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Abstract

Cytospora species are common pathogens associated with stem canker diseases of woody plants, with a worldwide distribu-
tion and broad host range. The criteria of species level identification are difficult due to insufficient ex-type cultures with mo-
lecular data and phylogenetic understanding. Two fungal specimens were collected from Picea crassifolia associated with
symptomatic canker and dieback disease in the Xinjiang Uygur Autonomous Region, China. They were identified as novel
species based on morphology plus support from multilocus phylogenetic analyses of ITS, LSU, ACT, RPB2 and TEF1-a
gene regions. Cytospora piceae is characterized by its ostiolated pycnidia with vesicularly arranged locules, and hyaline,
eguttulate, aseptate, allantoid conidia, which differs from similar species in its host association and multilocus phylogeny.
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Introduction

Species of Cytospora cause cankers and dieback disease on more than 100 species of hardwoods and coniferous
plants, which is one of the most important pathogenic genera causing severe commercial and ecological damage and
significant losses worldwide (Sinclair ef al. 1987, Adams et al. 2005, 2006, Fan et al. 2014a, 2014b, 2015a, 2015b, Zhu
et al. 2018). The genus Cytospora (Ascomycota: Diaporthales) was established by Ehrenberg (1818). It is characterized
by single or labyrinthine of pycnidial locules, filamentous conidiophores (enteroblastic and phialidic conidiogenous
cells) producing hyaline, allantoid conidia in asexual morph; diaporthalean-like perithecia, clavate to elongate obovoid
asci with 4- or 8- hyaline, allantoid ascospores in sexual morph (Spielman 1983, 1985, Adams et al. 2005). Under
moist conditions, the conidia emerge from the pycnidia in the form of yellow, orange to red gelatinous tendrils. Over
615 species epithets of Cytospora are listed in Index Fungorum (2018) while Kirk et al. (2008) estimated 110 species.
In the past it was difficult to name Cytospora species as morphology overlapped, and this caused confused species
delimitation. The previous identification of Cytospora species is based mainly on their host affiliations, often with
unclear morphological descriptions. Morphology and phylogeny using ITS sequence data was combined to describe 28
species of Cytospora from Eucalyptus, of which eleven species were new to science by Adams et al. (2005), and also
described fourteen species from South Africa using the same methodology (Adams ef al. 2006). However, only ITS
gene is available for most known Cytospora species, and ex-type sequence data are available for only a few species
and many taxa need epitypifying. Thus, recent studies have subsequently emphasized on part of Cytospora species
using multiphase approaches to solve the confused frame (Fan et al. 2014a, 2014b, 2015a, 2015b, Yang et al. 2015,
Lawrence et al. 2017, Norphanphoun et al. 2017, Zhu et al. 2018).

During an investigation of forest pathogens that cause canker or dieback disease in China, two Cytospora
specimens were collected from Picea crassifolia with obvious symptoms. Both specimens were characterized by
ostiolated pycnidia with vesicularly arranged locules, and hyaline, eguttulate, aseptate, allantoid conidia. Phylogenetic
analyses inferred from combined ITS, LSU, ACT, RPB2 and TEF1-a gene regions provided strong support that this
species is novel. Thus, we introduce Cytospora piceae as a new in this paper with a description and illustrations and
compare it with other species in the genus.
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Materials and methods

Sampling and fungal isolates

Strains of Cytospora were isolated from diseased branches or twigs of Picea crassifolia, during collecting trips in
the Xinjiang Uygur Autonomous Region of China (Table 1). Isolations were made directly from conidiomata, and
spreading the suspension over the surface of a Petri dish with 1.8% of potato dextrose agar (PDA) at 25 C for up to
24h. After incubation for up to 24h, single germinating conidia were transferred to fresh plates of PDA. Specimens
have been deposited at the working Collection of X.L. Fan (CF) housed at the Beijing Forestry University (BJFC).
Living cultures were deposited at China Forestry Culture Collection Centre (CFCC).

Morphology

Specimens were observed based on the morphological characteristics of their fruiting bodies from infected host
materials. The macro-morphological photographs were captured using a Leica stereomicroscope (M205), including
size of conidiomata; presence or absence of special structure such as conceptacle and central column; number and
diameter of ostioles per ectostromatic disc; the color, shape and size of discs; number of locules. Micro-morphological
observations such as size and shape of conidiophores and conidia were determined under a Nikon Eclipse 80i
microscope equipped with a Nikon digital sight DS-Ri2 high definition colour camera with differential interference
contrast (DIC). Over 30 conidiomata were sectioned and 50 conidia were selected randomly to measure their lengths
and widths. Colony diameters were measured and the colony colours described after 3 days and 14 days according
to the colour charts of Rayner (1970). Adobe Bridge CS v. 6 and Adobe Photoshop CS v. 5 were used for the manual
editing. Nomenclatural novelties and descriptions were deposited in MycoBank (Crous et al. 2004).

DNA extraction, PCR amplification, and sequencing

Mycelium for DNA extraction was grown on PDA with cellophane for 3 days and obtained from the surface of
cellophane by scrapping. Genomic DNA was extracted using the modified CTAB method (Doyle & Doyle 1990).
DNA concentrations were estimated visually by electrophoresis in 1% agarose gels by comparing band intensity with a
DNA marker 1 kbp (Takara Biotech). PCR amplifications were performed in DNA Engine (PTC-200) Peltier Thermal
Cycler (Bio-Rad Laboratories, CA, USA). DNA were amplified from the ITS, LSU, TEF1-0, ACT, and RPB2. The
ITS region was amplified using primers ITS1 and ITS4 (White ef al. 1990). The LSU region was amplified using
the primers LROR and LR7 (Vilgalys & Hester 1990). The ACT region was amplified using primers ACT512F and
ACT783R (Carbone & Kohn 1999). The RPB2 region was amplified using primers RPB2-5F and fRPB2-7cR (Liu et
al. 1999). The TEF1-a region was amplified with the primer EF-688F and EF-1251R (Carbone & Kohn 1999). The
PCR amplification products were estimated visually by electrophoresis in 2 % agarose gels. DNA sequencing was
performed using an ABI PRISM® 3730XL DNA Analyzer with BigDye® Terminater Kit v.3.1 (Invitrogen) at the
Shanghai Invitrogen Biological Technology Company Limited (Beijing, China). DNA sequences generated by each
primer combination were used to obtain consensus sequences using Seqman v. 7.1.0 in the DNASTAR lasergene core
suite software (DNASTAR Inc., Madison, WI, USA).

Phylogenetic analyses

The first analysis using ITS sequence data was performed to compare Cytospora species from the current study with
other strains in GenBank. Sequences were aligned using MAFFT v.6 (Katoh & Standley 2013) and edited manually
using MEGA v.6.0 (Tamura et al. 2013). Ambiguously aligned sequences were excluded from analysis. Phylogenetic
analysis was performed by PAUP v.4.0b10 for maximum parsimony (MP) method (Swofford 2003), MrBayes v.3.1.2
for Bayesian Inference (BI) method (Ronquist & Huelsenbeck 2003) and RAXML for maximum likelihood (ML)
method (Stamatakis 2006). To clarify the phylogenetic position of our isolates, a second analysis based on the combined
five concatenated sequences (ITS, LSU, ACT, RPB2 and TEF1-a) was performed. Diaporthe vaccinii was selected as
the outgroup in all analyses.

A partition homogeneity test (PHT) with heuristic search and 1000 replicates was performed using PAUP v.4.0b10
to test the discrepancy among the ITS, LSU, ACT, RPB2 and TEF1-a sequence dataset in reconstructing phylogenetic
trees. MP analysis was performed using a heuristic search option of 1,000 random-addition sequences with a tree
bisection and reconnection (TBR) branch swapping algorithm (Swofford et al. 2003). The branches of zero length
were collapsed and all equally parsimonious trees were saved. Clade stability was assessed with a bootstrap analysis
of 1,000 replicates (Hillis and Bull 1993). Other parsimony scores such as tree length (TL), consistency index (CI),
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retention index (RI) and rescaled consistency (RC) were calculated (Swofford ef al. 2003). ML analysis was performed
with GTR+G+I model of site substitution following recent studies (Zhu et al. 2018), including estimation of gamma-
distributed rate heterogeneity and a proportion of invariant sites using RaxMI v.7.2.8 (Stamatakis 2006). The branch
support was evaluated with a bootstrapping method of 1000 replicates (Hillis and Bull 1993). Bl analysis was performed
using a Markov Chain Monte Carlo (MCMC) algorithm with Bayesian posterior probabilities (Rannala & Yang 1996).
A nucleotide substitution model was estimated by MrModeltest v.2.3 (Posada and Crandall 1998), and a weighted
Bayesian analysis was considered. Two MCMC chains were run from random trees for 1,000,000 generations, and
trees were sampled each 100th generations. The first 25 % of trees were discarded as the burn-in phase of each
analysis, and the posterior probabilities (BPP) were calculated to assess the remaining trees (Rannala & Yang 1996).
The branch support from MP and ML analysis were evaluated with a bootstrapping (BS) method of 1,000 replicates
(Hillis & Bull 1993). Phylograms are shown using Figtree v.1.3.1 (Rambaut & Drummond 2010). Sequence data were
deposited in GenBank. The ITS and multilocus sequence alignment file were deposited in TreeBASE (www. treebase.
org) as the accession number S23479.

Results

Two isolates of Cytospora from Picea crassifolia were sequenced for ITS locus, which contained 143 Cytospora
ingroup strains with a total of 604 characters including gaps. In the alignment, 178 characters were constant, 147
variable characters were parsimony- uninformative and 920 characters were variable and parsimony-informative.
There were 178 variable sites of which 68 were parsimony informative. MP analyses generated 200 parsimonious
trees, one of which was presented in Fig. 1 (TL =949, CI=0.413, Rl =0.844, RC = 0.349). ML and Bayesian analyses
were similar to the MP tree. Cytospora piceae clustered with C. friesii and C. mougeotii, presenting an unstable clade
with low support value.

To clarify the phylogenetic position of Cytospora piceae, the second phylogenetic analyses were performed based
on available ITS, LSU, ACT, RPB2 and TEF1-a sequence dataset. The alignment included 98 Cytospora ingroup
strains with a total of 2936 characters including gaps. In the alignment 1869 characters were constant, 147 variable
characters were parsimony-uninformative and 920 characters were variable and parsimony-informative. MP analyses
generated 12 parsimonious trees, one of which was presented in Fig. 1 (TL = 4386, CI = 0.397, RI = 0.766, RC =
0.304). ML and Bayesian analyses were similar to the MP tree. Cytospora piceae represented a monophyletic clade
with high support value (MP/ML/BI = 100/100/1) (marked in blue in Fig. 2). The MP bootstrap supports (BS) equal to
or above 50% were shown in branches in Fig. 1. The branches with significant Bayesian posterior probabilities (BPP)
equal to or above 0.95 were shown in the phylogram.

Taxonomy

Cytospora piceae Fan Fig. 3

MycoBank 828432

Holotype:—China, Xinjiang Uygur Autonomous Region, Bole Mongol Autonomous Prefecture, 44°46°13.44”N, 81°13°58.72”E, from
branches of Picea crassifolia, July 2017, C.M. Tian & X.L. Fan, holotype CF 20176561, ex-type living culture CFCC 52841.

Etymology:—Named after the host genus on which it was collected, Picea.

Descriptions:—Asexual state: Conidiomata pycnidial, ostiolated, immersed in bark, scattered, erumpent through the
surface of bark when mature. Locules multiple, discoid, circular to ovoid, arranged vesicularly with common walls,
(680—)720-1190(—1200) um (% = 945 £ 130 um, n = 30) in diam. Conceptacle absent. Ectostromatic disc white to
light brown, circular, disc dark, (160—)230-290(—310) pm (x = 255 + 36 um, n = 30) in diam., with one ostiole in the
centre of disc. Ostiole conspicuous, circular to ovoid, dark brown to black at the same level as the disc, (65—)70-115(—
130) um (x = 93 £ 17 um, n = 30) in diam. Conidiophores hyaline, branched at base or not branched, thin walled,
filamentous, (12-)13.5-19.5(-20) um (x = 16.5 = 3 pm, n = 30). Conidiogenous cells enteroblastic, polyphialidic.
Conidia hyaline, allantoid, eguttulate, smooth, aseptate, thin-wall, (4.5-)5-5.5(-6) x 1-1.5 um (x =52+ 03 x 1.3
0.1 pm, n = 50). Sexual morph: not observed.
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FIGURE 1. Phylogram of Cytospora based on ITS gene. MP and ML bootstrap support values above 50 % are shown at the first and
second position. Thickened branches represent posterior probabilities above 0.95 from BI. Ex-type strains are in bold. Strains in current

study are in blue.
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FIGURE 1 (Cont.)
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Culture characteristics: Cultures on PDA are initially white, becoming saffron after one week. The colonies are
tight, thin with a uniform texture, lacking aerial mycelium, up to 1.8 cm after four weeks. Sterile.

Materials examined:—China, Xinjiang Uygur Autonomous Region, Bole Mongol Autonomous Prefecture,
44°46°15.32”N, 81°13°57.54”E, from branches of Picea crassifolia, July 2017, C.M. Tian & X.L. Fan, deposited by
X.L. Fan, CF 20176562, living culture CFCC 52842.

Notes:—Cytospora piceae is associated with canker disease of Picea crassifolia. The phylogenetic inferences
resolved this species as a confused clade in ITS phylogram (Fig. 1), which was closed to Cytospora friesii and C.
mougeotii. To clarify this clade, the second analysis indicated this species represented an individual clade with high
support value (MP/ML/BI = 100/100/1) based on combined multilocus gene phylogenetic analysis, which was
distinguish from other available species (Fig. 2). Morphologically, Cytospora piceae has larger conidia than those of
C. friesii (5-5.5 x 1-1.5 vs. 4-5 x 1 pm), and wider than C. mougeotii (5-5.5 x 1-1.5 vs. 57 x 0.7—1 um) (Saccardo
1884). Cytospora piceae is thus here considered as a novel species.
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FIGURE 2. Phylogram of Cytospora based on combined ITS, LSU, ACT, RPB2 and TEF1-a genes. MP and ML bootstrap support values
above 50 % are shown at the first and second position. Thickened branches represent posterior probabilities above 0.95 from BI. Ex-type

strains are in bold. Strains in current study are in blue.
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FIGURE 2 (Cont.)

Discussion

The current study introduced Cytospora piceae sp. nov. associated with stem cankers on Picea crassifolia. Although
C. piceae indicated an ambiguous related group to Cytospora friesii and C. mougeotii in only ITS phylogram (Fig. 1),
it is distinguished based on the vesicularly arranged locules, the size of conidia, and multilocus phylogenetic data as
well as its unique host (Fig. 2). The results showed that Cytospora species still needs multilocus DNA data to define
the criteria in species level, and we recommended the combination of five genes (ITS, LSU, ACT, RPB2 and TEF1-a)
in genus Cytospora.

The Cytospora species is a weak parasitic or saprophytic fungus with strong ecological adaptability and a wide
range of hosts. Picea crassifolia is an important ornamental tree species to afforestation in China, whereas few relative
taxonomic studies of Cytospora canker or dieback disease from coniferous plants was performed, such as Cytospora
ambiens, C. friesii (as Valsa friesii), C. kunzei, C. leucostoma and C. pini (Adams et al. 2005). In China, Cytospora
species from deciduous tree have attracted the attention by studies. Cyfospora species from cankered apple and pear
bark were examined and compared with morphology and rDNA-ITS sequences (Wang et al. 2007, 2011). Fan et al.
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(2014) clarified and illustrated C. chrysosperma, C. sophorae and C. sophoricola from the Sophora japonica using
only ITS region. Subsequently, the multilocus phylogeny has led to the illustrations and descriptions of additional new
species of Cytospora in China (Wang et al. 2013, Zhang et al. 2014, Fan et al. 2014a, 2014b, 2015a, 2015b, Yang et
al. 2015, Zhu et al. 2018). The current study implies that many additional undiscovered species of Cytospora from
coniferous tree exist in China, and further studies are needed to discover the species of Cytospora associated with
branch and twig dieback or canker disease in China and other countries.

FIGURE 3. Morphology of Cytospora piceae from Picea crassifolia (CF 20176561). A, B: Habit of conidiomata on twig. C: Transverse
section of conidioma. D: Longitudinal section through conidioma. E: Conidiophores and conidiogenous cells. F: Conidia. G: Colonies on
PDA after two weeks. Scale bars: B-D = 500 um; E-F =5 um.
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