www.ncbi.nlm.nih.

gov).
Phylogenetic analyses

Sequences of previously published species of Calonec-
tria were obtained from GenBank database (http://www.
ncbi.nlm.nih.gov/) to compare with those generated in this
study. Alignments of all sequences were assembled using
MAFFT v. 7 (http://mafft.cbrc.jp/alignment/server/) (Katoh
and Standley 2013), then confirmed manually in MEGA v. 7
(Kumar et al. 2016). Bayesian inference (BI) and maximum
likelihood (ML) analyses were performed on datasets for
each separate gene region and the combined dataset. The
most appropriate model was obtained using the software
jModeltest v. 1.2.5 (Posada 2008). BI analyses were per-
formed using MrBayes v. 3.2.6 (Ronquist et al. 2012) on
the CIPRES Science Gateway v. 3.3. Four Markov chain
Monte Carlo (MCMC) chains were run from a random start-
ing tree for five million generations and trees were sam-
pled every 100th generation. The first 25% of trees sampled
were eliminated as burn-in and the remaining trees were
used to determine the posterior probabilities. ML analyses
were conducted using RaxML v. 8.2.4 on the CIPRES Sci-
ence Gateway v. 3.3 (Stamatakis 2014) with default GTR
substitution matrix and 1,000 rapid bootstraps. Two isolates
of Curvicladiella cignea (CBS 109167 and CBS 109168)
were used as the outgroup taxa in all phylogenetic analyses.
Final consensus trees were viewed using MEGA v. 7 (Kumar
et al. 2016).

Morphology

The isolates were grown on synthetic nutrient-poor agar
(SNA; Nirenberg 1981) to induce the production of the
asexual structures. The fruiting structures that emerged
were initially mounted in water that was later replaced with
85% lactic acid for observation and in which measurements
were taken and images captured. Ascomata were induced
by performing crosses between single hyphal tip isolates on
minimal salt agar (MSA) as described by Pham et al. (2019).
Vertical sections through the ascomata were prepared using
a CM 1520 cryostat (Leica, IL, USA). The sections were
cut in 10-12 pm thickness and mounted in 85% lactic acid
for further study. Nikon microscopes (Eclipse Ni, SMZ 18,
Nikon, Tokyo, Japan) were used to study the characteris-
tic morphological structures. Images were captured using a
Nikon DS-Ri2 camera mounted on the microscopes using
the NIS-Elements BR program. Up to fifty measurements
were made of all characteristic structures whenever possible.

Dimensions were presented in minimum—maximum and
with average + standard deviation in the case of spores.

Colony characteristics were observed on 7-day-old cul-
tures on MEA growing at 25 °C and colours were described
using the charts of Rayner (1970). To determine the opti-
mum growth temperature, five replicates for each species
were prepared by transferring a mycelial plug of 5 mm diam-
eter taken from the margins of actively growing cultures to
the centres of Petri dishes containing MEA. These cultures
were grown at temperatures ranging from 10 to 35 °C at 5 °C
intervals. Two measurements of colony diameter perpen-
dicular to each other were made for the cultures after 7 days
and averages were computed.

Results
Fungal isolates

Collectively, 73 isolates having a morphology typical of
Calonectria spp. were isolated from collected samples. Of
these, 21 were from leaves having CLB symptoms and 52
were obtained from germinating alfalfa seeds used as baits
for the soil samples (Fig. 1). Sixty percent of the isolates
were of a single species, and of these approximately 52%
were from the soil and 48% were from leaves. The remaining
isolates represented a maximum of 10% of any one species
and all were from soil samples. Only one species occurred
in both the soil and on leaves. All isolates were fast growing
on MEA and many produced microsclerotia in culture after
3-4 weeks.

Phylogenetic analyses

Based on the preliminary sequencing results of the TEFI
and TUB2 gene regions, 24 representative isolates were cho-
sen for further study (Table 1). Amplicons of approximately
250 bp were generated for the ACT gene region, 660 bp for
the CMDA, 430 bp for the HIS3, 1000 bp for the RPB2,
500 bp for the TEFI and 560 bp for the TUB2. For the phy-
logenetic analyses of each individual dataset, the TPM2 +1
model was selected for ACT, the TrN + G model for CMDA,
the TIM2 +1+ G for HIS3, the TIM1ef+1+ G for RPB2, the
TPM3uf +1+ G for TUB2 and the GTR +1+ G for TEF1.
The ML tree for each individual gene region with bootstrap
support values of ML and posterior probabilities of BI is
presented in Figs. S1-6.

The combined sequence dataset used in the phylo-
genetic analyses included 106 ingroup taxa and 3383
characters. Concatenated sequence alignments of the six
gene regions together with closely related Calonectria
species were deposited in TreeBASE (28786). Optimal
substitution models were applied to individual loci in
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Ca. borneana  Ca. hawksworthii Ca. ilicicola

Ca. ladang

u Ca. borneana
u Ca. hawksworthii
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pseudomaleSIana
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Fig. 1 Relative occurrence of Calonectria species associated with Eucalyptus plantations in Sabah, Malaysia. Different species are represented
by different colours. Isolates obtained from leaves are represented by stripes in the bar chart

the concatenated dataset for the BI analyses. ML and BI
analyses resulted in phylogenetic trees with concordant
topologies and showed similar phylogenetic relationships
between taxa. The ML tree with bootstrap support val-
ues of the ML and the posterior probabilities obtained
from Bl is presented in Fig. 2. Isolates obtained from this
study resided in three species complexes including the
Ca. kyotensis complex (sphaero-naviculate group) com-
plex, the Ca. cylindrospora complex and the Ca. reteaudii
complex (prolate group).

Seventeen isolates in the Ca. kyotensis complex clus-
tered in six clades. Of these, three isolates grouped with
Ca. ilicicola and three with Ca. sumatrensis. The remain-
ing 11 isolates resided in four clades distinct from any
known species and represent novel taxa. Five isolates
resided in the Ca. reteaudii complex and were identified
as Ca. reteaudii. The remaining isolates resided in the Ca.
cylindrospora complex of which two isolates were identi-
fied as Ca. hawksworthii, grouping together with the ex-
type isolate of that species.

@ Springer

Taxonomy

Based on phylogenetic analyses and morphological examina-
tion, isolates collected in this study represented four previ-
ously described, Ca. hawksworthii, Ca. ilicicola, Ca. reteaudii
and Ca. sumatrensis, and four novel species. The undescribed
taxa included four species in the Ca. kyotensis complex. The
descriptions for these species are provided as follows:

Calonectria borneana N.Q. Pham, Marinc. & M.J.
Wingf., sp. nov. Fig. 3

MycoBank MB841985.

Etymology. Name refers to Borneo island, where this
fungus was first isolated.

Type material. MALAYSIA. Sabah, Tawau, Bru-
mas, from soil in Eucalyptus sp. plantation, Aug. 2017,
M.R.B.A Rauf, PREM 63260, holotype, cultures ex-holo-
type CMW 50782, CBS 144553.

Description. Sexual state not observed. Asexual state
present but scarce on SNA. Macroconidiophores formed
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on surface of SNA, consisting of conidiogenous appara-
tus and occasionally elongated stipes. Stipes originating
within conidiogenous apparatus, terminating in inflated
apex, 31-74 um long, 3—4 ym wide at base, 2-2.5 pum
wide at middle, terminal vesicles subglobose to globose,
3.5-5 um wide. Conidiogenous apparatuses hyaline,
branched in 2—4 tiers, primary branches cylindrical, asep-
tate, rarely 1-septate 11-34 X 4-5 um, secondary branches
11-16 X 3.5-5 pm, tertiary branches 10-13 X 3-4.5 um.
Conidiogenous cells blastic, cylindrical to ovoid. Macro-
conidia hyaline, cylindrical, round at both ends, gradually
tapering towards base, 1-septate, gelatinous sheath vis-
ible at both ends or throughout the length, 42-55 x 4-5
(49.4+2.97x4.8+0.3) um. Sclerotia present, in clumps
or in chains. Mega- and microconidia not observed.

Culture characteristics. Colonies on 2% MEA after
7 days in the dark, white to salmon to saffron on the sur-
face, ochreous to umber in reverse, aerial mycelium sparse.
Optimal growth temperature at 25 °C reaching an average of
61.6 mm, followed by 20 °C (53.4 mm), 30 °C (44.6 mm),
15 °C (24.7 mm) and no growth at 10 and 35 °C after 7 days.

Distribution. Sabah, Malaysia.

Notes. Calonectria borneana is a member of the Ca.
kyotensis complex. This species is phylogenetically closely
related to Ca. lantauensis. The macroconidia of Ca.
borneana (avg. 49.4 X 4.8 um) are smaller than those of Ca.
lantauensis (avg. 55X 5 um). It can be differentiated from its
most closely related species by sequences of CMDA, HIS3,
RPB?2 and TEF1 gene regions.

Additional material examined. MALAYSIA. Sabah, Tawau,
Brumas, from soil in Eucalyptus sp. plantation, Aug. 2017,
M.R.B.A Rauf, PREM 63258, cultures CMW 50832, CBS
144551; PREM 63259, cultures CMW 50833, CBS 144552.

Calonectria ladang N.Q. Pham, Marinc. & M.J. Wingf.,
sp. nov. Fig. 4

MycoBank MB841987.

Etymology. Name refers to the Malay word for planta-
tions (“ladang”), the environment where this fungus was
isolated.

Type material. MALAYSIA. Sabah, Tawau, Brumas,
from soil in Eucalyptus sp. plantation, Aug. 2017, M.R.B.A.
Rauf, holotype, PREM 63257, cultures ex-holotype CMW
50776, CBS 144550.

Description. Sexual and asexual state present. Asco-
mata on MSA orange tinted with rough surface, becom-
ing darker with age, obpyriform, single or clustered,
325-520 % 235-450 um. Ascomatal walls yellow in 85%
lactic acid, composed of a few layers of cells, textura globu-
losa, becoming compressed and colourless towards inside,
45-78 um thick, 13-27 um thick near ostiole. Asci clavate
with long stipe, 134-181 pm long, 13.5-22 um wide at
spore-bearing part. Ascospores bright yellow in mass

@ Springer

when oozing at tip of ascomata, hyaline, fusoid, curved,
1(-2)-septate, slightly constricted at septum, 26—44 X 4—6
(32.5+4.45%5.24+0.43) um. Macroconidiophores formed
on surface of SNA or aerial hyphae, consisting of conidiog-
enous apparatus and elongated stipes terminating in subglo-
bose apical cell. Stipes extended as part of conidiogenous
apparatus, tapering towards inflated apex, 66.5-195 pm
long, 3.5-6.5 pym wide at base, 2-3.5 um wide at mid-
dle, terminal vesicles subglobose to globose, 4-13 pm
wide. Conidiogenous apparatuses hyaline, branched in
3-5 tiers, rarely in 6 tiers, primary branches cylindrical,
12.5-25x4-8 pm, secondary branches 9-25.5 % 3.5-8 um,
tertiary branches 9-17 x 3.5-7 um, quaternary branches
10-16x3.5-5.5 um. Conidiogenous cells blastic, cylindrical
to ovoid, 8.5-17 X3-5.5 um. Macroconidia hyaline, cylin-
drical, 1-septate, rounded at both ends, gradually tapering to
base, 39-52 x4-6 (45.8 +£2.75%4.9 +0.35) um. Mega- and
microconidia not observed. Sclerotia present, in chains.

Culture characteristics. Colonies on 2% MEA after
7 days in the dark, white to salmon to rosy buff on the sur-
face, ochreous to umber in reverse, aerial mycelium sparse.
Optimal growth temperature at 25 °C reaching 61.6 mm,
followed by 30 °C (48.5 mm), 20 °C (44.2 mm), 15 °C
(26.4 mm) and no growth at 10 and 35 °C after 7 days.

Distribution. Sabah, Malaysia.

Notes. Calonectria ladang is a member of the Ca.
kyotensis complex. This species is phylogenetically
closely related to Ca. sumatrensis. The macroconidia of
Ca. ladang (avg. 45.8 x4.9 um) are smaller than those of
Ca. sumatrensis (avg. 58 X 5 um). It can be differentiated
from its most closely related species by sequences of ACT
, CMDA, HIS3, RPB2 and TEFI gene regions.

Additional material examined. MALAYSIA. Sabah, Tawau,
Brumas, from soil in Eucalyptus sp. plantation, Aug. 2017,
M.R.B.A Rauf, PREM 63255, cultures CMW 50774, CBS
144548; PREM 63256, cultures CMW 50775, CBS 144549.

Calonectria pseudomalesiana N.Q. Pham, Marinc. &
M.J. Wingf., sp. nov. Fig. 5

MycoBank MB841988.

Etymology. Name refers to the fact that this fungus
closely resembles Calonectria malesiana.

Type material. MALAYSIA. Sabah, Tawau, Brumas,
from soil in Eucalyptus sp. plantation, Aug. 2017, M.J.
Wingfield, holotype, PREM 63261, cultures ex-holotype
CMW 50821, CBS 144563.

Description. Sexual state not observed. Macroconidi-
ophores on SNA consisting of conidiogenous apparatus and
stipes. Stipes 235-301 pum long, or emerging from conidiog-
enous apparatus on already formed conidiophores, 67—112 um
long, 3-5 um wide at base, tapering towards apex, 2—4 um wide
at middle, apex ellipsoidal to subglobose, 3—6 um wide at apex.
Conidiogenous apparatuses branching in 2-5 tiers, primary
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Fig.2 Phylogenetic tree

based on maximum likelihood
(ML) analysis of a combined
DNA dataset of ACT, CMDA,
HIS3, RPB2, TEF1 and TUB2
sequences for Calonectria spp.
Bootstrap values >70% for ML
analyses and posterior prob-
abilities values > 0.95 obtained
from Bayesian inference (BI)
are indicated at the nodes as
ML/BI. Bootstrap values <70%
or probabilities values <0.95
are marked with “**””, and nodes
lacking the support values are
marked with “—". Isolates
representing ex-type material
are marked with “T”. Curvi-
cladiella cignea (isolate CBS
109167 and CBS 109168)
represents the outgroup

branches 11-25x3-5 um, secondary branches 8-20x 3-5 um,
tertiary branches 8—14 x2—4 pm. Conidiogenous cells cylin-
drical to ovoid, becoming narrower at apex, 7—12X2—4 um.
Macroconidia hyaline, cylindrical, 1-septate, gradually taper-
ing towards base, round at apex, with gelatinous sheath at both
ends, 24.5-38 %3 (33.6 £2.51 X3 +0.16) um. Mega- and micro-
conidia not observed. Sclerotia present, in chains.

Culture characteristics. Colonies on 2% MEA after
7 days in the dark, white to buff on the surface and sienna
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112826
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Calonectria borneana sp. nov.

Ca. pseudomalesiana sp. nov.

44668.

CA. CYLINDROSPORA COMPLEX CA. RETEAUDII COMPLEX

CA. KYOTENSIS COMPLEX

to umber in reverse, aerial mycelium sparse to moderate.
Optimal growth temperature at 30 °C reaching 43.9 mm,
followed by 25 °C (34.8 mm), 20 °C (21.9 mm), 15 °C
(15.1 mm) and no growth at 10 and 35 °C after 7 days.

Distribution. Sabah, Malaysia.

Additional material examined. MALAYSIA. Sabah,
Tawau, Brumas, from soil in Eucalyptus sp. plantation,
Aug. 2017, M.R.B.A Rauf, PREM 63262, cultures CMW
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Fig.3 Micrographs of Calonectria borneana sp. nov. (ex-holotype CMW 50782 =CBS 144553). a Conidiophore on SNA. b, ¢ Microsclerotia.
d Conidiophore and stipe. e, f Conidiogenous apparatus (S =stipe). g Terminal vesicle of stipe. h Conidia. Scale bars: a—d =50 pm; e-h=25 um

Notes. Calonectria pseudomalesiana is a member of
the Ca. kyotensis complex. This species is phylogenetically
closely related to Ca. malesiana. The macroconidia of Ca.
pseudomalesiana (avg. 33.6 X3 um) are smaller than those
of Ca. sumatrensis (avg. 47.5 X4 um). It can be differentiated
from its most closely related species by sequences of ACT,
CMDA, HIS3, RPB2, TEFI and TUB2 gene regions.

Calonectria tanah N.Q. Pham, Marinc. & M.J. Wingf.,
sp. nov. Fig. 6

MycoBank MB841989.

Etymology. Name refers to the Malay word for soil
(“tanah”), the substrate from which this fungus was first
isolated.

Type material. MALAYSIA. Sabah, Tawau, Brumas,
from soil in Eucalyptus sp. plantation, Aug. 2017, M.R.B.A
Rauf, holotype PREM 63265, cultures ex-holotype CMW
50777, CBS 144562.

Description. Sexual state present on MSA. Asexual state
present but scarce on SNA. Ascomata single or gregarious,
subglobose to ovoid, 370-500 % 260-470 pm. Ascomatal walls
composed of a few layers of cells, fextura globulosa, becoming

@ Springer

compressed towards inside, 55-110 um wide, 15-24 pm wide
near ostiole. Asci clavate with elongated stipe. Ascospores
hyaline, fusoid, slightly curved, 1-septate, slightly constricted
at septum, 2647 x4-6 (35.9+4.14x5+0.43 um). Macroco-
nidiophores on SNA composed of conidiogenous apparatus
and stipes. Stipes part of conidiogenous apparatus, elongated,
tapering towards apex, apex ellipsoidal to subglobose. Conid-
iogenous apparatus and conidiogenous cells not described due
to lack of sufficient material. Macroconidia hyaline, cylindrical,
round at apex, tapering towards base, 1-2-septate, with gelati-
nous sheath at both ends, 42-57 x4-5 (48+3.33x4.4+0.26)
um. Mega- and microconidia not observed.

Culture characteristics. Colonies on 2% MEA after
7 days in the dark, white to salmon to saffron on the surface,
ochreous to umber in reverse, aerial mycelium moderate.
Optimal growth temperature at 25 °C reaching 62.1 mm,
followed by 30 °C (49.5 mm), 20 °C (36.9 mm), 15 °C
(20.8 mm) and no growth at 10 and 35 °C after 7 days.

Distribution. Sabah, Malaysia.

Additional material examined. MALAYSIA. Sabah,
Tawau, Brumas, from soil in Eucalyptus sp. plantation, Aug.
2017, M.R.B.A Rauf, PREM 63263, cultures CMW 50771,
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Fig.4 Micrographs of Calonectria ladang sp. nov. (ex-holotype
CMW 50776=CBS 144550). a Ascomata on toothpick exudating
yellow mass of ascospores. b Vertical section of ascomata. ¢ Asci. d
Ascospores. e Conidiophores on SNA showing cylindrical conidial

CBS 144560; PREM 63264, cultures CMW 50772, CBS
144561.

Notes. Calonectria tanah is a member of the Ca. kyoten-
sis complex. This species is phylogenetically closely related
to Ca. syzygiicola. It can be differentiated from its most
closely related species by sequences of CMDA, HIS3, TEF1
and TUB2 gene regions.

cluster. f Conidiogenous apparatus with extended stipe. g, h Termi-
nal vesicle of stipe. i Conidiogenous apparatus. j Conidia. Scale bars:
a=500 pm; b, e=100 pm; ¢, f=50 um; d, g-j=25 pm

Discussion

This study represents the most intensive investigation of
Calonectria species associated with Eucalyptus plantation
forestry in Malaysia. In total, 73 isolates of Calonectria were
characterized from infected Eucalyptus leaf tissues or on
germinating alfalfa seeds used as baits for the soil samples
associated with symptomatic trees. Based on phylogenetic
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analyses and morphological characteristics, eight species
residing in three different species complexes were identified.
These include four previously described species, i.e. Ca.
hawksworthii, Ca. ilicicola, Ca. reteaudii and Ca. sumat-
rensis. In addition, four novel taxa were introduced in this
study as Ca. borneana, Ca. ladang, Ca. pseudomalesiana
and Ca. tanah.

A combination of a morphological species concept
and multigene phylogenetic analyses utilizing informative
DNA barcodes provides the most robust view of species
boundaries in Calonectria (Liu et al. 2020). In the case of
Calonectria, where ex-type strains and barcode sequences
have been designated for the majority of described species,
these provide a reliable foundation to describe new species
with confidence (Liu et al. 2020). In this study, phylogenetic
analysis of six loci (ACT, CMDA, HIS3, RPB2, TEFI and
TUB?2) individually, as well as in combination, made it pos-
sible to distinguish all species collected in Malaysia. The
data also provided strong support revealing the novelty of
the four new taxa, which had robust bootstrap and posterior
probability values.

This study represents the first report of Ca. hawkswor-
thii from Southeast Asia and it is the first species residing
in Ca. cylindrospora complex to be reported from Malay-
sia. Liu et al. (2020) recently reduced Ca. foliicola and Ca.
sulawesiensis to synonymy with Ca. hawksworthii based
on phylogenetic inference. This species was previously
found to be associated with leaf spots on water-lilies in
Mauritius (Crous 2002) and on Eucalyptus in Indonesia
and China (Lombard et al. 2010b, 2015a). In the present
study, Ca. hawksworthii was obtained only from soil sam-
ples and its possible role as a plant pathogen is unknown.

The majority of the isolates (60%) obtained in this
study were those of Ca. reteaudii. This was the only spe-
cies recovered from both infected leaves (21 isolates) and
soil (23 isolates) (Fig. 1). Most species in Ca. reteaudii
complex are well-known pathogens associated with CLB
on Eucalyptus and they have predominantly been found
in tropical and subtropical regions of Southeast Asia and
Australasia (Crous 2002; Old et al. 2003; Crous et al.
2006; Lombard et al. 2010b; Li et al. 2017; Pham et al.
2019; Liu et al. 2020; Wang and Chen 2020). Calonectria

Fig.5 Micrographs of Calonectria pseudomalesiana sp. nov. (ex-
holotype CMW 50821 =CBS 144563). a Conidiophores on SNA
showing conidial clusters and elongated stipes. b, ¢, d Conidiogenous

@ Springer

apparatus with conidiogenous cells and stipes. e Terminal vesicles of
stipe. f Conidia. Scale bars: a=100 pm; b=50 pym; ¢, d, f=25 um;
e=10 um
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Fig.6 Micrographs of Calonectria tanah sp. nov. (ex-holotype CMW
50777=CBS 144562). a Ascomata on a toothpick exudating yellow
ascospore mass. b Vertical section of ascoma. ¢ Asci. d Ascospores.

reteaudii was dominant in most of the sampled plantations
in this study and continues to represent a threat to the
Eucalyptus plantation forestry in the region.

The Ca. kyotensis complex emerged as the most diverse
species complex in this study. The results included two
previously described species in the complex, i.e. Ca. ilici-
cola and Ca. sumatrensis. In addition, the four novel taxa
emerging from this study also resided in this complex.
Consequently, the Ca. kyotensis complex now accommo-
dates 29 species and is thus the largest species complex in
Calonectria. The greatest species diversity for this com-
plex appears to occur in different regions of Asia and the
species predominantly been isolated from soils (Crous
2002; Crous et al. 2004, 2021; Lombard et al. 2010b,
2015a; Li et al. 2017; Liu and Chen 2017; Pham et al.
2019; Wu and Chen 2021).

Together with those of previous investigations, results of
this study supported the view that planted Eucalyptus in trop-
ical and subtropical areas represent a niche that is remarkably
rich in species of Calonectria, especially in the soils asso-
ciated with these trees (Alfenas et al. 2015; Lombard et al.

e Conidiophores on SNA showing cylindrical conidial cluster and
stipe. f Conidia. Scale bars: a=500 pm; b=100 pum; ¢, e=50 pm; d,
f=25um

2015a; Li et al. 2017; Pham et al. 2019; Wu and Chen 2021).
With the exception of Ca. ilicicola and Ca. reteaudii, all of
the other six species found in this study represent first reports
for this region. However, it remains to be determined whether
they have been introduced from other areas. Alternatively,
whether the Eucalyptus environment could have influenced
their presence in the soils. This is an intriguing question that
might have an impact on the future health of Eucalyptus trees
planted in the tropics and subtropics.
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tary material available at https://doi.org/10.1007/s11557-021-01768-8.
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