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Cytospora canker is a destructive disease of numerous hosts and causes serious
economic losses with a worldwide distribution. Identification of Cytospora species is
difficult due to insufficient phylogenetic understanding and overlapped morphological
characteristics. In this study, we provide an assessment of 23 Cytospora spp.,
which covered nine genera of Rosaceae, and focus on 13 species associated
with symptomatic branch or twig canker and dieback disease in China. Through
morphological observation and multilocus phylogeny of internal transcribed spacer (ITS),
large nuclear ribosomal RNA subunit (LSU), actin (act), RNA polymerase II subunit
(rpb2), translation elongation factor 1-α (tef1-α), and beta-tubulin (tub2) gene regions,
the results indicate 13 distinct lineages with high branch support. These include 10
new Cytospora species, i.e., C. cinnamomea, C. cotoneastricola, C. mali-spectabilis,
C. ochracea, C. olivacea, C. pruni-mume, C. rosicola, C. sorbina, C. tibetensis, and
C. xinjiangensis and three known taxa including Cytospora erumpens, C. leucostoma,
and C. parasitica. This study provides an initial understanding of the taxonomy of
Cytospora associated with canker and dieback disease of Rosaceae in China.

Keywords: Cytosporaceae, Diaporthales, phylogeny, taxonomy, 10 new taxa

INTRODUCTION

Many species of Rosaceae plants have economic value, which are important parts of the greening of
urban parks and widely cultivated around the world. Many species are also famous fresh and dried
fruits with excellent varieties. However, most Rosaceae plants are under serious disease of dieback
and stem canker caused by Cytospora species, which have contributed to a severe reduction in yield
and quality. A study to clarify the pathogens causing stem canker and dieback of Rosaceae plants is
urgently needed.

Cytospora was first introduced by Ehrenberg (1818), which is one of the most important
pathogenic fungi of hardwoods and coniferous trees in the world (Adams et al., 2005; Fan et al.,
2020). About 150 species epithets of Cytospora are associated with dieback and stem canker on over
130 species of woody hosts (Spielman, 1985; Adams et al., 2005; Kirk et al., 2008; Fan et al., 2020).
Over 660 species epithets of Cytospora have been described in Index Fungorum (2020). However,
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most of these were regarded as synonyms, and most descriptions
were unable to identify them accurately (Adams et al., 2005).
Leucostoma, Valsa, Valsella, and Valseutypella have been treated
as the synonyms of Cytospora (Rossman et al., 2015). The
traditional identification of Cytospora species was based heavily
on their host affiliations; nevertheless, a single species of
Cytospora may occur on a different host, and more than
one Cytospora species may be isolated from a single host
(Adams et al., 2005; Wang et al., 2011; Ariyawansa et al.,
2015; Fan et al., 2015a,b; Hyde et al., 2016; Lawrence et al.,
2018). Accurate identification needs additional informative
morphological observation and multilocus phylogeny to test
the relationship among species (Adams and Taylor, 1993;
Harrington and Rizzo, 1999; Adams et al., 2002). Adams et al.
(2005) introduced 28 species of Cytospora from Eucalyptus by
morphology and phylogeny using ITS sequence. A total of 144
strains from Iran represented 20 species of Cytospora based on
ITS phylogeny (Fotouhifar et al., 2010). Later, many species were
described based on multilocus phylogeny in recent studies (Fan
et al., 2014a,b, 2015a,b; Yang et al., 2015; Lawrence et al., 2017,
2018; Zhu et al., 2018, 2020; Jiang et al., 2020; Shang et al.,
2020). Fan et al. (2020) provided an assessment of 52 species
of Cytospora in China using a six-locus phylogeny [internal
transcribed spacer (ITS), large nuclear ribosomal RNA subunit
(LSU), actin (act), RNA polymerase II subunit (rpb2), translation
elongation factor 1-α (tef1-α), and beta-tubulin (tub2)]. However,
most boundaries of known Cytospora species are tentative and
indistinct due to the overlapped morphological characteristics,
poor condition of multilocus phylogeny (only ITS is available
for most species), and the shortage of fresh collected specimens.
Thus, a geography- or host-centered strategy to define species
of Cytospora using multiphase approaches has been proposed
(Fan et al., 2020).

In this study, a total of 29 strains of Cytospora were isolated
from symptomatic hosts of Rosaceae in China. The objectives
were to (1) define the species of Cytospora associated with
canker and dieback disease of Rosaceae, with illustrations and
descriptions; (2) supplement a multi-gene DNA dataset of
Cytospora, including ITS, LSU, act, rpb2, tef1-α, and tub2.

MATERIALS AND METHODS

Sample Collection and Isolation
Fresh specimens of Cytospora canker disease symptoms were
collected from infected branches or twigs of five host genera
of Rosaceae (11 host species) during collecting trips in China
(Supplementary Table S1). The symptoms of Cytospora dieback
disease included wilting and killing of twigs and branches,
which commenced at the tips and progressed downward
to the larger branches, inducing wood lesions and canker
formation. Cytospora canker disease represents slightly sunken
and discolored areas in the bark, diseased inner bark, and the
bark above the infected cambium may appear yellow, brown,
reddish brown, gray, or black, becoming watery and odorous
as the tissues deteriorate. Several prominent dark sporocarps
immersed in the bark, erumpent through the surface of bark

when mature (Figures 1, 2). The occurrence of canker diseases
of Cytospora in Rosaceae is widespread, which could cause
a large area of death in several apple orchards (Figure 2).
A total of 29 strains were isolated by removing a mucoid
spore mass from conidiomata and/or ascomata, spreading the
suspension on the surface of 1.8% potato dextrose agar (PDA)
in a Petri dish, and incubating at 25◦C for up to 24 h.
Single-germinating conidia were transferred onto fresh PDA
plates. All specimens are deposited at the Museum of the
Beijing Forestry University (BJFC) and the working Collection
of X.L. Fan (CF) housed at the Beijing Forestry University.
Living cultures are deposited at the China Forestry Culture
Collection Centre (CFCC).

Morphology
Observation and description of Cytospora species were based
on morphological characteristics of the fruiting bodies produced
on infected host materials including arrangement and size of
stromata; presence and absence of a conceptacle; size, color,
and shape of discs; and number and diameter of ostioles
per disc. The morphological characteristics were determined
under a Leica stereomicroscope (M205). Micro-morphological
observations include size and shape of conidiophores and
conidia determined under a Nikon Eclipse 80i microscope.
Over 30 conidiomata were sectioned, and 50 conidia were
selected randomly for measurement. Incubation was done on
PDA at 25◦C in darkness, and colony diameters and colors
were recorded and described after 1 or 2 weeks according
to the color charts of Rayner (1970). Adobe Bridge CS v.6
and Adobe Photoshop CS v.5 were used for the manual
editing. Taxonomic novelties were deposited in MycoBank
(Crous et al., 2004).

DNA Extraction and PCR Amplification
Genomic DNA was extracted from mycelium cultured on PDA
with cellophane for 3 days using the modified CTAB method
(Doyle and Doyle, 1990). The extracted DNA was estimated
visually by electrophoresis in 1% agarose gels, and band intensity
was compared with a DNA maker, 1 kbp (Takara Biotech).
The qualities of DNA were measured with NanoDropTM 2000
(Thermo, United States). The internal transcribed spacer (ITS)
region was amplified with primers ITS1 and ITS4 (White et al.,
1990). The large nuclear ribosomal RNA subunit (LSU) region
was amplified with primers LROR and LR7 (Vilgalys and Hester,
1990). The actin (act) region was amplified with primers ACT-
512F and ACT-783R (Carbone and Kohn, 1999). The RNA
polymerase II subunit (rpb2) region was amplified with primers
RPB2-5F and fRPB2-7cR (Liu et al., 1999). The translation
elongation factor 1-α (tef1-α) gene was amplified with primers
EF-688F and EF-1251R (Carbone and Kohn, 1999). The beta-
tubulin (tub2) gene was amplified with Bt-2a and Bt-2b (Glass
and Donaldson, 1995). The PCR amplicons were electrophoresed
in 2% agarose gels. DNA sequencing was carried out using an
ABI PRISM R© 3730XL DNA Analyzer with BigDye R© Terminater
Kit v.3.1 (Invitrogen) at the Shanghai Invitrogen Biological
Technology Company Limited (Beijing, China). DNA sequences
generated by the forward and reverse primers were used to
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FIGURE 1 | Disease symptoms associated with Cytospora species. (A,B) Rosa sp. (C) Prunus serrulata. (D,E) Spiraea salicifolia.

FIGURE 2 | Disease symptoms associated with Cytospora species on Malus sp. (A) Death of the apple trees caused by Cytospora in the orchards. (B,C)
Conidiomata on a naturally infected stem in the field.

obtain consensus sequences using Seqman v.9.0.4 (DNASTAR
Inc., Madison, WI, United States).

Phylogenetic Analyses
To infer a preliminary phylogenetic relationship for the new
sequences, the first alignment based on ITS sequence data was
performed using MAFFT v.6 (Katoh and Standley, 2013) and
edited manually using MEGA v.6.0 (Tamura et al., 2013). Some
characters were excluded from both ends of the alignments to
approximate the size of our sequences to those included in
the dataset. A second alignment was performed based on a
combined six concatenate sequences (ITS, LSU, act, rpb2, tef1-
α, and tub2). For individual datasets, sequences were aligned
using MAFFT v.6 and edited manually using MEGA v.6.0
and some characters were excluded from both ends of the
alignments. A partition homogeneity test (PHT) with heuristic
search and 1,000 homogeneity replicates was performed using
PAUP v.4.0b10 to test the discrepancy among the six-gene
dataset in reconstructing phylogenetic trees. The sequences of
Diaporthe vaccinii (CBS 160.32) was included as outgroup in all
analyses. The phylogenetic analyses for all the datasets were run
using PAUP v.4.0b10 for maximum parsimony (MP) (Swofford,
2003), MrBayes v.3.1.2 for Bayesian inference (BI) (Ronquist
and Huelsenbeck, 2003), and RAxML-NG v.0.9.0 for maximum
likelihood (ML) (Kozlov et al., 2019). Trees were visualized using
FigTree v.1.3.1 (Rambaut and Drummond, 2010).

MP analysis was performed using a heuristic search (1,000
bootstraps) (Hillis and Bull, 1993), with random sequence
addition as option to stepwise addition (1,000 replicates and one
tree held at each addition step), and maxtrees limited to 200 by
replicate. The tree bisection and reconnection (TBR) algorithm
was selected (Swofford, 2003). The branches of zero length were
collapsed using the command minbrlen, and all equally most
parsimonious trees were saved. Other parsimony scores such as
tree length (TL), consistency index (CI), retention index (RI),
and rescaled consistency (RC) were calculated to describe tree
statistics (Swofford, 2003). The branch supports of MP were
evaluated with a bootstrapping (BS) method of 1,000 replicates
(Hillis and Bull, 1993). For ML and BI analyses, the best-fit
evolutionary models for each partitioned locus were estimated
by MrModeltest v.2.3 following the Akaike Information Criterion
(AIC) (Posada and Crandall, 1998). ML analysis was performed
with RAxML-NG1 (Kozlov et al., 2019). The bootstrap was used
with 100 replicates and the appropriate models for each gene.
BI analysis was done by a Markov chain Monte Carlo (MCMC)
algorithm with Bayesian posterior probabilities (BPP) (Rannala
and Yang, 1996). Two MCMC chains were run from random
trees for 10 million generations, and trees were sampled each
100th generation. The first 25% of the trees were discarded as
the burn-in phase of each analysis; branches with significant

1https://raxml-ng.vital-it.ch
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BPP were calculated to assess the remaining trees (Rannala
and Yang, 1996). Phylograms are shown using Figtree v.1.3.1
(Rambaut and Drummond, 2010). All sequences from this study
data were deposited in GenBank. The ITS and multi-gene
sequence alignment files were deposited in TreeBASE2 (accession
number: S25903).

RESULTS

A total of 29 Cytospora isolates from Rosaceae hosts were
collected in China. Following alignment, the ITS sequence
data comprised 248 Cytospora in group taxa with a total of
629 characters including gaps, of which 365 characters were
constant, 63 variable characters were parsimony uninformative,
and 201 characters were variable and parsimony informative.
A heuristic search generated 200 equally parsimonious trees each
with similar clade topologies, and one of which is presented in
Supplementary Figure S1 (TL = 1,223, CI = 0.343, RI = 0.855,
RC = 0.294). ML and Bayesian results do not significantly differ
from the MP tree.

To clarify the phylogenetic position of these Cytospora species,
a multi-locus analysis (ITS, LSU, act, rpb2, tef1-α, and tub2) is
presented in Figure 3. The final analysis combined sequence data
of six genes composed of 218 Cytospora ingroup taxa with a total
of 3,712 characters including gaps, of which 2,037 characters were
constant, 202 variable characters were parsimony uninformative,
and 1,473 characters were variable and parsimony informative.
MP analysis generated 200 equally parsimonious trees each with
similar clade topologies, and one of which is presented in Figure 3
(TL = 9,782, CI = 0.303, RI = 0.803, RC = 0.244). For ML
and BI analyses, the best-fit model of nucleotide evolution was
deduced on the AIC (ITS and LSU: GTR, act: TVM, rpb2 and
tef1-α: TrN, and tub: HKY). ML method and Bayesian analyses
were in agreement and no difference from the MP tree. The MP
bootstrap supports (MP-BS) and ML bootstrap (ML-BS) equal to
or above 70% were shown in branches in Figure 3. The branches
with significant Bayesian posterior probabilities (BPP) equal to or
above 0.95 are thickened in the phylograms.

The current 29 strains clustered in 13 clades were equivalent
to 13 Cytospora species in Figure 3, including three known
species (Cytospora erumpens, C. leucostoma, and C. parasitica)
and 10 new clades, distinct from all known taxa, are herein
described as C. cinnamomea, C. cotoneastricola, C. mali-
spectabilis, C. ochracea, C. olivacea, C. pruni-mume, C. rosicola,
C. sorbina, C. tibetensis, and C. xinjiangensis. All detailed
descriptions and notes are below.

Taxonomy
Cytospora cinnamomea M. Pan & X.L. Fan, sp. nov. (Figure 4)

MycoBank MB 834846
Typification: China. Xinjiang Uygur Autonomous Region:

Bole Mongol Autonomous Prefecture, 44◦46′14.88′′N,
81◦13′58.64′′E, from branches of Prunus armeniaca, 20 July

2www.treebase.org

2017, C.M. Tian & X.L. Fan (holotype CF 20197654), ex-type
living culture CFCC 53178.

Etymology: Named after the distinctive cinnamon
culture color.

Descriptions: Symptoms appeared as circular to ovoid, brown
or dark, raised, dehiscent lesions on the twigs or branches, with
slightly discolored bark above the infected cambium. Asexual

FIGURE 3 | Continued
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FIGURE 3 | Phylogram of Cytospora based on combined internal transcribed
spacer (ITS), large nuclear ribosomal RNA subunit (LSU), actin (act), RNA
polymerase II subunit (rpb2), translation elongation factor 1-α (tef1-α), and
beta-tubulin (tub2) genes. Maximum parsimony (MP) and maximum likelihood
(ML) bootstrap support values above 70% are shown at the first and second
positions. Thickened branches represent posterior probabilities above 0.95
from Bayesian inference (BI). Ex-type strains are in bold. Strains in current
study are in blue. All the Cytospora species listed from Rosaceae plants in
China are marked with *.

morph: Conidiomata pycnidial, immersed in bark, erumpent
through the surface of bark when mature, erumpent, discoid,
with multiple locules, 785–1,070 µm (x̄ = 935 µm, n = 30)
in diam. Conceptacle absent. Ectostromatic disc dark-brown,
circular to ovoid, disc black, 280–560 µm (x̄ = 425 µm,
n = 30) in diam. Ostiole conspicuous, circular, gray to brown
at the same level as the disc surface, 50–63 µm (x̄ = 57 µm,
n = 30) in diam. Locules numerous, irregular arrangement
with individual walls. Conidiophores hyaline, unbranched at

base or occasionally branched. Conidiogenous cells enteroblastic,
phialidic, sub-cylindrical to cylindrical. Conidia hyaline, smooth-
walled, elongate-allantoid, unicellular, (4.0–)4.5–6.0(–6.5) × 1–
1.5 µm (x̄ = = 5.3× 1.3 µm, n = 50). Sexual morph: not observed.

Culture characteristics: Cultures on PDA are initially white,
fast growing, and covering the 9-cm Petri dish after 3 days,
becoming cinnamon to fawn after 30 days. The colonies are flat
and with a uniform texture, conidiomata sparse and distributed
irregularly on the medium surface.

Habitat and distribution: Known only on Prunus armeniaca
from the type locality.

Notes: Cytospora cinnamomea is associated with canker
disease of Prunus armeniaca in China. In the combined analysis,
the most closely related species to Cytospora cinnamomea
are C. kantschavelii, C. parakantschavelii, C. salicicola, and
C. euonymina (Figure 3). Cytospora cinnamomea can be
distinguished from C. salicicola and C. euonymina by the smaller
conidia (4.5–6.0 × 1–1.5 vs. 6.9–7.6 × 1.4–1.5, 6.5–7.5 × 1.5–
2 µm) (Saccardo, 1892; Norphanphoun et al., 2017). Cytospora
cinnamomea is morphologically similar to C. kantschavelii and
C. parakantschavelii, whereas the former species differs from
them by having distinct discoid conidiomata and producing
cinnamon color in culture media. As for its size of conidia, it is
similar with C. parakantschavelii (5.3 × 1.3 vs. 5.3 × 1.4 µm),
but different from C. kantschavelii (5.3 × 1.3 vs. 4–5 × 1.2 µm)
(Gvritishvili, 1973; Norphanphoun et al., 2017).

Cytospora cotoneastricola M. Pan & X.L. Fan, sp. nov.
(Figure 5)

MycoBank MB 834847
Typification: China. The Tibet Autonomous Region: Nyingchi

City, Chayu County, Pineapple Village, 28◦56′47.34′′N,
97◦25′31.36′′E, from branches of Cotoneaster sp., 30 July
2016, C.M. Tian & X.L. Fan (holotype CF 20197031).

Etymology: Named after the host genus on which it was
collected, Cotoneaster sp.

Descriptions: Symptoms appeared as circular to ovoid, yellow
or light brown, raised lesions with a distinct black area at the
center on the twigs or branches. Asexual morph: Conidiomata
pycnidial, immersed in bark, erumpent through the surface of
bark when mature, solitary, scattered, discoid to conical, with
multi-locules, 1,200–1,480 µm (x̄ = 1,350 µm, n = 30) in diam.
Conceptacle conspicuous. Ectostromatic disc yellow to light
brown, circular to ovoid, with one ostiole per disc, 165–310 µm
(x̄ = 240 µm, n = 30) in diam. Ostiole conspicuous, flask-shaped
to conical, gray to black in the center of the disc at the same level
as the disc surface, 110–165 µm (x̄ = 131 µm, n = 30) in diam.,
a column lenticular tissue in the center. Locules dark brown,
arranged circularly to triangularly or ellipse with independent
walls, ovoid to spherical. Conidiophores hyaline, unbranched at
base or occasionally branched. Conidiogenous cells enteroblastic,
phialidic, sub-cylindrical to cylindrical. Conidia hyaline, smooth,
allantoid, eguttulate, aseptate, thin-walled, (12.5–)13.0–14.0(–
14.5) × 2.5–3 µm (x̄ = 13.6 × 2.8 µm, n = 50). Sexual
morph: not observed.

Habitat and distribution: Known on Cotoneaster sp. from
the type locality and an additional locality in the Tibet
Autonomous Region.
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FIGURE 4 | Morphology of Cytospora cinnamomea from Prunus armeniaca (CF 20197654). (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 potato dextrose agar (PDA) for
2 weeks. Bars: (B–D) = 500 µm; (E) = 10 µm; (F) = 5 µm.

Additional materials examined: China. The Tibet
Autonomous Region: Nyingchi City, Chayu County, Pineapple
Village, 28◦56′47.34′′N, 97◦25′31.36′′E, from branches of
Cotoneaster sp., 30 July 2016, C.M. Tian & X.L. Fan (CF
20197030); Nyingchi City, Chayu County, Pineapple Village,
28◦56′47.33′′N, 97◦25′31.44′′E, from branches of Cotoneaster
sp., 30 July 2016, C.M. Tian & X.L. Fan (CF 20197027);
ibid. CF 20197028.

Notes: Cytospora cotoneastricola is described as being
associated with canker disease of Cotoneaster sp. in China.
Cytospora tibetensis and C. ochracea are associated with the
same host. Morphologically, C. cotoneastricola is distinguished
from C. tibetensis by having multi-locules and larger size of
conidia (13.0–14.0 × 2.5–3 vs. 5.0–5.5 × 1.5–2 µm). Cytospora
cotoneastricola also has obvious central column and larger
conidia than C. ochracea (13.5–14.0 × 2.5–3 vs. 8.5–9.0 × 1.5–
2.5 µm). This species needs to be re-collected from Cotoneaster
sp. in Tibet of China, as presently no living culture is available.

Cytospora erumpens Norph. et al., Mycosphere 8: 64, 2017.
Descriptions: see Norphanphoun et al. (2017).
Habitat and distribution: Known on Salix fragilis and Prunus

padus. This fungus has been reported from Russia and China.
Material examined: China. Xinjiang Uygur Autonomous

Region: Ili Kazak Autonomous Prefecture, 46◦01′17.82′′N,
82◦45′08.94′′E, from branches of Prunus padus, 16 July 2017,
C.M. Tian & X.L. Fan (CF 20197563), living culture CFCC 53163.

Notes: Cytospora erumpens was introduced to
cause canker and dieback disease of Salix in Russia

(Norphanphoun et al., 2017). Afterward, it was reported on
Prunus padus in China (Fan et al., 2020). This fungus can be
identified by its black-discoid conidiomata with long ostiolar
necks, producing elongate-allantoid conidia (6.4–6.7 × 1.3–
1.4 µm) (Norphanphoun et al., 2017). Combined morphology
and the DNA sequence data of our strain, which was collected
from dead branches of Prunus padus belongs to this species.

Cytospora leucostoma (Pers.) Sacc., Michelia 2: 264, 1881.
Synonyms: Sphaeria leucostoma Pers., Ann. Bot. 11: 23, 1794.
Valsa leucostoma (Pers.) Fr., Summa Veg. Scand., Section Post.

(Stockholm): 411, 1849.
Valsa persoonii Nitschke, Pyrenomyc. Germ. 2: 222, 1870.
Leucostoma persoonii (Nitschke) Höhn., Mitt. Bot. Inst. Tech.

Hochsch. Wien 5: 78, 1928.
Cytospora donetzica Norphanph et al., Mycosphere 8: 62, 2017.
Valsa ambiens (Pers.) Fr., Summa Veg. Scand., Sectio Post.

(Stockholm): 412, 1849.
Cytospora ambiens Sacc., Michelia 1(5): 519, 1879.
Descriptions: see Fan et al. (2020).
Habitat and distribution: Known from mainly Roseaceae,

especially Prunoideae. This fungus has been reported
around the world.

Materials examined: China. Xinjiang Uygur Autonomous
Region: Bole Mongol Autonomous Prefecture, 44◦46′12.65′′N,
81◦14′02.62′′E, from branches of Sorbus tianschanica, 20 July
2017, C.M. Tian & X.L. Fan (CF 20197672), living culture
CFCC 53165; Ili Kazak Autonomous Prefecture, 44◦27′39.68′′N,
80◦21′12.86′′E, from branches of Prunus armeniaca, 22 July 2017,
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FIGURE 5 | Morphology of Cytospora cotoneastricola from Cotoneaster sp. (CF 20197031). (A,B) Habit of conidiomata on twig. (C) Transverse section of
conidioma. (D) Longitudinal section through conidioma. (E) Conidiophores and conidiogenous cells. (F) Conidia. Bars: (B–D) = 500 µm; (E,F) = 10 µm.

C.M. Tian & X.L. Fan (CF 20197710), living culture CFCC
53166; ibid. CF 20197711, living culture CFCC 53167; Ili Kazak
Autonomous Prefecture, 46◦20′55.49′′N, 83◦53′55.94′E, from
branches of Prunus pseudocerasus, 14 July 2017, C.M. Tian &
X.L. Fan (CF 20197513), living culture CFCC 53168. Beijing:
Songshan National Nature, 40◦30′25.07′′N, 115◦48′44.36′′E,
from branches of Prunus persica, 20 July 2017, C.M. Tian &
X.L. Fan (CF 20191281), living culture CFCC 53169; ibid. CF
20191284, living culture CFCC 53170.

Notes: Cytospora leucostoma is a common species associated
with stem canker diseases of woody plants of Rosaceae in
China (Fan et al., 2020). This species has obvious black
conceptacle, numerous locules, which were subdivided frequently
by invaginations with independent walls, and hyaline, allantoid,
aseptate conidia with the size of 4.5–5.5 × 1–1.5 µm. In a recent
study, Cytospora donetzica has been treated as the synonym of
C. leucostoma based on Fan et al. (2020).

Cytospora mali-spectabilis M. Pan & X.L. Fan, sp. nov.
(Figure 6)

MycoBank MB 834848
Typification: China. Xinjiang Uygur Autonomous Region:

Bole Mongol Autonomous Prefecture, 44◦46′10.79′′N,
81◦13′56.60′′E, from branches of Malus spectabilis ‘Royalty’,
20 July 2017, C.M. Tian & X.L. Fan (holotype CF 20197665),
ex-type living culture CFCC 53181.

Etymology: Named after the host genus on which it was
collected, Malus spectabilis ‘Royalty’.

Descriptions: Symptoms appeared as circular, white or
ashen, raised lesions with a distinct brown or dark area at
the center on the twigs or branches, with discolored bark
above the infected cambium. Asexual morph: Conidiomata
pycnidial, immersed in bark, erumpent through the surface
of bark when mature, erumpent, discoid to conical, 580–
675 µm (x̄ = 630 µm, n = 30) in diam., with multi-locule,
a column lenticular tissue in the center. Conceptacle absent.
Ectostromatic disc white to brown, circular to ovoid, disc
dark yellow to brown, 240–350 µm (x̄ = 295 µm, n = 30) in
diam. Ostiole conspicuous, circular to ovoid, gray to black
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FIGURE 6 | Morphology of Cytospora mali-spectabilis from Malus spectabilis ‘Royalty’ (CF 20197665). (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 for 2 weeks. Bars:
(B–D) = 500 µm; (E,F) = 10 µm.

at the same level as the disc surface, 60–84 µm (x̄ = 69 µm,
n = 30) in diam. Locules complex with wild shapes, subdivided
by invaginations with common walls. Conidiophores hyaline,
unbranched at base or occasionally branched. Conidiogenous
cells enteroblastic, phialidic, sub-cylindrical to cylindrical.
Conidia hyaline, unicellular, eguttulate, elongate-allantoid,
(8.0–)9.0–10.0(–11.0) × 1.5–2 µm (x̄ = 9.5 × 1.8 µm, n = 50).
Sexual morph: not observed.

Culture characteristics: Cultures on PDA are initially
white, growing up to 6.5 cm after 3 days, entirely covering
the 9-cm Petri dish and becoming buff after 7 days. The
colonies ultimately are gray olivaceous and flat with a
uniform texture. Conidiomata are randomly distributed
on medium surface.

Habitat and distribution: Known only on Malus spectabilis
‘Royalty’ from the type locality.

Notes: Cytospora mali-spectabilis is associated with canker
disease of Malus spectabilis ‘Royalty’. In the phylogenetic
analyses, C. mali-spectabilis clusters with C. paratranslucens and

C. nivea with high bootstrap support (MP/ML/BI = 100/99/1).
However, it can be distinguished from C. paratranslucens and
C. nivea by larger conidia (9.0–10.0 × 1.5–2 vs. 6.5–7.3 × 1.3–
1.5, 7.4–8.8 × 1.5–1.6 µm), and the distinct central column
of conidia (Adams et al., 2006; Norphanphoun et al., 2017).
Furthermore, C. mali-spectabilis has multiloculate conidiomata
sharing a smaller single ostiole (60–84 vs. 70–150 µm) than
C. paratranslucens (Norphanphoun et al., 2017). Cytospora mali-
spectabilis has absent conceptacle, whereas C. nivea owned black
conceptacle surrounding the asexual stroma, usually presenting a
huge black ectostromatic disc on the bark surface (Adams et al.,
2005; Fan et al., 2014b).

Cytospora ochracea M. Pan & X.L. Fan, sp. nov. (Figure 7)
MycoBank MB 834849
Typification: China. Xinjiang Uygur Autonomous Region:

Bole Mongol Autonomous Prefecture, 44◦46′26.42′′N,
81◦11′19.28′′E, from branches of Cotoneaster sp., 20 July
2017, C.M. Tian & X.L. Fan (holotype CF 20197684), ex-type
living culture CFCC 53164.
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FIGURE 7 | Morphology of Cytospora ochracea from Cotoneaster sp. (CF 20197684). (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 for 2 weeks. Bars: (B–D) = 500 µm;
(E,F) = 10 µm.

Etymology: Named after the distinctive ochreous culture color.
Descriptions: Symptoms appeared as elongate, circular to

ovoid, raised, dehiscent lesions surrounded by a black circle on
the twigs or branches, with slightly discolored bark above the
infected cambium. Sometimes lesions may split along the canker
margin. Asexual morph: Conidiomata pycnidial, immersed in
bark, erumpent through the surface of bark when mature,
erumpent, discoid to conical, 1,150–1,325 µm (x̄ = 1,230 µm,
n = 30) in diam. Conceptacle dark. Ectostromatic disc dark
brown, circular to ovoid, disc gray white to dark brown, 630–
850 µm (x̄ = 740 µm, n = 30) in diam. Ostiole conspicuous,
circular, dark-brown to black, 180–260 µm (x̄ = 235 µm,
n = 30) in diam. Locules numerous, subdivided frequently
by invaginations, irregular arrangement with individual walls.
Conidiophores hyaline, unbranched at base or occasionally
branched. Conidiogenous cells enteroblastic, phialidic, sub-
cylindrical to cylindrical. Conidia hyaline, eguttulate, smooth-
walled, elongate-allantoid, aseptate, (7.5–)8.5–9.0(–10.0) × 1.5–
2.5 µm (x̄ = 8.8× 1.9 µm, n = 50). Sexual morph: not observed.

Culture characteristics: Cultures on PDA are initially
white, growing up to 5.5 cm after 3 days, becoming ochreous

in center after 7 days, deepened in later stage gradually.
Colonies are tight, thin with a uniform texture, lacking
aerial mycelium. Conidiomata are randomly distributed
on medium surface.

Habitat and distribution: Known only on Cotoneaster sp. from
the type locality.

Notes: Cytospora ochracea is associated with canker disease of
Cotoneaster sp. In the phylogenetic analyses, C. ochracea clusters
with C. japonica and C. sorbina with high bootstrap support
(MP/ML/BI = 98/100/1). However, it can be distinguished from
C. japonica and C. sorbina by larger conidia (8.5–9.0 × 1.5–
2.5 vs. 6.5–8.5 × 1.5–2, 4.5–5.5 × 1–1.5 µm) (Fan et al., 2020).
Furthermore, C. ochracea has multiloculate conidiomata with
individual walls, whereas C. sorbina owned locules with the
common walls. Also C. ochracea differs from C. japonica in
culture characteristics of its color and growth rate.

Cytospora olivacea M. Pan & X.L. Fan, sp. nov. (Figure 8)
MycoBank MB 834850
Typification: China. Xinjiang Uygur Autonomous Region:

Bole Mongol Autonomous Prefecture, 44◦46′10.79′′N,
81◦13′56.60′′E, from branches of Sorbus tianschanica, 20

Frontiers in Plant Science | www.frontiersin.org 9 July 2020 | Volume 11 | Article 69013

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00690 July 2, 2020 Time: 16:20 # 10

Pan et al. Cytospora Species Isolated From Rosaceae

FIGURE 8 | Morphology of Cytospora olivacea from Sorbus tianschanica (CF 20197670). (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 for 2 weeks. Bars: (B–D) = 500 µm;
(E) = 10 µm; (F) = 5 µm.

July 2017, C.M. Tian & X.L. Fan (holotype CF 20197670),
ex-type living culture CFCC 53176.

Etymology: Named after the distinctive
olivaceous culture color.

Descriptions: Symptoms appeared as circular to ovoid, raised,
dehiscent lesions on the twigs or branches, with slightly
discolored bark above the infected cambium. Asexual morph:
Conidiomata pycnidial, immersed in bark, erumpent through
the surface of bark when mature, erumpent, flask shaped to
conical, with multiple locules, 1,285–1,535 µm (x̄ = 1,415 µm,
n = 30) in diam. Conceptacle dark. Ectostromatic disc yellow to
light brown, circular to ovoid, disc dark brown, 1,050–1,450 µm
(x̄ = 1,250 µm, n = 30) in diam. Ostiole conspicuous, circular,
gray to brown at the same level as the disc surface, 330–465 µm
(x̄ = 400 µm, n = 30) in diam. Locules numerous, irregular
arrangement with independent walls. Conidiophores hyaline,
unbranched at base or occasionally branched. Conidiogenous
cells enteroblastic, phialidic, sub-cylindrical to cylindrical.
Conidia hyaline, smooth-walled, elongate-allantoid, unicellular,

4.0–5.0(–5.5) × 1–1.5 µm (x̄ = 4.4 × 1.3 µm, n = 50). Sexual
morph: not observed.

Culture characteristics: Cultures on PDA are initially white
and become olivaceous buff, growing fast and entirely covering
the 9-cm Petri dish after 3 days, becoming olivaceous gray
and slight helical after 30 days. The colonies are flat and with
a uniform texture. Conidiomata are randomly distributed on
medium surface, extruding a pale white conidial mass.

Habitat and distribution: Known on Cotoneaster sp. and
Prunus spp. from the type locality and an additional locality in
Xinjiang Uygur Autonomous Region.

Additional materials examined: China. Xinjiang Uygur
Autonomous Region: Ili Kazak Autonomous Prefecture,
45◦54′18.17′′N, 83◦20′45.35′′E, from branches of Prunus
dulcis, 15 July 2017, C.M. Tian & X.L. Fan (CF 20197556),
living culture CFCC 53175; Bole Mongol Autonomous
Prefecture, 44◦46′13.44′′N, 81◦13′58.72′′E, from branches
of Prunus virginiana, 18 July 2017, C.M. Tian & X.L. Fan
(CF 20197601), living culture CFCC 53177; Bole Mongol
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FIGURE 9 | Morphology of Cytospora parasitica from Malus pumila (CF 20197714). (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 for 2 weeks. Bars: (B–D) = 500 µm;
(E) = 10 µm; (F) = 5 µm.

Autonomous Prefecture, 44◦46′13.78′′N, 81◦13′57.78′′E, from
branches of Prunus cerasifera, 20 July 2017, C.M. Tian & X.L. Fan
(CF 20197652), living culture CFCC 53174.

Notes: Cytospora olivacea is associated with canker disease
of Prunus spp. in China. It has multiple locules with black
conceptacle, which is commonly discovered in Cytospora spp.,
while the molecular phylogenies show a clearly different position
from all other strains included in this study. Therefore, we
describe this species as novel based on morphology and
combined sequence data of six genes.

Cytospora parasitica Norph. et al., Fung. Diversity 75: 146,
2015. (Figure 9)

Descriptions: Symptoms appeared as circular, dark brown or
dark, slightly sunken, dehiscent lesions with a light brown area at
the center on the twigs or branches, with discolored bark above
the infected cambium. Asexual morph: Conidiomata pycnidial,
immersed in bark, erumpent through the surface of bark when
mature, erumpent, flask-shaped to conical, with multiple locules,
1,190–1,650 µm (x̄ = 1,420 µm, n = 30) in diam. Conceptacle

absent. Ectostromatic disc dark brown, circular to ovoid, disc
gray to black, 1,190–1,480 µm (x̄ = 1,310 µm, n = 30) in
diam. Ostiole conspicuous, circular, dark brown to black, 160–
210 µm (x̄ = 185 µm, n = 30) in diam. Locules complex
multi-loculed irregular arrangement subdivided frequently by
invaginations, sharing common walls. Conidiophores hyaline,
unbranched at base or occasionally branched. Conidiogenous
cells enteroblastic, phialidic, sub-cylindrical to cylindrical.
Conidia hyaline, smooth-walled, elongate-allantoid, aseptate,
(5.0–)5.5–6.0(–6.5)× 1–2 µm (x̄ = 5.7× 1.5 µm, n = 50). Sexual
morph: not observed.

Culture characteristics: Cultures on PDA are initially white,
growing up to 8.5 cm after 3 days and entirely covering the
9-cm Petri dish after 7 days, becoming buff but white mostly.
The colonies are flat with a uniform texture, becoming effuse on
the surface, without aerial mycelium, conidiomata are randomly
distributed on medium surface.

Habitat and distribution: Known from only Malus sp. in
China and Russia.
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FIGURE 10 | Morphology of Cytospora pruni-mume from Prunus mume (CF 20197515). (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 for 2 weeks. Bars: (B–D) = 500 µm;
(E) = 10 µm; (F) = 5 µm.

Materials examined: China. Xinjiang Uygur Autonomous
Region: Ili Kazak Autonomous Prefecture, 44◦16′0.36′′N,
80◦24′55.53′′E, from branches of Malus pumila, 22 July 2017,
C.M. Tian & X.L. Fan (CF 20197714), living culture CFCC
53172; Ili Kazak Autonomous Prefecture, 45◦56′49.20′′N,
82◦40′09.56′′E, from branches of Malus pumila, 15 July 2017,
C.M. Tian & X.L. Fan (CF 20197528), living culture CFCC 53171.

Notes: Cytospora parasitica was introduced by Ariyawansa
et al. (2015) relating to canker disease of Malus pumila.
Morphologically, our isolates are similar to C. parasitica in having
multi-loculate pycnidial conidiomata, producing black area on
bark, having smooth-walled, elongate-allantoid, aseptate conidia,
whereas the size of our conidia differs from those isolates (5.5–
6.0× 1–2 vs. 6.5–8.0× 1.3–1.5 µm) (Ariyawansa et al., 2015). Ma
et al. (2018) reported this species from the same host plant Malus
pumila in Xinjiang of China, which is similar with C. parasitica in
the current study.

Cytospora pruni-mume M. Pan & X.L. Fan, sp. nov.
(Figure 10)

MycoBank MB 834851
Typification: China. Xinjiang Uygur Autonomous Region: Ili

Kazak Autonomous Prefecture, 46◦20′55.51′′N, 83◦53′55.96′′E,
from branches of Prunus mume, 14 July 2017, C.M. Tian & X.L.
Fan (holotype CF 20197515), ex-type living culture CFCC 53180.

Etymology: Named after the host genus on which it was
collected, Prunus mume.

Descriptions: Symptoms appeared as circular, raised, dehiscent
lesions on the twigs or branches, with slightly discolored bark
above the infected cambium. Asexual morph: Conidiomata
pycnidial, immersed in bark, erumpent through the surface of
bark when mature, erumpent, discoid, with multiple locules, 870–
1,050 µm (x̄ = 920 µm, n = 30) in diam. Conceptacle absent.
Ectostromatic disc brown to dark brown, nearly hemispherical,
disc dark brown to black, 510–780 µm (x̄ = 630 µm, n = 30) in
diam. Ostiole inconspicuous, circular to ovoid, gray to black at
the same level as the disc surface. Locule multiple and complex,
irregular distribution, subdivided by invaginations with common
walls. Conidiophores hyaline, branched at base or occasionally
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not branched. Conidiogenous cells enteroblastic, phialidic, sub-
cylindrical to cylindrical. Conidia hyaline, eguttulate, aseptate,
smooth-walled, elongate-allantoid, (5.0–)5.5–6.5(–7.0) × 1.5–
2 µm (x̄ = 5.8× 1.7 µm, n = 50). Sexual morph: not observed.

Culture characteristics: Cultures on PDA are initially white,
growing fast and entirely covering the 9-cm Petri dish after
3 days, becoming pale yellow after 7 days. The colonies are flat
with a uniform texture, conidiomata were randomly distributed
on medium surface.

Habitat and distribution: Known on Prunus mume and Prunus
armeniaca from the type locality.

Additional material examined: China. Xinjiang Uygur
Autonomous Region: Ili Kazak Autonomous Prefecture,
46◦20′54.76′′N, 83◦53′58.14′′E, from branches of Prunus
armeniaca, 14 July 2017, C.M. Tian & X.L. Fan (CF 20197512),
living culture CFCC 53179.

Notes: Cytospora pruni-mume is associated with canker disease
of Prunus mume. The molecular phylogenies show a position
clearly distinct from all other strains included in this study
(Figure 3). Therefore, we describe this species as a new species.

Cytospora rosicola M. Pan & X.L. Fan, sp. nov. (Figure 11)
MycoBank MB 834853
Typification: China. The Tibet Autonomous Region:

Nyingchi City, Nyingchi County, Nishi Village, 29◦45′38.17′′N,
94◦16′16.71′′E, from branches of Rosa sp., 23 July 2016, C.M.
Tian & X.L. Fan (holotype CF 20197024).

Etymology: Named after the host genus on which it was
collected, Rosa sp.

Descriptions: Symptoms appeared as circular to ovoid, gray
or dark brown, raised, dehiscent lesions on the twigs or
branches, with discolored bark above the infected cambium.
Sometimes lesions may split along the canker margin. Asexual
morph: Conidiomata pycnidial, immersed in bark, erumpent
through the surface of bark when mature, solitary, scattered,
breaking through the outer branch. Locules multiple, circular
to ovoid, arranged vesicularly with common walls, 620–
710 µm (x̄ = 660 µm, n = 30) in diam. Conceptacle
conspicuous. Ectostromatic disc brown to black, circular,
disc dark brown, 380–660 µm (x̄ = 520 µm, n = 30) in
diam. Ostiole conspicuous, circular to ovoid, dark brown to
black at the same level as the disc surface, 280–350 µm
(x̄ = 290 µm, n = 30) in diam. Conidiophores hyaline,
branched at base or occasionally not branched. Conidiogenous
cells enteroblastic, phialidic, sub-cylindrical to cylindrical.
Conidia hyaline, allantoid, eguttulate, aseptate, thin-walled,
(4.0–)4.5–5.0(–5.5)× 1–2 µm (x̄ = 4.8× 1.6 µm, n = 50). Sexual
morph: not observed.

Habitat and distribution: Known only on Rosa sp. from
the type locality.

Notes: Cytospora species associated with Rosa sp. were
reported in previous studies such as C. cincta and C. sacculus
(Zambettakis and Dzagania, 1986; Fotouhifar et al., 2010). In this
study, Cytospora rosicola was also associated with canker disease
of Rosa sp. in Tibet. Cytospora rosicola can be distinguished from
C. cincta by having smaller and wider conidia (4.5–5.0 × 1–2
vs. 4.5–6.7 × 0.9–1.2), the conspicuous conceptacle, and flask-
shaped conidiomata (Mehrabi et al., 2011). Furthermore, this

species differs from C. xinjiangensis by conidia size (4.5–5.0× 1–
2 vs. 4.0–4.5 × 1–1.5 µm). Phylogenetically, we treat this species
as new, which formed a separate branch. This species needs to be
re-collected from Rosa sp. in Tibet of China, as presently no living
culture is available.

Cytospora sorbina M. Pan & X.L. Fan, sp. nov. (Figure 12)
MycoBank MB 834854
Typification: China. Xinjiang Uygur Autonomous Region:

Bole Mongol Autonomous Prefecture, 44◦46′13.44′′N,
81◦13′58.72′′E, from branches of Sorbus tianschanica, 20
July 2017, C.M. Tian & X.L. Fan (holotype CF 20197660).

Etymology: Named after the host genus on which it was
collected, Sorbus tianschanica.

Descriptions: Symptoms appeared as elongate and ovoid,
orange or dark brown, raised, dehiscent lesions on the
twigs or branches, with slightly discolored bark above the
infected cambium. Asexual morph: Conidiomata pycnidial,
immersed in bark, erumpent through the surface of bark
when mature, erumpent, discoid to conical, with multiple
locules, 740–1,120 µm (x̄ = 910 µm, n = 30) in diam.
Conceptacle dark. Ectostromatic disc yellow to orange, circular
to ovoid, disc gray white to dark brown, 610–1,050 µm
(x̄ = 940 µm, n = 30) in diam. Ostiole conspicuous,
circular, dark brown to black, 125–280 µm (x̄ = 170 µm,
n = 30) in diam. Locules numerous, irregular arrangement
with common walls. Conidiophores hyaline, unbranched at base
or occasionally branched. Conidiogenous cells enteroblastic,
phialidic, sub-cylindrical to cylindrical. Conidia hyaline, smooth-
walled, elongate-allantoid, aseptate, (4.0–)4.5–5.5 × 1–1.5 µm
(x̄ = 5.0× 1.3 µm, n = 50). Sexual morph: not observed.

Habitat and distribution: Known only on Sorbus tianschanica
from the type locality.

Notes: Cytospora species associated with Sorbus sp. were
reported in previous studies such as C. ampolliformis,
C. leucostoma, C. populinopsis, C. sorbi, and C. sorbicola
(Norphanphoun et al., 2017; Fan et al., 2020). In this study,
C. sorbina and C. olivacea are also reported from Sorbus
sp. Morphologically, C. sorbina can be distinguished from
C. olivacea by the common walls of its locules, as well as the
larger conidia (4.5–5.5 × 1–1.5 vs. 4.0–5.0 × 1–1.5 µm). Based
on phylogenetic analyses, this species forms separate lineages
within the genus Cytospora and sister clade to C. ochreae and
C. japonica (Supplementary Figure S1 and Figure 3).

Cytospora tibetensis M. Pan & X.L. Fan, sp. nov. (Figure 13)
MycoBank MB 834855
Typification: China. The Tibet Autonomous Region: Nyingchi

City, Chayu County, Pineapple Village, 28◦56′47.57′′N,
97◦25′31.93′′E, from branches of Cotoneaster sp., 30 July
2016, C.M. Tian & X.L. Fan (holotype CF 20197032).

Etymology: Named after the geographical origin of the
type strain, Tibet.

Descriptions: Symptoms appeared as circular and ovoid, dark
brown or dark, raised, dehiscent lesions on the twigs or branches.
Asexual morph: Conidiomata pycnidial, immersed in bark,
erumpent through the surface of bark when mature, erumpent,
discoid to conical, 585–650 µm (x̄ = 610 µm, n = 30) in diam.
Conceptacle conspicuous. Ectostromatic disc dark brown to gray,
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FIGURE 11 | Morphology of Cytospora rosicola from Rosa sp. (CF 20197024). (A,B) Habit of conidiomata on twig. (C) Transverse section of conidioma.
(D) Longitudinal section through conidioma. (E) Conidiophores and conidiogenous cells. (F) Conidia. Bars: (B–D) = 500 µm; (E) = 10 µm; (F) = 5 µm.

circular to ovoid, disc yellow to brown, 270–320 µm (x̄ = 300 µm,
n = 30) in diam. Ostiole conspicuous, one ostiole per disc, circular
to ovoid, dark brown at the same level as the disc surface, 90–
120 µm (x̄ = 105 µm, n = 30) in diam. Locule undivided, circular
to ovoid. Conidiophores hyaline, branched at base or occasionally
not branched. Conidiogenous cells enteroblastic, phialidic, sub-
cylindrical to cylindrical. Conidia hyaline, eguttulate, elongate-
allantoid, aseptate, 5.0–5.5(–6.0) × 1.5–2 µm (x̄ = 5.3 × 1.6 µm,
n = 50). Sexual morph: not observed.

Habitat and distribution: Known only on Cotoneaster sp. from
the type locality.

Additional materials examined: China. The Tibet
Autonomous Region: Nyingchi City, Chayu County, Pineapple
Village, 28◦57′12.91′′N, 97◦25′20.26′′E, from branches of
Cotoneaster sp., 30 July 2016, C.M. Tian & X.L. Fan (CF
20197026); Nyingchi City, Chayu County, Pineapple Village,
28◦56′47.46′′N, 97◦25′32.02′′E, from branches of Cotoneaster sp.,
30 July 2016, C.M. Tian & X.L. Fan (CF 20197029).

Notes: Cytospora tibetensis and C. cotoneastricola were
founded on Cotoneaster sp., with the character of black
conceptacle and single ostiole. However, C. tibetensis (5.0–
5.5× 1.5–2 µm) differs from C. cotoneastricola (13.0–14.0× 2.5–
3 µm) in having undivided locule with smaller conidia.

Phylogenetic analyses based of combined six sequences data
indicates that these species form two single lineages, separate
from each other with high bootstrap support (Supplementary
Figure S1 and Figure 3). Cytospora tibetensis is thus here
considered as a novel species. This species needs to be re-collected
from Cotoneaster sp. in Tibet of China, as presently no living
culture is available.

Cytospora xinjiangensis M. Pan & X.L. Fan, sp. nov.
(Figure 14)

MycoBank MB 834852
Typification: China. Xinjiang Uygur Autonomous Region: Ili

Kazak Autonomous Prefecture, 45◦98′54.00′′N, 82◦67′01.51′′E,
from branches of Rosa sp., 15 July 2017, C.M. Tian & X.L. Fan
(holotype CF 20197520), ex-type living culture CFCC 53183.

Etymology: Named after the geographical origin of the type
strain, Xinjiang.

Descriptions: Symptoms appeared as elongate or circular, dark,
slightly sunken, dehiscent lesions on the twigs or branches, with
discolored bark above the infected cambium. Asexual morph:
Conidiomata pycnidial, immersed in bark, erumpent through
the surface of bark when mature, erumpent, discoid, with large
multiple locules, 965–1,410 µm (x̄ = 1,145 µm, n = 30) in diam.
Conceptacle absent. Ectostromatic disc dark brown to black,
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FIGURE 12 | Morphology of Cytospora sorbina from Sorbus tianschanica (CF 20197660). (A,B) Habit of conidiomata on twig. (C) Transverse section of conidioma.
(D) Longitudinal section through conidioma. (E) Conidiophores and conidiogenous cells. (F,G) Conidia. Bars: (B–D) = 500 µm; (E) = 10 µm; (F,G) = 5 µm.

circular to ovoid, disc dark brown, 340–610 µm (x̄ = 480 µm,
n = 30) in diam. Ostiole unconspicuous, circular to ovoid, gray
to black at the same level as the disc surface. Locule multiple
and complex, subdivided by invaginations with common walls.
Conidiophores hyaline, branched at base or occasionally not
branched. Conidiogenous cells enteroblastic, phialidic, sub-
cylindrical to cylindrical. Conidia hyaline, eguttulate, elongate-
allantoid, aseptate, (3.5–)4.0–4.5(–5.0)× 1–1.5 (x̄ = 4.3× 1.3 µm,
n = 50). Sexual morph: not observed.

Culture characteristics: Cultures on PDA are initially white,
growing up to 7.5 cm after 3 days, becoming pale yellow after
14 days, while white are main. Colonies are flat with a uniform
texture and becoming helcoid after 30 days. Sterile.

Habitat and distribution: Known only on Rosa sp. from
the type locality and an additional locality in Xinjiang Uygur
Autonomous Region.

Additional material examined: China. Xinjiang Uygur
Autonomous Region: Bole Mongol Autonomous Prefecture,
44◦48′47.29′′N, 81◦06′22.07′′E, from branches of Rosa sp.,
20 July 2017, C.M. Tian & X.L. Fan (CF 20197643), living
culture CFCC 53182.

Notes: Cytospora xinjiangensis is associated with canker disease
of Rosa sp., which has the same host with C. leucostoma and
C. rosicola. Morphologically, C. xinjiangensis has unconspicuous
ostiole with small conidia (4.0–4.5 × 1–1.5 µm), compared to

the larger conidia of C. leucostoma (5.4–6.4 × 1.2–1.4 µm)
(Norphanphoun et al., 2017) and wider conidia of C. rosicola
(4.5–5.0 × 1–2 µm). The multigene phylogenetic analyses
supported this species as a new species with high support values
(MP/ML/BI = 100/99/1) (Figure 3).

OTHER SPECIES REPORTED FROM
CHINA

Cytospora ceratosperma (Tode) G.C. Adams & Rossman, IMA
Fungus, 6: 147, 2015.

Basionym: Sphaeria ceratosperma Tode, Fung. Mecklenb. Sel.
(Lüneburg)2: 53. 1791.

Synonyms: Sphaeria sacculus Schwein., Schr. Naturf. Ges.
Leipzig 1: 26. 1822.

Valsa ceratosperma (Tode) Maire, Publ. Inst.
Bot. 3(4): 20. 1937.

Cytospora sacculus (Schwein.) Gvrit., Mikol. Fitopatol. 3: 207.
1969.

Notes: Cytospora ceratosperma has been reported in China
from twigs and branches of Malus pumila and Pyrus sp. by
Wang et al. (2007), which is regarded as a distinct species with
multi-ostioles per disc, independent locule walls and grayish to
yellow-brown and brownish gray colonies (Adams et al., 2005).
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FIGURE 13 | Morphology of Cytospora tibetensis from Cotoneaster sp. (CF 20197032). (A,B) Habit of conidiomata on twig. (C) Transverse section of conidioma.
(D) Longitudinal section through conidioma. (E) Conidiophores and conidiogenous cells. (F) Conidia. Bars: (B–D) = 500 µm; (E) = 10 µm; (F) = 5 µm.

Cytospora japonica (Miyabe & Hemmi) X.L. Fan, Persoonia,
45: 1–45, 2020.

Basionym: Valsa japonica Miyabe & Hemmi, J. Coll. Agric.,
Imp. Univ. Sapporo 7(4): 296, 1917.

Notes: Cytospora japonica has been reported in China from
twigs and branches of Prunus cerasifera by Fan et al. (2020). This
species was introduced as a common pathogen in Rosaceae host
(Tai, 1979). It is characterized by discoid to conoid conidiomata
with hyaline, allantoid, aseptate conidia (6.5–8.5 × 1.5–2 µm) as
well as numerous locules, which arranged circularly or irregularly
with common walls (Fan et al., 2020).

Cytospora leucosperma (Pers.) Fr., Syst. Mycol. 2: 543, 1823.
Basionym: Naemaspora leucosperma Pers., Observ.

Mycol. 1: 81, 1796.

Synonyms: Sphaeria ambiens Pers., Syn. Meth.
Fung. 1: 44, 1801.

Valsa ambiens (Pers.) Fr., Summa Veg. Scand., Sectio Post.
(Stockholm): 412, 1849.

Cytospora ambiens Sacc., Michelia 1(5): 519, 1879.
Notes: Cytospora leucosperma was chiefly isolated

and recorded from Pyrus spp. in China (Teng, 1963;
Tai, 1979; Zhuang, 2005). Infected branches collected
from Tilia were regarded as the neotype (Urban,
1957; Spielman, 1985), but no living culture and DNA
sequence data are available at present. C. leucosperma
is similar to C. mali from Malus spp., leading to
confusion in both morphology and molecular data
(Wang et al., 2011).
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FIGURE 14 | Morphology of Cytospora xinjiangensis from Rosa sp. (CF 20197520). (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 for 2 weeks. Bars: (B–D) = 500 µm;
(E) = 10 µm; (F) = 5 µm.

Cytospora mali Grove, British Stem- and Leaf-Fungi
(Coelomycetes) (Cambridge) 1: 279, 1935.

Synonyms: Valsa mali Miyabe & G. Yamada, M. Miura Agr.
Exp. Stn Bull. 4: 17, 1915.

Notes: Cytospora mali was chiefly isolated and discovered
from apple (Teng, 1963; Tai, 1979; Wei, 1979; Zhuang, 2005;
Wang et al., 2011). It has a similar morphology and close
position in phylogeny with C. leucosperma (Fan et al., 2020).
Cytospora mali can be distinguished from C. leucosperma by
smaller conidiophores (7.5–15 × 1.5 vs. 17–25 × 2–2.5 µm).
Furthermore, C. leucosperma is mostly isolated from Pyrus spp.
(Fan et al., 2020).

Cytospora populinopsis X.L. Fan & C.M. Tian, Persoonia,
45: 1–45, 2020.

Notes: Cytospora populinopsis was described by Fan et al.
(2020) associated with canker disease of Prunus salicina and
Sorbus aucuparia in China. It is characterized by having asci with
four ascospores, which was similar with C. populina regarded
as the pathogen for poplar canker (Fan et al., 2015b). Cytospora
populinopsis differs from C. populina based on larger ascospores
(13–21× 2.5–5 vs. 12–13× 3–4 µm) (Fan et al., 2015b, 2020).

Cytospora rhodophila Sacc., Syll. Fung. (Abellini) 3: 253, 1884.
Notes: Cytospora rhodophila was recorded from Rosa sp. in

China (Teng, 1963; Zhuang, 2005).
Cytospora schulzeri Sacc. & P. Syd., Syll. Fung. (Abellini)

14(2): 918, 1899.

Synonyms: Cytospora capitata Schulzer & Sacc., Hedwigia
23: 109, 1884, non.

Cytospora capitata Fuckel, Reisen nach dem
Nordpolarmeer 2: 34, 1874.

Valsa malicola Z. Urb., Èeská Mykol. 10: 209, 1956.
Notes: Cytospora schulzeri infected apple trees in China (Teng,

1963; Tai, 1979; Wei, 1979; Zhuang, 2005; Wang et al., 2011).
This species differs from C. mali, which was also chiefly isolated
and discovered from apple by having numerous ostioles and
larger conidia (4.5–6.5 × 1–1.5 vs. 4–5 × 1 µm). In addition,
C. schulzeri is distinguished from C. parasitica which is a common
species associated with apple by its smaller conidia (4.5–6.5× 1–
1.5 vs. 6.5–8.0× 1.3–1.5 µm) (Ariyawansa et al., 2015).

Cytospora sibiraeae C.M. Tian et al., Fungal
Diversity, 72: 44, 2015.

Notes: Cytospora sibiraeae is regarded as the pathogen
responsible for the canker disease of Sibiraea angustata in China,
which was reported by Liu et al. (2015). Pathogenic fungi in
Sibiraea sp. are rarely reported.

Cytospora spiraeae Fan, Phytotaxa, 338: 57, 2018.
Notes: Cytospora spiraeae was isolated from infected branches

or twigs of Spiraea salicifolia. This species is similar with
C. schulzeri, which has numerous ostioles and locules with
common walls, but it can be distinguished by having smaller
locules with a cenetr column compared with C. schulzeri (950–
1,100 vs. 1,400–1,500 µm) (Zhu et al., 2018).
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Cytospora tamaricicola X.L. Fan & C.M. Tian, Persoonia,
45: 1–45, 2020.

Notes: Cytospora tamaricicola was described by Fan et al.
(2020) associated with canker disease of Rosa multiflora and
Tamarix chinensis in China. It is characterized by flask shaped
to spherical perithecia with biseriate, elongate-allantoid, hyaline,
aseptate ascospores (9–11.5 × 2–2.5 µm), pycnidia with
multiple locules and thin-walled conidia (5.5–6 × 1–1.5 µm)
(Fan et al., 2020).

Key to Cytospora Species on Prunus spp. in China.

1 Asexual morph present..............................................................2
1 Asexual morph absent....................................... C. populinopsis

2 Pycnidium without conceptacle............................................... 3
2 Pycnidium with conceptacle..................................................... 4

3 Locules with the common walls.......................C. pruni-mume
3 Locules with the independent walls......................................... 5

4 Locules with the common walls...............................C. japonica
4 Locules with the independent walls......................................... 6

5 Size of conidia less than 6 µm..........................C. cinnamomea
5 Size of conidia more than 6 µm.............................C. erumpens

6 Sexual morph absent................................................. C. olivacea
6 Sexual morph present.......................................... C. leucostoma

Key to Cytospora species on Malus spp. in China

1 Sexual morph absent.................................................................. 2
1 Sexual and asexual morph present...........................................3

2 Size of conidia less than 7 µm...............................C. parasitica
2 Size of conidia more than 7 µm..................C. mali-spectabilis

3 Pycnidial stromata with single ostiole..................................... 4
3 Pycnidial stromata with numerous ostioles..........C. schulzeri

4 Locules with the common walls.....................................C. mali
4 Locules with the independent walls.................C. ceratosperma

DISCUSSION

In this study, we accepted 23 species of Cytospora from infected
plants of Rosaceae in China, including 10 new species (Cytospora
cinnamomea, C. cotoneastricola, C. ochracea, C. olivacea,
C. pruni-mume, C. rosicola, C. mali-spectabilis, C. sorbina,
C. tibetensis, and C. xinjiangensis), and 13 known taxa (Cytospora
ceratosperma, C. erumpens, C. japonica, C. leucosperma,
C. leucostoma, C. mali, C. parasitica, C. populinopsis,
C. rhodophila, C. schulzeri, C. sibiraeae, C. spiraeae, and
C. tamaricicola). The current study revealed the attempt to
clarify the taxonomy of Cytospora species and extensive host
distribution of Rosaceae in China.

The plants of Rosaceae are important ecological and economic
tree species in China. However, the current study indicates
that the incidence of Cytospora species is serious and have
different symptoms in various hosts, including 20 host species
of nine genera in Rosaceae, i.e., Cotoneaster, Crataegus, Malus,
Prunus, Pyrus, Rosa, Sibiraea, Sorbus, and Spiraea. The result
coincides with previous reports that widely extended Cytospora
species have been identified to occur in many host species
(Adams et al., 2005; Fan et al., 2014a, 2015a,b; Ariyawansa
et al., 2015; Liu et al., 2015; Maharachchikumbura et al., 2015,
2016; Hyde et al., 2016; Li et al., 2016) in the current study.
Six Cytospora species recovered from diverse Prunus species in
California was reported by Lawrence et al. (2018), which are
Cytospora amygdali, C. californica, C. eucalypti, C. longispora,
C. plurivora, and C. sorbicola. The current results also supplement
seven different Cytospora species afflicted Prunus host plants in
China. The comparison shows that the species occurrence may
be related by geographical and environmental factors, rather
than the taxa actually being host specific. Cytospora species
and accumulation of DNA dataset are required to expand our
understanding of their host range and distribution. Furthermore,
Cytospora cotoneastricola, C. ochracea, and C. tibetensis were all
collected from Cotoneaster sp., which indicates that the same
host could be infected by more than one species. Stevens (1919)
summarized the symptoms and species of Rosaceae infected
by Cytospora, whereas these reports lacked molecular data.
Only a few relative taxonomic studies of Cytospora canker or
dieback disease from the plants of Rosaceae were reported,
such as Cytospora chrysosperma, C. cincta, C. leucostoma, and
C. schulzeri (Mehrabi et al., 2011). Moreover, the host specificity
and pathogenicity of many Cytospora species are poorly known.
In the current study, Cytospora leucostoma is a common
species associated with stem canker diseases of woody plants
of Rosaceae, mainly Prunoideae host plants, and C. mali, C.
parastica, and C. schulzeri are the common species collected
from apple trees.

In China, Cytospora species from cankered apple and pear
bark were examined and compared with morphology and ITS
sequence data (Wang et al., 2007, 2011). The species identity
of the pathogen of Valsa (now Cytospora) canker on pear tree
was determined through a combined study of ITS sequence
data and cultural characteristics of isolates from apple trees
and pear trees in China (Zhang et al., 2007). Ma et al. (2018)
clarified and illustrated C. parasitica from the Malus sp. using
the ITS, LSU, and tef1-α regions. Fan et al. (2020) summarized
52 species of Cytospora and recommended the dataset of ITS,
LSU act, rpb2, tef1-α, and tub2 gene regions. At present,
China is a hot place to study these taxa as many species of
Cytospora are isolated from important hosts such as Rosaceae.
Thus, further studies are required to discover the species of
Cytospora in China.
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Generation and Characterization of a
Virulent Leptosphaeria maculans
Isolate Carrying a Mutated AvrLm7
Gene Using the CRISPR/Cas9
System
Zhongwei Zou†, Fei Liu, Carrie Selin and W. G. Dilantha Fernando*
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Blackleg, caused by the fungal pathogen Leptosphaeria maculans, is the most
important disease affecting canola (Brassica napus) crops worldwide. We employed the
clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated
(Cas) system to generate the mutant isolate umavr7 from a point mutation of the
AvrLm7 coding region in a L. maculans isolate (UMAvr7). Reverse transcription PCR
and transcriptome data confirmed that the AvrLm7 gene was knocked out in the
mutant isolate. Pathogenicity tests indicated that umavr7 can cause large lesions on
a set of Brassica differential genotypes that express different resistance (R) genes.
Comparative pathogenicity tests between UMAvr7 (wild type) and umavr7 on the
corresponding B. napus genotype 01-23-2-1 (with Rlm7) showed that umavr7 is a
mutant isolate, producing large gray/green lesions on cotyledons. The pathogenicity of
the mutant isolate was shifted from avirulent to virulent on the B. napus Rlm7 genotype.
Therefore, this mutant is virulence on the identified resistant genes to blackleg disease
in B. napus genotypes. Superoxide accumulated differently in cotyledons in response to
infection with UMAvr7 and umavr7, especially in resistant B. napus genotype 01-23-2-1.
Resistance/susceptibility was further evaluated on 123 B. napus genotypes with the
mutant isolate, umavr7. Only 6 of the 123 genotypes showed resistance to umavr7. The
identification of these six resistant B. napus genotypes will lead to further studies on the
development of blackleg disease resistance through breeding and the identification of
novel R genes.

Keywords: Leptosphaeria maculans, canola, gene editing, breeding for disease resistance, Rlm7, AvrLm7,
CRISPR/Cas9, Brassica napus

INTRODUCTION

Blackleg, caused by the fungal pathogen Leptosphaeria maculans, is the most important disease
affecting canola (Brassica napus) crops worldwide (Fitt et al., 2006). Since the 1990’s, blackleg has
been identified as a major disease in Canadian canola and has resulted in significant yield losses
(Gugel and Petrie, 1992). Blackleg disease severity and the extent of canola yield loss vary with
geographic distribution, climate, cultivar and crop rotation. In the last four decades, blackleg has
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been mainly controlled by the use of resistant cultivars and
crop rotation (Fernando et al., 2016). However, L. maculans is
considered a highly virulent and globally invasive species (Fitt
et al., 2006; Zhang and Fernando, 2018). Previous studies have
indicated that a gene-for-gene relationship exists between each R
gene in canola and its corresponding avirulence gene (Avr) in the
L. maculans isolate (Ansan-Melayah et al., 1998; Balesdent et al.,
2002). R gene-mediated resistance, based on this relationship,
is used so frequently that many blackleg disease management
strategies have been developed, and cultivars have been bred for
resistance to the fungal populations that harbor the majority of
the corresponding avirulence alleles (Daverdin et al., 2012).

To date, a total of 16 Avr genes have been identified
in L. maculans, including AvrLm1-11, AvrLepR1-LepR3, and
AvrLmS (Gout et al., 2006; Hayward et al., 2012; Van de
Wouw et al., 2014; Ghanbarnia et al., 2015; Plissonneau et al.,
2016). Among these, nine avirulence genes have been cloned:
AvrLm1 (Gout et al., 2006), AvrLm3 (Plissonneau et al., 2016),
AvrLm6 (Fudal et al., 2007), AvrLm5(J1) (Van de Wouw et al.,
2014), AvrLm2 (Ghanbarnia et al., 2015), AvrLm4-7 (Parlange
et al., 2009), AvrLm11 (Balesdent et al., 2013), AvrLm9 (co-
segregating withAvrLm5) (Ghanbarnia et al., 2018), andAvrLm10
(Petit-Houdenot et al., 2019). A recent study indicated that
AvrLmJ1 maps to the same position as AvrLm5; isolates carrying
the AvrLmJ1 locus confer avirulence toward Brassica juncea
genotypes with the Rlm5 gene, demonstrating that AvrLmJ1
is AvrLm5 (Plissonneau et al., 2018). Correspondingly, various
major resistance genes in Brassica species have been identified,
including Rlm1-11, LepR1-LepR4, RlmS, BLMR1, and BLMR2
(Chèvre et al., 1997; Rimmer, 2006; Van de Wouw et al., 2009;
Eber et al., 2011; Long et al., 2011). Among these, Rlm5 and
Rlm6 are found in Brassica juncea (AABB genome) (Chèvre et al.,
1997; Balesdent et al., 2002; Van de Wouw et al., 2014). One
resistance gene, within two alleles of LepR3/Rlm2, which interacts
with AvrLm1 and AvrLm2, respectively, has been cloned (Larkan
et al., 2013 and 2015).

In the past decade, the predominant tools employed to
achieve site-directed double strand breaks are ZFNs (zinc-finger
nucleases) and TALENS (transcription activator-like effector
nucleases), both of which have provided invaluable assistance in
targeted gene mutation in a diverse range of organisms. More
recently, the clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas (CRISPR-associated) protein system has
gained much attention and has been widely used for editing
the genomes of animals, plants and fungi. In comparison to
ZFNs and TALENS, CRISPR/Cas9 is easier to manipulate, as it
employs a RNA-guide nuclease, Cas9, to induce double-strand
breaks for mutation and can be recycled to edit different targets.
CRISPR/Cas9 has been used for targeted mutagenesis in various
plant species, including Arabidopsis (Jiang et al., 2013), Nicotiana
tabacum (Li et al., 2013), potato (Shan et al., 2013), rice (Xie
and Yang, 2013), tomato (Brooks et al., 2014), and soybean (Cai
et al., 2015). The CRISPR system has also been used extensively
in filamentous fungi to decode fungal pathogenesis (Deng et al.,
2017), and Takayuki et al. (2015) developed a modified tailor-
made CRISPR/Cas system to increase targeted gene replacement
efficiency in the rice blast fungus. Comparative analyses of

secreted proteins in plant pathogenic smut fungi and related
basidiomycetes have been conducted using the CRISPR/Cas9
toolkit for simultaneous disruption of multiple genes (Schuster
et al., 2018). Very recently, Idnurm et al. (2017) optimized
a CRISPR/Cas9 system to disrupt the hos1 gene, encoding a
predicted osmosensing histidine kinase, in different L. maculans
strains. The L. maculans strains with the mutated hos1 gene
showed reduced growth under high salt conditions but were still
able to cause lesions on canola plants.

From a 6-year blackleg disease survey, examining the dynamic
avirulence allele profiles of L. maculans isolates in Manitoba,
Canada, it was evident that the fungal populations carry a diverse
number of Avr genes. A total of 180 Avr gene races were identified
from 964 isolates, with three major races observed: AvrLm-2-4-
5-6-7, AvrLm2-4-5-6-7-S, and AvrLm-1-4-5-6-7-11-(S). Very few
isolates carried a single Avr gene conferring virulence to most
commercial canola cultivars (Fernando et al., 2018). However,
a L. maculans isolate (DS103) with few Avr genes, termed
UMAvr7, was identified and carried avrLm1-2-3-4-9-11-LepR1-
LepR2-S-AvrLm5-6-7, which is virulent on B. napus genotypes
with different resistance genes (except Rlm7). This isolate was
considered the ideal candidate, not only for elucidating the
role of Avr effectors in pathogenicity, but also with which to
examine the role of Avr-R interaction in the B. napus host
defense. For breeding programs, we were expecting an ideal
isolate that does not carry any of the identified Avr genes in
L. maculans, and therefore, can be adopted for new resistance
gene identification in Brassica genotypes. Brassica genotype
showing incompatible reaction to this isolate should have a
corresponding novel resistance R gene. AvrLm4-7 gene has been
cloned and determined by a single nucleotide mutation in coding
region, where codon358 shifted from “C” to “G” conferring
recognition to Rlm7 and Rlm4/7 in B. napus, respectively
(Parlange et al., 2009). To knock out AvrLm7 gene for resistance
screening in Brassica germplasm, we generated a deletion in
AvrLm7 by employing CRISPR/Cas9. To validate this gene
deletion, we analyzed the pathogenicity of both UMAvr7 (wild
type) and the umavr7 (CRISPR mutant) on the corresponding
B. napus cultivars 01-23-2-1 (with Rlm7) and Westar (no R gene),
along with sequencing. The main objective of this study is to
obtain a suitable isolate (mutant) altering the pathogenicity on
B. napus Rlm7 genotype. We also evaluated an additional 123
B. napus genotypes to putatively reveal any unknown R genes
screened by this isolate.

MATERIALS AND METHODS

Leptosphaeria maculans Isolate
Preparation, DNA Extraction and PCR
Assays
A L. maculans isolate (DS103) (hereafter named UMAvr7)
collected in a previous study, and carrying the AvrLm5-6-7
gene, was identified (Fernando et al., 2018). The isolate was
grown on V8 agar juice medium amended with 0.0035% (w/v)
streptomycin sulfate under continuous florescent light at room
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temperature for one week, before being subjected to a second
round of single-pycnidiospore isolation to obtain a pure culture.
The pycnidiospore and mycelia on the plate were flooded with
3 mL of sterile distilled water, collected and used for subsequent
inoculum preparation and DNA extraction.

Genomic DNA was extracted from a mixture of pycnidiospore
and mycelia suspensions of purified L. maculans isolates, using
the modified CTAB method, as described by Liban et al. (2016).
We used PCR to confirm the presence or absence of cloned
avirulence genes including AvrLm1 (Gout et al., 2006), AvrLm2
(Ghanbarnia et al., 2015), AvrLm4-7 (Parlange et al., 2009),
AvrLm5-9 (Van de Wouw et al., 2014; Ghanbarnia et al., 2018),
AvrLm6 (Fudal et al., 2007), AvrLm11 (Balesdent et al., 2013), and
AvrLm3 (Plissonneau et al., 2016). The primers used are listed in
Supplementary Table S1.

Phenotypic Characterization of the
AvrLm4-7 Allele in the UMAvr7
L. maculans Isolate
Avirulence gene profiles of L. maculans isolates were
determined by inoculating the isolates onto a set of Brassica
differentials harboring differently related resistance (R) genes
(Supplementary Table S2). Seeds of eleven Brassica differential
genotypes were each sown into 96-cell flats filled with ProMix BX
(Premier Tech, Rivière-du-Loup, Québec, Canada) and grown in
a controlled growth chamber at 16/21◦C (night/day) with a 16-h
daily photoperiod.

The concentration of harvested spores was adjusted to
2 × 107 spores/mL for the cotyledon inoculation test. Cotyledons

from each seedling (7 days old) were punctured on four lobes
and inoculated with a droplet of 10 µL inoculum, as previously
described by Zhang et al. (2016). A minimum of six plants
of each genotype were used for the inoculation test. Disease
symptoms in infected cotyledons were evaluated at 14 dpi (day
post-inoculation) using a rating scale of 0–9, based on lesion size,
necrosis/chlorosis and the presence of pycnidia (Williams and
Delwiche, 1979; Zhang et al., 2016).

Generation of Mutant Isolate umavr7
To generate the vector pKHT332, used to deliver the
CRISPR/Cas9 system into L. maculans, a fragment containing
Aspergillus nidulans tef1 promoter, Cas9 gene and Aspergillus
nidulans tef1 terminator was amplified from a pFC334 plasmid
(Nødvig et al., 2015) and then inserted into pKHT332 via In-
Fusion cloning (Clontech, Takara Bio, United States) (Figure 1).
The open reading frame of AvrLm4-7 was submitted to the
CRISPR Optional Target Finder1 to search sgRNA sequences.
We selected sgRNA showing at least five mismatched base
pairs with other non-targeted sequences as the candidate
sequence to BLAST against the L. maculans genome. We
generated sgAvrLm4-7:pKHT332 by inserting the AvrLm4-
7 sgRNA gene together with the gdpA promoter and trpC
terminator into pKHT332 (restriction enzyme cutting by PacI)
by integrating two PCR fragments amplified from plasmid
pFC334 via In-Fusion cloning (Takara Bio, Japan) (Figure 1),
as described by Nødvig et al. (2015). PfuTurbo Cx Hotstart
polymerase (Stratagen) was employed for amplification during

1http://tools.flycrispr.molbio.wisc.edu/targetFinder/

FIGURE 1 | Diagrammatic overview of the establishment of CRISPR/Cas9 mediate system in Leptosphaeria maculans AvrLm4-7 gene via in-fusion cloning strategy.
Briefly, a fragment containing Aspergillus nidulans tef1 promoter, Cas9 gene, and Aspergillus nidulans tef1 terminator was amplified from a pFC334 plasmid and then
inserted into pKHT332 via In-Fusion cloning. sgAvrLm4-7:pKHT332 by inserting the AvrLm4-7 sgRNA gene together with the gdpA promoter and trpC terminator
into pKHT332 (restriction enzyme cutting by PacI) by integrating two PCR fragments amplified from plasmid pFC334 via In-Fusion cloning.
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In-Fusion cloning. Sequences of primers used for the constructs
are shown in Supplementary Table S1. Agrobacterium-
mediated transformation of UMAvr7 was conducted, as
previously described by Gardiner and Howlett (2004). Briefly,
the Agrobacterium with binary vector were cultured from
a single colony and co-cultured with prepared L. maculans
(DS103) spore solution filtered through sterile Miracloth and
funnel. Then, the co-culture of Agrobacterium and L. maculans
was poured to 25 mL IM plates (induction media) with AS
(acetosyringone). After 48 h incubation at 22◦C in the dark,
the plates were overlaid with 25 mL 10% V8 medium with
100 µg/mL hygromycin. The plates were sealed and placed in a
growth cabinet with lights at 22◦C to enable L. mauclans mutant
growth for 5–10 days. The generated mutants were grown on
the V8 medium with hygromycin for positive colony selection.
A single pycnidiospore was selected, cultured, and used for the
following experiments.

CRISPR/Cas9 Efficiency and Off-Targets
Analysis
A total of 100 candidate isolates were generated and selected for
pathogenicity testing to validate the actual strains harboring a
potential deletion in AvrLm7. The cotyledon inoculation method
was performed as described above. The isolates were maintained
on V8 juice, and pycnidiospores were collected for genomic
DNA extraction. To confirm the sequence variation in targeted
sgRNA regions, candidate isolates were amplified and sequenced
with Seq4-7 F/R primers (Supplementary Table S1). Sequence
alignment was conducted by SeqMan in DNAstar2.

To analyze the potential off-targets of sgRNAAvrLm4-7-Cas9,
the sgRNA sequence was employed to search the L. maculans
genome database3. Sequence identity of at least 10 bp to sgRNA
was selected to identify potential off-targets. Primers were
designed for amplifying and sequencing the off-target regions
in both wild type (UMAvr7) and mutant (umavr7) isolates
(Supplementary Table S1).

Reverse Transcription PCR for
Expression Analysis of AvrLm7
The wild-type (UMAvr7) and mutant (umavr7) isolates were
inoculated on cotyledons of 7-day-old seedlings of B. napus
genotypes Westar (No R gene) and 01-23-2-1 (Rlm7 gene).
RNA was extracted from 100 mg of cotyledons sampled from
1 day and 11 days post inoculation using Plant RNA Reagent
(Invitrogen, Carlsbad, CA, United States). The first strand
cDNA was synthesized from one microgram of total RNA from
each sample using RevertAid First Strand cDNA Synthesis Kit
according to the manufacturer’s instructions (Thermo Scientific,
Waltham, MA, United States). Reverse transcription PCR (RT-
PCR) was performed with the primers designed from coding
region of AvrLm7 gene by 30 cycles of 94◦C for 30 s, 58◦C for
30 s, and 72◦C for 30 s. Three biological replicates were sampled
for RT-PCR analysis. B. napus actin gene was used as a control.

2https://www.dnastar.com/software/molecular-biology/
3https://genome.jgi.doe.gov/pages/blast-query.jsf?db=Lepmu1

Pathogenicity Evaluation of L. maculans
Isolates UMAvr7 and umavr7
To compare the disease severity of the wild-type isolate UMAvr7
and its mutant (umavr7) generated from the CRISPR/Cas9
system, both isolates were inoculated onto punctured cotyledons
of B. napus genotypes Westar and 01-23-2-1 seedlings 7 days after
seeding, as described above. Lesion sizes were quantified at 14 dpi
in Assess 2.0 (American Phytopathological Society, St. Paul, MN,
United States). A total of six plants with 24 lesions were quantified
and the experiments were repeated once. Analysis of variance
(ANOVA) were performed using SAS Version 9.4 (SAS Institute,
Inc., Cary, NC, United States).

In situ Histochemical Detection of
Hydrogen Peroxide
Hydrogen peroxide levels in the seedling cotyledons of B. napus
cultivars Westar and 01-23-2-1 inoculated with wild-type and
mutant isolates were detected via 3,3-diaminobenzidine (DAB)
staining. The staining solution was prepared by dissolving 50 mg
DAB in 50 mL sterile H2O (1 mg mL−1DAB solution), with the
pH adjusted to 3.0 with 0.2 M HCl. After immersion in the DAB
staining solution in the dark for 6 hours at room temperature,
the stained cotyledons were then cleared using bleaching solution
(ethanol: acetic acid: glycerol = 3: 1: 1). Hydrogen peroxide
(H2O2) oxidizes DAB in the presence of peroxidases and
produces a reddish brown precipitate (Daudi and O’Brien, 2012).

Broadening the Genetic Resources of
L. maculans Resistance in Brassica
napus by Inoculation With Mutant Isolate
umavr7
A collection of 123 B. napus genotypes, consisting of varieties
and advanced breeding lines, were selected for the pathogenicity
test using the umavr7 isolate under greenhouse conditions
(Fernando et al., 2018). These B. napus genotypes included winter
types and semi-winter types and were derived from the major
canola growing areas of China. All B. napus genotypes were
subjected to cotyledon inoculation tests with at least six plants of
each genotype. The inoculum preparation, inoculation methods,
rating, and resistance analysis used were described as above.

RESULTS

Genotype Confirmation of the
L. maculans UMAvr7 Isolate
A L. maculans isolate (DS103), termed UMAvr7, was originally
identified in a previous study during a canola disease survey
in Manitoba, Canada (Fernando et al., 2018). PCR analysis of
this isolate, applied to determine the Avr gene profile, indicated
that only the AvrLm5, AvrLm6, and AvrLm4-7 genes could be
positively amplified. Transcriptome analysis of inoculating this
isolate on susceptible and resistant B. napus genotypes by dual-
RNA sequencing also indicated that none of the AvrLm1, 2, 3, and
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11 genes were expressed, except AvrLm5, AvrLm6, and AvrLm4-
7 genes (unpublished transcriptome data). Taken together,
UMAvr7 is lacking most known avirulence genes that interact
with the resistance genes from B. napus and was considered an
ideal candidate for creating a more virulent L. maculans strain.

To confirm the PCR genotyping, UMAvr7 was inoculated on
a set of Brassica differentials carrying the resistance genes Rlm1,
2, 3, 4, 6, 7, 9, and LepR1, R2, R3 to profile the avirulence genes.
The results revealed that UMAvr7 caused disease symptoms on
all tested Brassica differentials with the exception of the B. napus
genotype 01-23-2-1 (Rlm7) and B. juncea genotype Forge (Rlm6)
(Supplementary Figure S1). The disease rating scores ranged
between 7 and 9 for the cotyledons of the differentials that
displayed a susceptible reaction. As expected, B. napus genotype
01-23-2-1 (Rlm7) and B. juncea genotype Forge (Rlm6) displayed
high levels of resistance (disease rating score of 1.23 and 2.67) to
UMAvr7 (Supplementary Figure S1). Currently, we do not have
a proper B. juncea genotype carrying Rlm5 to characterize the
phenotype consistent with the AvrLm5 genotype in the isolate.
However, the main objective of this study was to mutate the
AvrLm7 gene in the isolate that interacts with the Rlm7 gene
from B. napus. Therefore, this isolate can be adopted and used
to broaden genetic resistance resources from B. napus genotypes.

Production of a Mutant Isolate Using the
CRISPR/Cas9 System
A total of 100 mutant isolates were picked from the growth
medium after Agrobacterium transformation. Through PCR
assays, no amplification of AvrLm1, 2, 3, 11 was observed in the
collected mutant. As expected, positive PCR products could be
obtained from the genomic DNA of all the mutants, with primers
specific to AvrLm4-7.

For the 100 selected isolates, the nucleotides were edited
near the genomic region of the guide sgRNA targeting Cas9
in 32 mutant isolates (Supplementary Figure S2). Only six
mutants featured 2–8 bp deletions and the remaining mutant
isolates were found to have single nucleotide insertion/deletions
or substitutions (Supplementary Figure S2). The AvrLm4-7 gene
had two exons in L. maculans isolates (Parlange et al., 2009); the
edited regions in the first exon produced significant amino acids
variations in coding regions including deletions (Supplementary
Figure S3).To screen the mutants, all the transformed isolates
were inoculated onto the set of Brassica differentials to phenotype
their pathogenicity. The disease rating scored from 1 to 3 in
B. napus Rlm7 genotype caused by other 31 mutants, indicating
that there was no shift from avirulence to virulence on the
genotype 01-23-2-1, which carries the Rlm7 gene that interacts
with AvrLm7 (Supplementary Table S3).

Among these mutants, one isolate (Mu3), hereafter termed
as umavr7, when inoculated onto B. napus genotype 01-23-
2-1 (Rlm7), generated large disease lesions similar to those
observed in the susceptible Westar genotype (Figure 2A),
indicating a shift from avirulence to virulence. The mutant
isolate, umavr7, produced a significantly large lesion on 01-23-2-
1, which was similar in size to lesions observed after inoculation
on Westar (Figure 2B). An 8 bp deletion (TCAAGGCA) in

umavr7, overlapping the sgRNA region, was confirmed by
DNA sequencing. This deletion caused the amino acid change
in the coding region of the AvrLm4-7 gene in L. maculans
UMAvr7 (Figure 3). Transcriptomes analysis in B. napus-
L. maculans pathosystem of compatible and incompatible
interaction on Rlm7 genotype using wild type (UMAvr7) and
the mutant isolate (umavr7), respectively, indicated that there
is no AvrLm7 expression in transcription data generated from
umavr7 inoculation (unpublished transcriptome data). Reverse
transcription (RT)-PCR assays also indicated that there is no
AvrLm7 expression in mutated isolate, and in Westar/01-23-2-1
(Rlm7) genotypes inoculated with mutant isolate at 1 and 11 dpi,
respectively (Figure 4).

To eliminate the possibility of off-target editing by
CRISPR/Cas9 system, we searched six potential off-target
genomic regions from the determined genome sequence of
L. maculans. After PCR amplification and sequencing of both
wild type (UMAvr7) and mutant isolate (umavr7), there was no
nucleotide polymorphism in all six potential off-target regions
(Supplementary Table S4 and Supplementary Figure S4),
indicating that the CRISPR/Cas9 system developed in this study
specifically edited the genomic region of AvrLm4-7 gene. Taken
together, the pathogenicity of the mutant isolate umavr7 shifted
from avirulent to virulent on the B. napus genotype harboring
the Rlm7 gene, based on the cotyledon inoculation test and
PCR genotyping validation. Therefore, the mutant isolate that
caused significant disease symptoms on B. napus genotypes with
known R genes can be considered a virulent isolate for B. napus
genotypes resistance screening.

H2O2 Accumulation of Cotyledons in
Response to Mutant Isolate
In situ detection of H2O2 was detected in Westar and 01-23-2-1
at 1, 3, 7, and 11 dpi. Upon DAB staining, the H2O2 accumulation
was not shown to be obviously different between cotyledons
infected with UMAvr7 and umavr7 at an earlier stage (1–7 dpi)
in both genotypes, i.e., from 1 dpi to 7 dpi. At 11 dpi, the
cotyledons inoculated with UMAvr7 and umavr7 displayed a
stronger reddish coloration around decayed tissue on Westar.
However, in cotyledons of resistant genotype 01-23-2-1, UMAvr7
just caused limited accumulation of hydrogen peroxide around
the wound site compared to mutant isolate umavr7 (Figure 5).
These results demonstrated that hydrogen peroxide in cotyledons
accumulate differently in response to infection with UMAvr7
and umavr7. For example, in resistant genotype 01-23-2-1, the
hydrogen peroxide accumulation increased when infected with
the mutant isolate at a late stage of infection.

B. napus Germplasms Resistance
Screening
Based on disease rating scores averaged from at least six plants
with 24 wounded lobes, 115 B. napus genotypes displayed
susceptible disease symptoms (6.1–9.0), meaning the mutant
isolate was virulent on most of the genotypes carrying Rlm1,
Rlm2, Rlm3, and Rlm4, or those without any of the known
R genes (Supplementary Table S5). Two B. napus genotypes,
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FIGURE 2 | Phenotype characterization of the wild type and its mutant isolates. (A) Disease symptoms at 11 days post-inoculation (dpi) on Westar and 01-23-2-1
cotyledons inoculated with water, wild type isolate (UMAvr7) and the mutant isolate (umavr7). (B) Pathogenicity tests between wild type isolate and mutant isolate on
susceptible (Westar) and resistant genotype (01-23-2-1), respectively. Each bar indicates the mean and standard deviation of lesion size for isolate on certain
Brassica napus genotypes. The asterisk over bars represents the significant difference (p < 0.05) of lesion size caused by the wild type and mutant isolate.

1055 and 8013, carrying Rlm2/unknown and Rlm3, respectively,
showed intermediate resistance to the mutant isolate (umavr7).
Interestingly, six genotypes, including 1056, 8011, 8037, HP49,
CC01, and HP15, showed clear resistance to the mutant isolate
(umavr7). Among the six genotypes, 8011, HP49 and HP15 were
found to carry an unknown resistant gene, when characterized in
a previous study (Zhang et al., 2017). The other three germplasm,
1056, 8037, and CC01, were found to have Rlm2/unknown,
Rlm2/Rlm3/unknown, and Rlm3/unknown genes, respectively
(Zhang et al., 2017). Theoretically, any B. napus genotype
showing resistance to the mutant isolate has a high possibility
of harboring a novel resistant gene, as the isolate lacks all
of the identified avirulence genes that interact with resistance
genes from B. napus. Our results indicate that the mutant
umavr7 isolate, which has avirulence gene (AvrLm7) knocked
out, can be used to rapidly screen the unknown resistance gene
in B. napus instead of using a large number of differential
L. maculans isolates.

DISCUSSION

This paper reports the generation of an avirulence gene (AvrLm7)
mutation in a L. maculans strain, using the gene-editing tool
CRISPR/Cas9. The mutant isolate caused significant disease
symptoms in all the B. napus genotypes carrying known R genes,
especially in 01-23-2-1, in which disease pathogenicity changed
from avirulent in the wild-type isolate to virulent in the mutant.
We applied the mutant umavr7 isolate to screening novel R genes
in B. napus genotypes.

Currently, breeding programs aimed at developing resistance
to blackleg rely on the gene-for-gene interaction model between
Brassica species and L. maculans, with the latter carrying the
avirulence gene that selects the corresponding R gene in the
former. To date, a total of 19 major resistance genes have been
identified and reported in several Brassica species, providing
information on race-specificity of L. maculans resistance. In these
studies, L. maculans isolates carrying different Avr genes were

Frontiers in Microbiology | www.frontiersin.org 6 August 2020 | Volume 11 | Article 196930

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01969 August 9, 2020 Time: 12:9 # 7

Zou et al. CRISPR/cas9 Edition on AvrLm7 Gene

FIGURE 3 | CRISPR/Cas9 mediated gene editing of AvrLm4-7 gene of Leptosphaeria maculans. (A) The mutant isolate umavr7 carries an 8 bp deletion overlapping
targeted sgRNA region. (B) Alignment of deduced amino acid sequences of AvrLm4-7 with wild type isolate UMAvr7 and mutant isolate umavr7. Amino acid
residues with asterisks are conserved in aligned sequences.

inoculated onto plants to phenotype disease severity, including
“P042” (AvrLm1, AvrLmS) (Larkan et al., 2013) and “165”
(avrLm1, AvrLm2, avrLm3) (Larkan et al., 2015), which were
adopted for Rlm1 and Rlm2 gene identification. Two isolates
harboring different Avr gene race structures were inoculated
on Brassica crops, to evaluate blackleg disease resistance and
identify corresponding resistance genes. Because the isolates used
carried a different number of Avr genes, their pathogenicity on
different canola genotypes varied from virulence to avirulence.
Therefore, broadening the genetic bases of resistance through
interspecific or intergeneric hybridization to improve resilience
against blackleg disease is an important strategy in canola plant
breeding. To address this issue, generating a virulent strain
of L. maculans, which can cause blackleg disease in B. napus
(including those harboring a specific R gene), is essential for
screening resistant phenotypes in a breeding program. In a
disease survey conducted in Western Canada, 180 Avr gene races
were identified, with several major races, including AvrLm2-
4-5-6-7-11, AvrLm2-4-5-6-7-11-S, and AvrLm1-4-5-6-7-11-(S),
accounting for approximately 25% of the population (Fernando
et al., 2018). However, these isolates can only be used to screen
the comparatively lower level resistant Brassica genotypes that
show specific resistance to the designated L. maculans isolates
with corresponding Avr genes. In contrast, the mutant isolate
umavr7, generated via a genome editing tool, theoretically carries
none of the knownAvr genes and can cause all B. napus genotypes
(with R gene resistance) to exhibit disease symptoms. Therefore,
this mutant isolate has the potential for a wide range of uses
in the selection of B. napus genotype with strong resistance to
blackleg disease.

B. napus (AACC, 2n = 38) is a relatively young species
derived from spontaneous interspecific hybridization between
Brassica rapa (AA, 2n = 20) and Brassica oleracea (CC, 2n = 18).
In addition, embryo rescue has been applied successfully to
overcome the barrier of interspecies self-incompatibility and to
increase the rate of crossing (Tonguc and Griffiths, 2004), by
manipulation of the extremely high level of resistance exhibited
by B. napus and resynthesized lines to mutant strains of
L. maculans through breeding. In our investigation, the mutant
isolate umavr7 was further evaluated on 123 B. napus genotypes,
only six of which showed blackleg disease resistance. As is our
understanding, these six B. napus genotypes should harbor novel
R gene(s). This result is consistent with that previously reported
by Zhang et al. (2017), who found 12 accessions exhibiting
unknown R genes in greenhouse and field trials. However, in
comparison to the identification of B. napus seedling or adult
plant germplasm resistance to blackleg disease, using 30 different
L. maculans isolates, carried out by Zhang et al. (2017), the
application of the mutated isolate umavr7 enables an easier
and more rapid route to identify resistant genotypes, as well
as the identification of genotypes carrying novel/unknown R
gene(s). These resistant genotypes can then be used for blackleg
disease breeding and novel R gene identification. In the case of
the 19 identified R genes, most have been mapped to the “A”
genome of B. napus or B. rapa (Rlm1-4, Rlm7 and LepR1-4)
via linkage mapping. Introducing the genes conferring resistance
to L. maculans into B. rapa (A genome), and B. oleracea (C
genome) is another option for enlarging the gene pool for canola
disease breeding via interspecific crossing. Individuals of B. rapa
or B. oleracea accessions, screened by mutant isolates, can then be
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FIGURE 4 | Reverse transcription (RT)-PCR analysis of AvrLm7 gene in wild-type and mutant isolates only, and in Westar/01-23-2-1 genotypes inoculated with
UMAvr7 and umavr7, respectively, at 1 dpi and 11 dpi. Leptosphaeria maculans actin was used as a control to quantify equal RNA using.

crossed and resynthesized into amphidiploid B. napus plants with
extremely high resistance to blackleg disease. The main objective
of this study was to obtain a virulent isolate that can cause disease
on the B. napus germplasm carrying resistance genes. Then, the
isolate can be adopted for breeding resistance screening.

Previously, H2O2 accumulation during L. maculans infection
has been reported by Nováková et al. (2016). They found
that the isolate having AvrLm4-7 in the interaction led to less
accumulation of hydrogen peroxide at later stages [8 and 10 days
after inoculation (dai)]. We found similar results in that the
wild type isolate UMAvr7 carrying AvrLm7 caused a decreased
accumulation of H2O2 in incompatible interaction of cotyledons
in Rlm7 genotype, while the mutant isolate (avrLm7) with
knocked out AvrLm7 gene showed increased accumulation at 7
and 11 dpi. This increased accumulation of H2O2 was similar to
the compatible reactions on the susceptible genotype “Westar”
caused by both wild type and mutant isolates. This demonstrates
that H2O2 plays important roles in the defense response to
L. maculans infection. Nováková et al. (2016) also indicated that
rbohF encoding one of the NADPH oxidases for ROS (reaction
oxygen species) production in the apoplast showed decreased
transcription in cotyledons infected with the isolate carrying with
AvrLm4-7. One effector gene pep1 from the biotrophic pathogen
Ustilago maydis has been reported to inhibit the maize peroxidase

POX12 in the apoplast (Hemetsberger et al., 2012). However, we
cannot prove that the AvrLm7 will affect the accumulation of
H2O2 similar to pep1-regulation manner without investigation
of purified AvrLm7 protein effects on the ROS production;
or the SA (salicylic acid) and ET (ethylene) signaling affected
by ROS production or H2O2 accumulation will enhance the
hypersensitive reaction (HR) to establish the defense when the
plant infected with isolates having effector genes (Draper, 1997;
de Jong et al., 2002). Therefore, the hypothesis of that the
presence of AvrLm7/AvrLm4-7 will reduce the accumulation of
ROS and drive the HR in the B. napus-L. maculans pathosystem
through affecting the SA and ET signaling pathways needs to be
further studied. However, our observation in this study provides
insights in that the isolates with the same genetic background
will cause different accumulation levels of H2O2 by knocking
out the effector gene AvrLm7 and therefore, show avirulence
and virulence on the B. napus genotype with corresponding
resistance gene (Rlm7). Traditional approaches used to determine
the functions of uncharacterized or characterized fungal genes are
typically based on the identification of phenotypic expression, or
the homologous recombination-mediated switching on or off of
a particular gene. However, the latter method of gene targeting is
not particularly efficient in fungi and is limited by incompatible
mutagenesis screening on a genome-wide scale. More recently,
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FIGURE 5 | Cotyledons inhibiting H2O2 in response to Leptosphaeria maculans isolate UMAvr7 and umavr7 infection, and corresponding stage of cotyledons
inoculated with water were set as controls. In situ detection of H2O2 was performed using DAB staining in the Westar and 01-23-2-1 at 1, 3, 7, and 11 days post
inoculation, respectively.

the CRISPR/Cas9 system has been widely adopted to disrupt
target genes in fungi and bacteria (Takayuki et al., 2015; Deng
et al., 2017; Idnurm et al., 2017; Schuster et al., 2018).

This method represents a very important technological
advance in the simultaneous disruption of functional genes/gene
families to investigate their specific contribution to pathogen
virulence. The L. maculans isolate UMAvr7, used in the present
study, carried the AvrLm7 gene, which confers a high level
of virulence to canola genotypes, with the exception of those
genotypes carrying the Rlm7 gene. To obtain a mutant isolate
that can be used in material screening and breeding, the AvrLm7
gene must be mutated and its pathogenicity altered. Here we
adapted CRISPR/Cas9 to disrupt a specific gene (AvrLm7) in
the UMAvr7 isolate without the need for resistance markers.

The efficiency of this CRISPR/Cas9-mediated AvrLm7 gene
editing was quite high in progeny derived from a single
transformant, as demonstrated by sequencing and phenotyping,
with 32% mutant progeny produced from transformation of
a single isolate and with different sequence variations in the
selected candidate isolates. For the editing of specific genes,
CRISPR/Cas9 works easily and quickly to target the gene used
to produce mutants for subsequent function analysis. Another
advantage of the CRISPR/Cas9 technique is that it offers the
possibility of disrupting several Avr genes simultaneously, by
using multiple sgRNAs or a single sgRNA molecule targeting
a region that is highly conserved across members of a gene
family. A future interest for our research group is to use
the CRISPR/Cas9 molecular tool to investigate the difference
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in virulence provided by a single Avr gene mutation and by
multiple Avr gene mutations. In addition, the genomic and
transcriptional profiling of wild-type and mutant isolates, as well
as plant defense responses to infection, should provide a deeper
understanding of the gene interactions between canola and the
L. maculans pathogen.
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In recent years, greenhouse-grown tomato (Solanum lycopersicum) plants showing
vascular wilt and yellowing symptoms have been observed between 2015 and 2018
in North Carolina (NC) and considered as an emerging threat to profitability. In total, 38
putative isolates were collected from symptomatic tomatoes in 12 grower greenhouses
and characterized to infer pathogenic and genomic diversity, and mating-type (MAT )
idiomorphs distribution. Morphology and polymerase chain reaction (PCR) markers
confirmed that all isolates were Fusarium oxysporum f. sp. lycopersici (FOL) and most
of them were race 3. Virulence analysis on four different tomato cultivars revealed that
virulence among isolates, resistance in tomato cultivars, and the interaction between the
isolates and cultivars differed significantly (P < 0.001). Cultivar ‘Happy Root’ (I-1, I-2,
and I-3 genes for resistance) was highly resistant to FOL isolates tested. We sequenced
and examined for the presence of 15 pathogenicity genes from different classes (Fmk1,
Fow1, Ftf1, Orx1, Pda1, PelA, PelD, Pep1, Pep2, eIF-3, Rho1, Scd1, Snf1, Ste12, and
Sge1), and 14 Secreted In Xylem (SIX ) genes to use as genetic markers to identify
and differentiate pathogenic isolates of FOL. Sequence data analysis showed that five
pathogenicity genes, Fmk1, PelA, Rho1, Sge1, and Ste12 were present in all isolates
while Fow1, Ftf1, Orx1, Peda1, Pep1, eIF-3, Scd1, and Snf1 genes were dispersed
among isolates. Two genes, Pep2 and PelD, were absent in all isolates. Of the 14 SIX
genes assessed, SIX1, SIX3, SIX5, SIX6, SIX7, SIX8, SIX12, and SIX14 were identified in
most isolates while the remaining SIX genes varied among isolates. All isolates harbored
one of the two mating-type (MAT-1 or MAT-2) idiomorphs, but not both. The SIX4 gene
was present only in race 1 isolates. Diversity assessments based on sequences of the
effector SIX3- and the translation elongation factor 1-α encoding genes SIX3 and tef1-
α, respectively were the most informative to differentiate pathogenic races of FOL and
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resulted in race 1, forming a monophyletic clade while race 3 comprised multiple clades.
Furthermore, phylogeny-based on SIX3- and tef1-α gene sequences showed that the
predominant race 3 from greenhouse production systems significantly overlapped with
previously designated race 3 isolates from various regions of the globe.

Keywords: tomato (Solanum lycopersicum), Fusarium wilt, Fusarium oxysporum f. sp. lycopersici, virulence, host
resistance, genetic diversity, fungal effectors, SIX genes

INTRODUCTION

The soil-borne fungus Fusarium oxysporum Schlecht.
(anamorph) is a species complex and varies considerably in
morphological and pathological characteristics (Booth, 1971;
O’Donnell et al., 2009). Members of this species complex infect
many important host plants worldwide and typical symptoms are
characterized by chlorosis of leaves, necrosis of vascular systems,
and even death of colonized plants (Armstrong and Armstrong,
1975; Gordon and Martyn, 1997). Strains are classified into forma
specialis (f. sp.) based on specialization to parasitize specific
hosts (Armstrong and Armstrong, 1981; Katan, 1999). Fusarium
oxysporum f. sp. lycopersici (FOL) (Sacc.) W. C. Snyder and H. N.
Hans is a xylem-colonizing fungus and has long been known to
cause wilt on tomato in the United States (Walker, 1971; Nelson
et al., 1983) and world-wide. Fusarium wilt of tomato has been
commonly managed by planting resistant cultivars in fields (Stall,
1961; Anonymous, 1985; Jones et al., 1991).

The disease symptoms caused by FOL have been seen in
multiple greenhouses in North Carolina (NC) before the current
study. Based on our surveys, disease incidence ranged from 10
to 90% depending on tomato cultivars and greenhouse sites.
Previous studies have documented genetic variations in FOL
populations from fields (Volin and Jones, 1982; Davis et al.,
1988; Chellemi et al., 1992; Marlatt et al., 1996; Bost, 2001),
but pathogenic and genomic diversity of FOL isolates from
greenhouses has not been investigated yet.

Traditionally, the identification and classification of
pathogenic races of FOL were based on testing pathogenicity
on different tomato cultivars that harbor different immunity
(I) genes to confer resistance (R) (Takken and Rep, 2010).
Three distinct pathogenic races have been reported worldwide
(Armstrong and Armstrong, 1981; Mes et al., 1999). Race 1 is
avirulent on tomato genotypes that have the I-1 gene, race 2 is
virulent on I-1 genotypes but avirulent on I-2 genotypes, and
race 3 is virulent on I-1 and I-2 genotypes but avirulent on I-3
and I-7 genotypes (Mes et al., 1999; Gonzalez-Cendales et al.,
2016). Race 1 (Booth, 1971) and race 2 (Alexander and Tucker,
1945) were first reported in 1886 and 1945, respectively. In
1978, race 3 was detected in Australia (Grattidge and O’Brien,
1982). Subsequently, race 3 was found in several states in
the United States (Volin and Jones, 1982; Davis et al., 1988;
Chellemi et al., 1992; Marlatt et al., 1996; Bost, 2001), and Mexico
(Valenzuela-Ureta et al., 1996). Although cultivar-specific
pathogenicity was useful, this test was slow and laborious. To
complement the conventional methods, molecular techniques
have been used to investigate genetic differentiation, genetic

diversity, phylogeny, and classification of pathogenic variants of
Fusarium oxysporum to host plants.

One subset of genes includes pathogenicity genes. Such genes
are directly involved in disease development under natural
conditions, but these genes are not necessary to complete the
life cycle of a pathogen in vitro (Schäfer, 1994; Idnurm and
Howlett, 2001). Furthermore, these genes are classified according
to their roles in the formation of infection structures, cell wall
degradation, suppression of plant immunity, ability to respond
to the host environment, production of toxins, and in signal
cascades (Idnurm and Howlett, 2001; Jones and Dangl, 2006; van
der Does and Rep, 2007; Cross, 2008; Hogenhout et al., 2009).

The term fungal effector refers to any protein synthesized by a
pathogen that is exported to a potential host, which has the effect
of making the host environment more beneficial to the pathogen
(Lo Presti et al., 2015). Pathogenic strains of Fusarium oxysporum
produce Secreted In Xylem (SIX) genes, and 14 SIX genes have
been reported so far (Rep et al., 2004; Houterman et al., 2007;
Lievens et al., 2009; Takken and Rep, 2010; Schmidt et al.,
2013; Taylor et al., 2016). The products of these genes are small
cysteine-rich proteins secreted by FOL in infected-tomato plants
(Houterman et al., 2007; van Dam et al., 2016). The molecular
markers developed from these genes have provided robust PCR-
based methods for identifying the host specificity of FOL isolated
from plant tissues (Lievens et al., 2009; Jelinski et al., 2017).
For example, the SIX4 gene was able to identify race 1 isolates
while sequence variations in the SIX3 gene can differentiate race
2 from race 3 isolates of FOL (Lievens et al., 2009). Typically,
SIX1, SIX3, and SIX5 can act as avirulence (AVR) genes as
they are recognized by immune receptors: I-3, I-2, and I-1,
respectively (Rep et al., 2004, 2005; Houterman et al., 2008, 2009;
Ma et al., 2015). Some evidence suggests that these genes can
also act as virulence factors to promote host colonization through
the manipulation of the hormone pathways and modulation of
plant immunity (Dodds and Rathjen, 2010; de Sain and Rep,
2015; Ma et al., 2015). The presence of individual SIX genes
and sequence variations within SIX genes have been identified
and used to discriminate between isolates and races of FOL
and several other formae speciales including betae, canariensis,
cepae, ciceris, conglutinans, cubense, fragariae, lilii, medicaginis,
melonis, niveum, passiflorae, pisi, radicis-cucumerinum, radicis-
lycopersici, raphani, vasinfectum and zingiberi (Lievens et al.,
2009; Chakrabarti et al., 2011; Meldrum et al., 2012; Covey et al.,
2014; Fraser-Smith et al., 2014; Laurence et al., 2015; Taylor
et al., 2016; van Dam et al., 2016). Besides, FOL, the SIX6 gene
has been identified in F. oxysporum f. sp. melonis, F. oxysporum
f. sp. radicis-cucumerinum and F. oxysporum f. sp. vasinfectum
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(Lievens et al., 2009; Chakrabarti et al., 2011), and the SIX7
gene in F. oxysporum f. sp. lilii (Lievens et al., 2009). Although
most SIX genes have been detected in field populations of FOL
worldwide (Lievens et al., 2009), there is no or little information
on the distribution and diversity of the SIX genes in FOL isolates
from greenhouses and they may function to discern diversity
within local populations.

In filamentous ascomycetes, the mating-type (MAT) locus
has been cloned (Arie et al., 2000), and dissimilar ‘idiomorphic’
forms were referred to MAT1-1 and MAT1-2 genes (Turgeon and
Yoder, 2000). Sexual reproduction occurs between individuals
of the opposite mating type (Kronstad and Staben, 1997). The
reproductive mode and MAT-based phylogenetic analyses were
used to infer the evolution and genotypic diversity within
Fusarium oxysporum (Arie et al., 2000; Clay and Kover, 1996) and
reported three distinct lineages in FOL possibly occurring due to
asexual reproduction (Kawabe et al., 2005). These genes offered
information regarding the diversity of FOL greenhouse isolates.

The main goal of the current study was to circumscribe
the problem as to the causal agent, differentiate the race(s)
responsible, and to identify the presence and diversity of known
pathogenicity genes and SIX genes in individual isolates. We
characterized the 38 isolates of FOL from 12 tomato greenhouse
production systems in NC through sequencing of housekeeping,
pathogenicity genes, and SIX genes and compared the presence
of these genes with the ability of the isolates to cause disease in
tomato cultivars. We further examined the distribution of each
MAT gene in all isolates of FOL to infer reproductive modes
of FOL isolates. The information gained into race dynamics,
genomic diversity, and genes associated with pathogenicity in
FOL may inform disease management strategies in greenhouse
tomato production systems.

MATERIALS AND METHODS

Collection and Isolation of the Pathogen
Greenhouse tomato growers with known problems, based on
historical data from the Plant Disease and Insect Clinic (PDIC),
North Carolina State University (NC State), Raleigh, NC,
United States were contacted to ascertain current problems. Site
visits were conducted to each greenhouse with cultured tomatoes
with putative Fusarium wilt symptoms. Symptomatic tomato
plants were collected from 12 greenhouses from the piedmont
and foothills and eastern in NC in 2018; additional isolates
were obtained from the PDIC but originally isolated between
2015 and 2017 (Figure 1A). Tomato plants showing typical wilt
and yellowing symptoms (Figures 1B,C) were cut with a sterile
razor and the presence of pinkish or brown discoloration of
the vascular systems was examined (Figure 1D). To detect the
causal agent, four stem sections (∼3 mm2) were cut from the
symptomatic tomato plants and submerged in 70% ethanol for
30 s and rinsed only one time in sterile distilled water. The
stem sections were further disinfested within 3% Clorox (Clorox
Company, Oakland, CA, United States) for 1 min and rinsed
three times in sterile distilled water before plating. The four
surface-sterilized sections were transferred with tweezers into

Petri-dishes containing an acidified PDA (A-PDA) (4 g of potato
starch, 20 g of dextrose and 15 g of agar/L of distilled water
and amended with two antibiotics: ampicillin @ 0.06 g/L and
rifampicin @ 0.024 g/L of medium). To identify the fungus, pure
cultures incubated for 7 days at 28◦C were examined using a
dissecting microscope and a total of 38 single-spore isolates were
recovered from 12 tomato greenhouses in NC (Table 1; note Fu
8 is not included). For long-term storage, mycelial plugs were
prepared from each isolate and stored at−80◦C.

Identification of the Fungus
Single-spore subcultures were grown on A-PDA at 28◦C
for 7 days in alternating dark and light 12-h photoperiods.
Morphological characteristics such as colony growth, colony
texture and pigmentation, the appearance of macro- and
micro-conidia, shape, and the number of septa in macro-
conidia were examined as described previously (Booth, 1971;
Nelson et al., 1983).

To extract genomic DNA, three fungal plugs were transferred
to a 250 mL glass flask containing 50 mL of half-strength potato
broth (Difco Laboratories, Detroit, MI, United States) for 5 days
on a shaker at 100 rpm. Mycelia were harvested by filtration
with sterile Mira cloth and then frozen. Approximately 100 mg
of mycelia were ground into powder under liquid nitrogen
with a mortar and pestle. Genomic DNA was extracted using a
DNeasy Plant Maxi Kit (Qiagen, Valencia, CA, United States)
according to the manufacturer’s protocols. DNA was quantified
using a NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, United States). Each DNA
sample was adjusted to 10 ng/µL using nuclease-free water
and stored at 4◦C. To identify the fungus, we ran the PCR as
described previously (O’Donnell et al., 1998). The sequences of
the translation elongation factor 1-α-encoding gene tef1-α of
the test isolates were compared with the sequences from the
National Center for Biotechnology Information (NCBI) database
GenBank1 as described below.

Pathological and Molecular
Characterization
Pathogenicity is the ability of a pathogen to cause disease on a
host (i.e., qualitative property) (Shaner et al., 1992; Casadevall
and Pirofski, 1999). ‘Bonny Best’, a universal susceptible cultivar
was used to test the pathogenicity of the isolates. Inoculum
of each isolate was adjusted to approximately 1 × 106 conidia
/mL using a hemocytometer and used to inoculate 3 weeks-old-
tomato seedlings. Three seedlings per isolate were inoculated by
root-dipping seedlings in a 100 mL inoculum suspension for
15 min. The negative control was treated with sterile distilled
water. Inoculated plants were kept on a greenhouse bench
and symptom development was monitored until 21 days after
inoculation (DAI). The infected stem tissues exhibiting disease
symptoms were brought to the laboratory and sections of stem
tissues were plated on A-PDA agar plates to isolate the fungus. To
complete Koch’s postulates, a hyphal tip portion of each isolate
was transferred aseptically and cultured on an A-PDA plate for

1https://ncbi.nlm.nih.gov/genbank/
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FIGURE 1 | Map of North Carolina showing locations from where diseased tomato plants were collected from 12 greenhouses in six counties (A). Tomato plants
showing yellow and wilt symptoms (B,C). The presence of pinkish or brown discoloration or browning of the vascular systems (with arrow) caused by Fusarium
oxysporum f. sp. lycopersici (FOL) on tomato cultivars that were grown in the greenhouses in North Carolina, and creamy and light pink to purple mycelial grown on
acidic potato dextrose agar plate containing isolate Fu 1 of FOL (D).

7 days. Following sporulation, conidia were harvested and used
to re-inoculate 3 weeks-old-tomato seedlings of ‘Bonny Best’ as
described above. To further confirm Fusarium forma specialis,
re-inoculated plants were selected 21 DAI, and crowns were cut
with razor blades to check vascular discoloration, and crown
and root rot symptoms. These stem tissues were used to re-
isolate FOL isolates. Seven-days after incubation, the plates were
examined for colony growth and color, and conidia morphology
as described above.

The term virulence herein is used to describe the capacity of
a pathogen to infect a host genotype (i.e., quantitative property)
(Shaner et al., 1992; Casadevall and Pirofski, 1999) possessing
I-genes for resistance to FOL. To identify the race of each isolate
of FOL, four differential tomato cultivars were selected and used
(Figure 2). The test cultivars included ‘Bonny Best’ (susceptible
to races 1, 2, and 3 and used as a susceptible check), ‘Miracle
Sweet’ (I-1 gene for resistance to race 1), ‘Red Defender’ (I-1 and
I-2 genes for resistance to races 1 and 2), and ‘Happy Root’ (I-
1, I-2, and I-3 genes for resistance to races 1, 2, and 3). The

seed of the differential cultivars was purchased from Harris Seeds,
Rochester, NY. Tomato seedlings were raised in a sandy soil
substrate for 2 weeks. The root inoculation method (Williams,
1981) was used. Before inoculation, seedlings were uprooted
and washed carefully with tap water to remove excess sand
particles. Spore suspensions from seven-day-old cultures (1× 106

conidia/mL) were used for inoculation. Roots of each cultivar
were submerged in the inoculum for 15 min and transplanted
to plastic pots containing a sterile 1:1 mixture of sand and soil.
Seedlings dipped in sterile distilled water served as negative
controls. Twelve seedlings of each cultivar were tested for each
isolate and the control. The inoculated seedlings were placed
in humidified chambers for 24 h and subsequently grown on a
greenhouse bench, where day and night temperatures averaged
36◦ and 22◦C, respectively. The experiments were laid out as a
split-split plot design with isolate as the main plot and cultivar
as the sub-plot. There were three replications (pots) per isolate
and four plants per pot. Disease severity was assessed 7, 14, and
21 DAI as described previously (Marlatt et al., 1996). The area
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TABLE 1 | Descriptions of the 38 isolates of Fusarium oxysporum f. sp. lycopersici collected from greenhouse tomato in North Carolina and used in this study.

Isolate Host cultivar from
which isolated

Geographic
origin (county)

Greenhouse
Number

Year
collected

PCR-based identification Mating type MtSSU geneb Cladec

Uni sprl Sp13 Sp23 Combined PCR assaya

Fu 1 Geronimo Harnett 1 2017 +
d

−
e

+ − 3 1 − A

Fu 2 Brandy Boy Alamance 2 2017 + − + + 1 1 − B

Fu 3 Trust Harnett 3 2017 + − + + 3 2 − C

Fu 4 Primo Sampson 4 2017 + − + + 3 1 + D

Fu 5 Better Boy Lee 5 2015 + − + − 1 1 + B

Fu 6 Unknown Caldwell 6 2017 + − + + 3 2 + n/af

Fu 7 Trolls Wilkes 7 2015 + − + + 3 1 + A

Fu 9 Big Dena Harnett 8 2016 + − + + 3 2 + C

Fu 10 Trust Harnett 8 2018 + − + + 3 1 + A

Fu 11 Trust Harnett 8 2018 + − + + 3 1 + C

Fu 12 Geronimo Harnett 8 2018 + − + + 3 1 + n/a

Fu 13 Geronimo Harnett 8 2018 + − + + 3 1 + A

Fu 14 Geronimo Harnett 8 2018 + − + + 3 1 + A

Fu 15 Geronimo Harnett 8 2018 + − + + 3 1 − A

Fu 16 Geronimo Harnett 8 2018 + − + + 3 1 + A

Fu 17 Geronimo Harnett 8 2018 + − + + 3 1 + n/a

Fu 18 Big Dena Harnett 8 2018 + − + + 3 1 + A

Fu 19 Big Dena Harnett 8 2018 + − + + 3 1 − A

Fu 20 Big Dena Harnett 8 2018 + − + + 3 1 − A

Fu 21 Big Dena Harnett 8 2018 + − + + 3 1 − A

Fu 22 Big Dena Harnett 8 2018 + − + + 3 2 − D

Fu 23 Trust Harnett 9 2018 + − + + 3 2 + C

Fu 24 Trust Harnett 9 2018 + − + + 3 2 + C

Fu 25 Trust Harnett 9 2018 + − + + 3 2 − C

Fu 26 Trust Harnett 9 2018 + − + + 3 2 + C

Fu 27 Margureti Harnett 9 2018 + − + + 3 2 − C

Fu 28 Margureti Harnett 9 2018 + − + + 3 2 + C

Fu 29 Margureti Harnett 9 2018 + − + + 3 2 − C

Fu 30 Margureti Harnett 9 2018 + − + + 3 2 − C

Fu 31 Trust Harnett 9 2018 + − + + 3 2 + C

Fu 32 Unknown Harnett 10 2018 + − + + 3 2 + C

Fu 33 Unknown Harnett 10 2018 + − + + 3 2 − C

Fu 34 Unknown Harnett 10 2018 + − + + 3 2 − D

Fu 35 Unknown Harnett 10 2018 + − + + 3 2 − D

Fu 36 Fedrick Harnett 11 2018 + − + + 3 2 + C

Fu37 Taymyr Harnett 11 2018 + − + + 3 2 + C

Fu 38 Muchoo Harnett 11 2018 + − + + 3 2 + C

Fu 39 Sungold Harnett 12 2018 + − + − 1 1 + B

aPresence of a gene was confirmed by polymerase chain reaction (PCR) assay and sequencing. Uni primers amplified a 670 bp fragment from F. o. f. sp. lycopersici and F. o. f. sp. radicis-lycopersici; sprl primer amplified
947-bp fragment from F. o. f. sp. radicis-lycopersici; Sp13 primers amplified a 445 bp fragment from F. o. f. sp. lycopersici races 1 and 3, and Sp23 primers amplified a 518 bp fragment from F. o. f. sp. lycopersici races
2 and 3 (Hirano and Arie, 2006). bPresence of a gene mitochondrial small subunit (mtSSU) by PCR assay and sequencing. cEach isolate sequence was analyzed, and clade was determined based on the amplification
of the SIX3 effector gene in Figure 6. d

+ = The presence of each gene was confirmed by PCR assay and sequencing. e - = The absence of each gene was confirmed by PCR assay. fn/a = data were not included for
these isolates due to short or missing sequences.
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FIGURE 2 | Disease phenotypes caused by Fusarium oxysporum f. sp. lycopersici on four tomato cultivars 21 days after inoculation in the greenhouse. Tomato
differential cultivars inoculated with race 1 isolate Fu 5 (A), and tomato differential cultivars inoculated with race 3 isolate Fu 24 (B).

under the disease progress curve (AUDPC) was calculated from
disease severities (Shaner and Finney, 1977). Two independent
experiments were conducted for virulence analysis. The virulence
tests were conducted between October 2018 and August 2019.
Data from both experiments were combined and analyzed using
a PROC general linear model in SAS v9.4 (SAS Institute, Cary,
NC, United States). Differences in virulence among isolates,
disease reactions on tomato cultivars, and the interaction between
isolates and cultivars were calculated based on AUDPC values
and significant differences were estimated at P < 0.001 or 0.0001.
Virulence of the isolate was determined by the presence or
absence and extent of host damage.

For the molecular-based identification and genetic diversity
analysis, all primers were synthesized at IDT Inc., Coralville,
IA, United States (Supplementary Table S1). Fusarium species-
specific PCR assays were performed to identify species and
forma specialis (Hirano and Arie, 2006). The uni primers were
used to confirm Fusarium oxysporum while the sprl primers
were used to discriminate between Fusarium oxysporum f. sp.
lycopersici (FOL, causes Fusarium wilt) and Fusarium oxysporum
f. sp. radicis-lycopersici (FORL, causes Fusarium crown and
root rot). To identify pathogenic races, sp13, and sp23 primers
and PCR conditions were used as described previously (Hirano
and Arie, 2006). The PCR products were separated on 1.5%
(wt/vol) agarose (Applied Biological Materials, Inc., Richmond,
BC, Canada) gel in 1 × TAE buffer (40 mM Tris, 20 mM acetic
acid, and 1 mM EDTA) containing 0.001% (v/v) Gel red (Biotium,
Inc., Union City, CA, United States). A 100 bp DNA marker
(InvitrogenTM) was loaded in each gel to determine the amplified

fragment size. The gel was run under 100 volts for 90 min and
photographs were taken using a molecular gel imager (Bio-Rad
Laboratories Inc., Hercules, CA, United States).

Characterization of Genomic Regions
Underlying the Pathogenicity Genes and
Effector Genes
Fifteen pathogenicity genes involved in signaling pathways,
cell-wall degradation, and transcriptional factors regulating
gene expression and conferring virulence to F. oxysporum
(Idnurm and Howlett, 2001; Husaini et al., 2018) and described
previously in other F. oxysporum f. spp. (Covey et al., 2014;
Ellis et al., 2016) were examined. The 15 pathogenicity genes
included the Fusarium transcription factor (Ftf1), putative
oxidoreductase 1 (Orx1), pea pathogenicity peptide 1 and 2
(Pep1) and (Pep2), eukaryotic translation initiation factor 3 (eIF-
3), ras-like GTP-binding protein (Rho1), stearoyl-CoA desaturase
(Scd1), carbon catabolite-derepressing protein kinase (Snf), and
transcription factor involved in pheromone response (Ste12),
mitogen-activated protein kinase (Fmk1), a mitochondrial carrier
protein (Fow1), pisatin demethylase 1 (Pda1), pectate lyase A
(PelA), pectate lyase D (PelD), and nuclear protein or SIX gene
expression 1 (Sge1) (Supplementary Table S1; Covey et al., 2014;
Ellis et al., 2016). The 14 SIX genes were assessed to detect the
presence of these genes associated with virulence as described
previously (Lievens et al., 2009; Meldrum et al., 2012; Covey
et al., 2014; Taylor et al., 2016). The confirm the amplification,
5 µL amplified PCR product of each sample was run on a 1.5%
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(wt/vol) agarose gel stained with Gel red. The remaining 6 µL of
each sample was sequenced at the Genomic Sciences Laboratory
(GSL), North Carolina State University (NC State), Raleigh, NC,
United States.

Phylogenetic Analysis
To investigate phylogenetic relationships, the mitochondrial
small subunit (mtSSU), internal transcribed spacer (ITS), tef1-α,
and SIX3 genes were selected based on our preliminary results
and PCR was performed as described previously (White et al.,
1990; O’Donnell et al., 1998; Covey et al., 2014). Sequences of
each gene were edited by using Geneious v.11.1.4 (1 May 2018,
Biomatters Ltd., Auckland, New Zealand). Consensus nucleotide
sequences of each gene of each isolate were obtained and used
for phylogenetic analysis. Sequences of the FOL representative
isolates BFOL-51, and IPO3 and MM10 were included from
GenBank as positive controls for race 3 and race 1, respectively,
and F. odoratissimum isolate Ara1 was used as the outgroup
member. The sequences of each gene were analyzed using the
Tamura-Nei genetic distance model (Tamura and Nei, 1993).
Bootstrap analysis was used to determine the statistical support
for each branch of trees generated with 1,000 replications.

Comparison of the Translation
Elongation Factor 1-α Encoding Gene
tef1-α Sequences Between the Current
Isolates From Greenhouse Tomato
Production Systems and Field Isolates of
FOL
The DNA sequences of the translation elongation factor 1-
α-encoding gene tef1-α of each isolate of FOL were trimmed
and aligned using MAFFT v. 7 (Katoh and Standley, 2013).
To further compare the phylogenetic relationships between the
isolates from the greenhouses in NC and field populations, tef1
gene sequences of field isolates of FOL and other F. oxysporum
f. spp. and Fusarium spp. were downloaded from GenBank2

(Table 2). Sequences of the field populations of FOL included
strains from the United States (isolate MM10 from Arkansas;
CA92/95, FOLR2, and DF0-23 from California; BE1, JBF5,
MN-24, DA-1, MN-0805, and NRRL 26037 from Florida
and OSU451 from Ohio), Australia (isolate 14844), Israel
(isolate 24L), The Netherlands (isolate E175) and South Korea
(isolate TF103). Also, the tef1-α gene encoding the translation
elongation factor sequences of 19 other formae speciales of
F. oxysporum such as albedinis, batatas, callistephi, cepae,
cubense, dianthi, fabae, heliotropii, lactucae, lini, matthiolae,
medicaginis, melonis, narcissi, phaseoli, radicis-lycopersici, rhois,
spinaciae, and vasinfectum, and four Fusarium spp. (e.g.,
commune, foetens, hostae, and redolens) were included as
outgroup members from GenBank2. Phylogenetic relationships
were analyzed using the maximum-likelihood (ML) method
based on the Jukes-Cantor model (Jukes and Cantor, 1969)
with 1,000 replications. Phylogenetic trees were assembled with
each isolate of FOL and reference isolates of other oxysporum

2https://ncbi.nlm.nih.gov/genbank/

f. spp. and Fusarium spp. using the T-BAS v.2.0 (Carbone
et al., 2017). The tree was drawn to scale, with branch lengths
measured in the number of substitutions per site. A bootstrap
value of 80% was considered as the threshold for good
confidence.

Mating Type Analysis
To determine the MAT gene, genomic DNA from the 38 isolates
was amplified with mating-type (MAT) primer combinations.
All PCR conditions and cycles were performed (Supplementary
Table S1) as described previously (Yun et al., 2000; Ellis et al.,
2014). The PCR products were visualized and sized using the
100 bp DNA marker (New England BioLabs Inc., Ipswich,
MA, United States).

RESULTS

Identification of the Fungus
All isolates exhibited taxonomic features similar to Fusarium
oxysporum as described previously (Booth, 1971; Nelson et al.,
1983). Mycelia were dense, and color and pigmentation of
the isolates varied between white to creamy and light pink to
purple (Figure 1D). All isolates produced both macroconidia and
microconidia. Macroconidia were sickle-shaped but the color,
size, and septate of macroconidia varied among isolates. To
further confirm the forma specialis, the spr1 primer did not
amplify any DNA sample but the uni primers amplified 670 bp
fragments from all isolates tested. All 38 isolates were putatively
identified as FOL and used for further studies.

Pathological and Molecular
Characterization
All isolates (except one isolate: Fu 6) caused typical wilt
and chlorosis symptoms on the susceptible cultivar ‘Bonny
Best’ (Figure 2) and were like those observed on the original
diseased plants. Re-isolated cultures that were inoculated on the
susceptible cultivar ‘Bonny Best’ developed typical chlorosis and
vascular wilt, thus fulfilling Koch’s postulates. All isolates were
nonpathogenic on cv. ‘Happy Root’ (Figure 3). Isolate Fu 4
produced 35, 18, and 26 AUDPC values on ‘Bonny Best’, ‘Miracle
Sweet’, and ‘Red Defender’, respectively. Six isolates, Fu 2, Fu 5,
Fu 31, Fu 34, Fu 37, and Fu 39 did not induce symptoms or
had low AUDPC values on ‘Miracle Sweet’ or ‘Red Defender’.
AUDPC values for the remaining isolates ranged from 621 to
1418 on ‘Bonny Best’; 18 to 1085 on ‘Miracle Sweet’, and 53 to
630 on ‘Red Defender’ (Figure 3). Of the 38 isolates assessed,
3 isolates were assigned to race 1, and 34 isolates were race
3 (Table 2). One isolate Fu 6 caused no symptoms in any
cultivars tested and was judged to be a nonpathogenic isolate.
To further analyze race 3 isolates, ANOVA indicated a significant
(P < 0.0001) difference in virulence among race 3 isolates and
resistance among tomato cultivars, and the interaction between
race 3 isolates and cultivars was also significant (F value = 3.11
at P < 0.0001; Supplementary Table S2). The sp13 primers
amplified a DNA fragment of 445 bp from all isolates of
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TABLE 2 | The geographic location of origins, accession numbers, and isolates of F. o. f. sp. lycopersici (FOL) sampled from greenhouse tomato production systems in
North Carolina (NC) and FOL field and other Fusarium spp. isolates in GenBank.

Species Isolate no. Race State Country Accession no.a

Fusarium oxysporum f. sp. lycopersici Fu 1 3 North Carolina United States MK917748

isolates from greenhouses in NC Fu 2 1 North Carolina United States MK917749

Fu 3 3 North Carolina United States MK917750

Fu 4 3 North Carolina United States MK917751

Fu 5 1 North Carolina United States MK917752

Fu 6 3 North Carolina United States MK917753

Fu 7 3 North Carolina United States MK917754

Fu 9 3 North Carolina United States MK917755

Fu 10 3 North Carolina United States MK917756

Fu 11 3 North Carolina United States MK917757

Fu 12 3 North Carolina United States MK917758

Fu 13 3 North Carolina United States MK917759

Fu 14 3 North Carolina United States MK917760

Fu 15 3 North Carolina United States MK917761

Fu 16 3 North Carolina United States MK917762

Fu 17 3 North Carolina United States MK917763

Fu 18 3 North Carolina United States MK917764

Fu 19 3 North Carolina United States MK917765

Fu 20 3 North Carolina United States MK917766

Fu 21 3 North Carolina United States MK917767

Fu 22 3 North Carolina United States MK917768

Fu 23 3 North Carolina United States MK917769

Fu 24 3 North Carolina United States MK917770

Fu 25 3 North Carolina United States MK917771

Fu 26 3 North Carolina United States MK917772

Fu 27 3 North Carolina United States MK917773

Fu 28 3 North Carolina United States MK917774

Fu 29 3 North Carolina United States MK917775

Fu 30 3 North Carolina United States MK917776

Fu 31 3 North Carolina United States MK917777

Fu 32 3 North Carolina United States MK917778

Fu 33 3 North Carolina United States MK917779

Fu 34 3 North Carolina United States MK917780

Fu 35 3 North Carolina United States MK917781

Fu 36 3 North Carolina United States MK917782

Fu 37 3 North Carolina United States MK917783

Fu 38 3 North Carolina United States MK917784

Fu 39 1 North Carolina United States MK917785

F. o. f. sp. lycopersici from fields MM10 3 Arkansas United States FJ790393

DF0-23 2 California United States HM057295

OSU451 2 Ohio United States HM057335

FOLR2 n/ab California United States DQ837692

CA92/95 3 California United States FJ790387

BE1 (5397) 3 Florida United States HM057293

JBF5 3 Florida United States HM057315

MN-24 3 Florida United States HM057331

DA-1 3 Florida United States HM057333

MN-0805 3 Florida United States HM057288

NRRL 26037 3 Florida United States AF008498

TF103 3 South Korea KC491844

FOL-24L 2 Israel FJ790383

E175 1 Netherlands FJ790391

(Continued)
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TABLE 2 | Continued

Species Isolate no. Race State Country Accession no.a

14844 3 Australia FJ790386

F. o. f. sp. radicis-lycopersici HE-0616 Florida United States HM057311

F. o. f. sp. albedinis NRRL 26622 DQ837688

F. o. f. sp. batatas NRRL 22535 DQ837678

F. o. f. sp. callistephi NRRL 25231 DQ837680

F. o. f. sp. cepae NRRL 22538 DQ837681

F. o. f. sp. cubense E421A3 KP964892

F. o. f. sp. dianthi R207 KP964896

F. o. f. sp. fabae NRRL 26411 DQ837684

F. o. f. sp. heliotropii NRRL 26412 DQ837685

F. o. f. sp. lactucae S1 DQ837657

F. o. f. sp. lactucae BMP1300 DQ837658

F. o. f. sp. lactucae FK09701 DQ837694

F. o. f. sp. lini FOLIN KP964895

F. o. f. sp. matthiolae NRRL 22545 DQ837682

F. o. f. sp. medicaginis NRRL 22546 DQ837690

F. o. f. sp. melonis TX388 DQ837696

F. o. f. sp. narcissi FOXN139 KP964902

F. o. f. sp. phaseoli NRRL 26445 DQ837686

F. o. f. sp. rhois NRRL 26227 DQ837683

F. o. f. sp. spinaciae NRRL 26871 DQ837687

F. o. f. sp. vasinfectum NRRL 22536 DQ837679

F. o. f. sp. vasinfectum FOV14 DQ837695

F. commune NRRL 28387 HM057338

F. foetens NRRL 31852 HM057337

F. hostae NRRL 29889 HM057340

F. proliferatum 31X4 DQ837697

F. redolens NRRL 31075 HM057339

aBased on the Translation elongation factor 1-α-encoding gene tEF1-α sequences. b n/a = not available.

race 1 and race 3, while the sp23 primers amplified a DNA
fragment of 518 bp from only isolates belonging to race 3. PCR
assay confirmed that three isolates (Fu 2, Fu 5, and Fu 39)
belonged to race 1 while the remaining 35 isolates were race 3
(Table 1).

Characterization of Genomic Regions
Underlying the Pathogenicity Genes and
Effector Genes
Tests for the presence of the 15 pathogenicity genes by
PCR assays revealed considerable variation among isolates.
For example, Fmk1, PelA, Rhol, Sge1, and Ste12 genes were
present in all isolates, while five genes, Fow1, Ftf1, Orx1, Snf1,
and eIF-3 were not detected in several isolates (Figure 4A
and Supplementary Table S3). Two genes, Scd1 and Pep1
were detected in nearly 74% and 45% of isolates, respectively.
The presence (5.3%) of the Pda1 gene was associated with
one nonpathogenic isolate Fu 6 and another pathogenic
race 3 isolate Fu 21. In contrast, two genes, PelD and
Pep2 were absent in all isolates tested (Figure 4A and
Supplementary Table S3). Of the 14 SIX genes analyzed,
SIX1, SIX2, SIX3, SIX5, SIX6, SIX7, SIX8, SIX10, and SIX12
were detected in more than 95% of the isolates while SIX9,

SIX11, SIX13, and SIX14 genes were identified in 70% to
92% of the isolates (Figure 4B). The SIX4 gene was detected
only in three race 1 isolates (Fu 2, Fu 5, and Fu 39)
(Figure 4B). In contrast, SIX5 and SIX7 genes were absent in the
nonpathogenic isolate Fu 6.

Phylogenetic Analysis
Sequence data analysis showed the mtSSU gene product was
amplified from nearly 61% of the isolates and these sequences
were less informative to discriminate among FOL isolates
(Table 1). Although the ITS gene region separated the FOL
isolates into three clades, this gene was also not useful for
distinguishing FOL races due to low taxonomic resolution
(Figure 5). The SIX3 gene-based tree analysis revealed four
clades and demonstrated the relationship between the SIX3
gene and race groupings (Figure 6). For example, clade A
had 11 race 3 isolates while clade B contained only three
race 1 isolates (Fu 2, Fu 5, and Fu 39) (Figure 6). Clade C
consisted of 17 race 3 isolates while clade D contained 4 race
3 isolates and one weakly virulent isolate Fu 4. Within each
clade, the SIX3 gene sequences showed 98 to 100% nucleotide
similarity.
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FIGURE 3 | To assess the pathogenicity of each isolate, they were first inoculated on the generally susceptible tomato cultivar ‘Bonny Best’ without the gene for
resistance to Fusarium oxysporum f. sp. lycopersici (FOL). Furthermore, pathogenic races of the 38 isolates of FOL were determined by inoculating them on tomato
cultivars possessing different I-genes for resistance. Bonny Best (susceptible cultivar) (A). Miracle Sweet (resistant cultivar with I-1 gene), (B). Red Defender (resistant
cultivar with I-1 and I-2 genes), (C). Happy Root (resistant cultivar with I-1, I-2 and I-3 genes), (D). Four tomato cultivars tested were Bonny Best (susceptible check),
Miracle Sweet (I-1 gene), Red Defender (I-1 and I-2 genes), and Happy Root (I-1, I-2, and I-3 genes) inoculated with each isolate. Three seedlings per isolate were
inoculated by root-dipping seedlings in a 100 mL inoculum suspension for 15 min. The negative control was treated with sterile distilled water. Disease severities
were recorded 7, 14, and 21 days after inoculation (DAI), and the area under disease progress curve (AUDPC) values were calculated from disease severity ratings.
Experiments were conducted twice, and the analysis of results represents combined data. Boxplots and error bars are based on data generated from the full
factorial analysis. Race 3 isolate Fu 1 was not included in the analysis due to the few plants affected by water stress. Fu 6 was nonpathogenic isolate.
W = water-inoculated plants served as controls.

Comparison of the Translation
Elongation Factor 1-α Encoding Gene
tef1-α Sequences Between the Current
Isolates From Greenhouse Tomato
Production Systems and Field Isolates of
FOL
In our initial study, the translation elongation factor 1-
α-encoding gene tef1-α was successfully amplified from all FOL
isolates recovered from greenhouses. The BLAST analysis of
the tef1-α gene sequence data supported the morphological
identification, whereby the closest match (99 -100% similarity) in
the NCBI GenBank database was found to be FOL. Furthermore,
this locus was chosen because in previous studies this gene
revealed the greatest nucleotide diversity when compared with
the other loci tested to date within the F. oxysporum f. spp.
complex (O’Donnell et al., 2009; Ellis et al., 2014; Nirmaladevi
et al., 2016). The sequences of the tef1-α gene were obtained for
each isolate and other F. oxysporum f. spp. and Fusarium species
and deposited in the NCBI GenBank database (Table 2).

Phylogenetic analysis showed that FOL consisted of at least
three major clades. Among them, clade 1 contained three-race 1
isolates from the greenhouses. These isolates were grouped with
field race 1 and race 2 isolates and three other F. oxysporum f. spp.
such as batas, callistephi and vasinfectum), which was supported
by a bootstrap value of 86% (Figure 7). The nonpathogenic isolate
Fu 6 from greenhouse formed a distinct clade with F. oxysporum
f. spp: lini, melonis, spinaciae and vasinfectum with a bootstrap
value of 95%. One weakly aggressive ‘race 3’ isolate Fu 4 clustered

with F. o. f. sp. radicis-lycopersici. Interestingly, all 33 FOL
isolates recovered from greenhouses and known to be race 3 were
clustered into clade 2 and clade 3. Clade 2 contained 14 race
3 isolates from greenhouses in NC along with six race 3 field
isolates from Florida (BE1, JBF5, and NRRL 26037), California,
(CA92/95), Australia (14844), and Israel (24L). This clade 2 was
supported by the bootstrap value of 83% and was 98 to 100%
identical to tef1 gene sequences. ML analysis resulted in clade 3
and all strains appeared nearly identical with a similar bootstrap
value of 82% (Figure 7). Clade 3 consisted of 19 race 3 isolates
recovered from greenhouses and four previously reported race
3 isolates from fields in Florida (DA-1, MN-24, and MN0805),
South Korea (TF103), and from Arkansas (MM10).

Mating Type Analysis
As expected, a single DNA fragment matching either the MAT1-
1 or MAT1-2 allele was amplified in each isolate. Based on PCR
amplification, a fragment of 593 bp was present for MAT1-1 and
a fragment of 229 bp was amplified for MAT1-2. In total, 18
isolates had the MAT1-1 locus and 20 isolates had the MAT1-2
locus (Figure 5 and Table 1). The presence of both MAT loci was
not detected in any isolate tested.

Pathogenic and Genetic Variation of FOL
Isolates Within a Greenhouse
Fu 9 to Fu 22 were isolated from greenhouse # 8 and three
different cultivars (Table 1). However, variation existed within
this population. The majority were mating type 1 except Fu 9 and
Fu 22. Most of the isolates clustered within rDNA clade 3 except
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FIGURE 4 | The presence of polymerase chain reaction (PCR) assays targeting the pathogenicity genes and SIX genes in the 38 isolates of Fusarium oxysporum f.
sp. lycopersici collected from the 12 tomato greenhouses in North Carolina. The presence was defined as the detection of PCR amplicons and sequences of each
gene. The presence of 15 pathogenicity genes (A), and the presence of 14 SIX genes (B).

Fu 9 and Fu 11 which clustered in clades 2 and 1, respectively
(Figure 5). These two isolates also clustered within clade 3 based
on the tef1 gene sequences and all other isolates clustered within
clade 3 (Figure 7). Likewise, most isolates were clustered within
clade A based on the SIX3 gene sequence, except Fu 9 and Fu 11
that were in clade C and Fu 22 that clustered in clade D (Figure 6).
ANOVA analysis using data from pathogenicity assays on ‘Bonny
Best’ only (data not shown) revealed Fu 14 was the most virulent
(value of 1330) and was similar to Fu 20, Fu 11, Fu 13, and Fu 15
(AUDPC values in descending order). These were significantly
more virulent than the least virulent isolates (Fu 22, Fu 9, Fu
18, and Fu 19, ordered in descending order of AUDPC values)
(Supplementary Table S4). The nine isolates from greenhouse
#9 all had the same mating type and were present in the same
SIX3 clade and tef1-α clade. Fu 26 and Fu 25 were more virulent
on ‘Bonny Best’ than Fu 30 and Fu 23; the remaining isolates from
greenhouse #9 were intermediate (Supplementary Table S4). The
four isolates (Fu 32, Fu 33, Fu 34 and Fu 35) from greenhouse
#10 had identical profiles, including virulence on ‘Bonny Best’,
but two isolates (Fu 32 and Fu 33) were within the SIX3 gene
clade C and two isolates (Fu 34 and Fu 35) within clade D. The
three isolates (Fu 36, Fu 37 and Fu 38) from greenhouse #11 were
also identical to one another (mating type 2, SIX3 gene clade C,
tef1-α gene clade 3) except Fu 36 were more virulent on ‘Bonny

Best’ than Fu 38 while Fu 37 was intermediate (Supplementary
Table S4).

DISCUSSION

Fusarium wilt has not been a major problem in greenhouse
tomato production systems in NC due to the deployment of
host resistance to known races of FOL. However, multiple
reports of wilting and dying greenhouse-tomato plants occurred
within a very short and recent period, implying an emerging
disease problem, and prompting the need for this study. Isolates
were recovered from 12 greenhouses and multiple isolates were
cultured, and in some cases, from multiple tomato cultivars,
which lack genes for resistance to FOL. The emergent nature of
this problem compelled a detailed analysis of the causal agents.
All pathogenic isolates were classified as Fusarium oxysporum
f. sp. lycopersici. The data showed a strong cultivar × isolate
interaction and mainly races 1 and 3 were present in the
greenhouses in NC. Race 1 isolates originated from greenhouses
in Alamance, Harnett, and Lee counties while most FOL isolates
were race 3 from greenhouses in Harnett, Sampson, and Wilkes
counties. To the best of our knowledge, this is the first report of
race 3 in greenhouse tomato production systems in NC. Disease
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FIGURE 5 | Phylogenetic trees of the isolates of Fusarium oxysporum f. sp. lycopersici collected from tomato in greenhouses in North Carolina generated from the
rDNA internal transcribed spacer region (ITS) sequences. The tree topology was obtained through maximum-likelihood with 1,000 replications using the Tamura-Nei
DNA substitution model. Parsimony bootstrap values ( > 65%) are shown above the branches. The scale bar indicates 0.001 substitutions per site. Sequences of
two isolates Fu 19 and F 20 were not included due to short lengths. For comparisons, pathogenic races, mating types, and the presence or absence of 14 SIX
genes were included.

assays documented a significant difference in the severity of
symptoms and this pathogenic diversity was complemented by
assessing the diversity of pathogenicity genes and effector genes
within the population.

The 14 SIX genes have been identified and investigated (Rep
et al., 2004; Houterman et al., 2007; Lievens et al., 2009; Takken
and Rep, 2010; Taylor et al., 2016) and their presence or absence,
and the gene sequence of SIX3, were documented for the isolates
in this study. Among these, eight genes (SIX1, SIX3, SIX5, SIX6,
SIX7, SIX8, SIX10, and SIX12) were detected in the majority of
the greenhouse isolates while the remaining five genes (SIX2,
SIX9, SIX11, SIX13, and SIX14) were present in some isolates. We
found the SIX4 gene (also known as AVR1) only in race 1 isolates
and it was absent in all race 3 isolates analyzed (Houterman et al.,
2009). SIX4 or AVR1 was likely recognized by the I-1 gene to
confer specific resistance in tomato cultivar ‘Miracle Sweet’ to
race 1 (Houterman et al., 2008). Two AVR2 and AVR3 genes
also act as virulence factors in the absence of I-genes (Rep et al.,
2004; Houterman et al., 2009). Most race 3 isolates identified in
this study contained both SIX3 and SIX5 or AVR2 and SIX1 or
AVR3, which were recognized by the I-2, and I-2 and I-3 genes
containing cultivar ‘Red Defender’ and ‘Happy Root’, respectively
(Rep et al., 2004; Houterman et al., 2009). As a result, cultivar
‘Happy Root’ (I-1, I-2, and I-3 genes) exhibited resistance to both
races 1 and 3 isolates of FOL.

The presence of the remaining SIX genes in this study has
similarly been associated with the pathogenicity of F. oxysporum
isolates on tomato (SIX1-SIX7 genes; Lievens et al., 2009), cotton,
soybean, common bean (SIX6 gene; Chakrabarti et al., 2011;

Ellis et al., 2016), and banana (SIX1, SIX7, and SIX8 genes;
Meldrum et al., 2012). SIX1, SIX3, SIX4, SIX5, and SIX6 have all
been shown to make a direct contribution to virulence (Rep, 2005;
Houterman et al., 2009; Takken and Rep, 2010; Thatcher et al.,
2012; Gawehns et al., 2014; Ma et al., 2015). Interestingly, some
of these genes can also evade host immunity by suppressing R
gene-mediated resistance (Jones and Dangl, 2006; Husaini et al.,
2018). For example, SIX1 contributes directly to root penetration
and invasion of xylem vessels (Rep et al., 2004, 2005; van der
Does et al., 2008; Ma et al., 2010). Remarkably, interactions
between FOL SIX genes and tomato cultivars with corresponding
resistance genes have been useful to distinguish pathogenic races
in FOL (Houterman et al., 2008; Takken and Rep, 2010). SIX8
is a multi-copy gene in FOL but has been detected in formae
speciales of cucurbits (van Dam et al., 2016). There are no
reports of the function of SIX7, SIX9, SIX13, and SIX14, awaiting
additional research.

Of the 15 pathogenicity genes assessed, five genes (Fmk1,
PelA, Rho1, Sge1, and Ste12) were present in most isolates,
suggesting that these genes may be contributing to pathogenicity
of individual isolates of FOL. However, the presence of eight
genes (Fow1, Ftf1, Orx1, Peda1, Pep1, eIF-3, Scd1, and Snf1)
showed variation, indicating a partial association of the individual
genes with pathogenicity in FOL. These genes also have very
close homologs in other F. oxysporum f. spp. (Inoue et al.,
2002; Martinez-Rocha et al., 2008; Michielse et al., 2009; Rispail
and Di Pietro, 2009; Wong Sak Hoi and Dumas, 2010) and
have been used to discriminate pathogenic and nonpathogenic
isolates, with mixed success (Covey et al., 2014; Ellis et al., 2016).
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FIGURE 6 | Differentiation of Fusarium oxysporum f. sp. lycopersici race 3 from race 1 isolates collected from tomato-grown in greenhouses in North Carolina by
polymerase chain reaction (PCR) assay targeting the SIX3 gene and sequence alignments. The Maximum-likelihood phylogenetic trees were generated from the SIX3
gene sequences of the representative isolates and outgroup isolate “Ara1” of F. odoratissimum sequences were downloaded from the National Center for
Biotechnology Information database GenBank (http://www.ncbi.nlm.nih.gov/genbank). The tree topology was obtained through maximum-likelihood with 1,000
replications using the Tamura-Nei DNA substitution model. Parsimony bootstrap values ( > 80%) are shown above the branches. The clade of each isolate is also
presented in Table 1. Sequences of two isolates Fu 12 and Fu 17 were not included due to short lengths. Nonpathogenic isolate Fu 6 did not have an amplicon
corresponding to the SIX3 gene.

Two genes, Pep2 and PelD, were not amplified in all isolates
tested, suggesting that these genes do not have a specific role in
pathogenicity on tomato. Our finding showed that one isolate
(Fu 6) was nonpathogenic on tomato cultivars but appeared to
belong to race 3 using race-specific DNA markers (Hirano and
Arie, 2006). Although we were able to detect putative genes
that may be contributing to pathogenicity to tomato, we were
unable to identify a single genetic marker to differentiate this
nonpathogenic isolate from other race 3 isolates of FOL.

The functions of these genes in disease susceptibility have been
investigated in the past using molecular, genomic, proteomic,
and high-throughput-sequencing approaches. For examples, the
Fmk1 gene was found to be involved in the signal transduction
pathway, which can regulate various infection processes of
F. oxysporum such as the formation of infection hyphae, root
attachment and penetration, vascular colonization, and invasive
growth on the living plant tissue (Di Pietro et al., 2001). Another
gene, Rho1 was required for structural alterations in the cell
walls and virulence (Martinez-Rocha et al., 2008). Target mRNA
produced by the Ftf gene was tested in F. o. f. sp. phaseoli and FOL
using RNAi gene silencing and attenuation of Ftf gene expression
resulted in a marked reduction in virulence, indicating that the
Ftf gene acts as a regulator of virulence of F. oxysporum f. spp.

(Ramos et al., 2007; Niño-Sánchez et al., 2016; van der Does
et al., 2016). Pda1 encodes a pisatin demethylase that detoxifies
the phytoalexin pisatin produced in the roots of pea (Han et al.,
2001). Ste12 encodes a homeodomain transcription factor that
regulates invasive growth downstream of the Fmk1 pathway
(Rispail and Di Pietro, 2009). Importantly, Sge1 can regulate
the expression of SIX genes, which is required for colonization
of the xylem system and disease development (Michielse et al.,
2009). Recently, the homolog of the Sge1 transcription factor
has been identified in F. o. f. sp. cubense TR4, which was
involved in colonization of banana roots and pathogenicity
(Michielse et al., 2009).

Sequence analysis of the tef1-α gene was helpful to understand
the diversity of isolates found in NC greenhouses compared
to others isolated from various regions of the world. Previous
analyses of field populations of FOL identified three races (1,
2, and 3) in the United States including NC (Stall, 1961; Jones
and Litrell, 1965; Booth, 1971; Volin and Jones, 1982; Cai et al.,
2003). As with the SIX3 gene analysis, the tef1-α gene diversity
enabled grouping of race 1 isolates and these were clustered
among race 1 and race 2 strains from various regions of the
world. Comparative analysis of the tef1-α gene sequences between
greenhouse isolates and field populations demonstrated that the
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FIGURE 7 | The Maximum-likelihood phylogenetic trees of the 38 isolates of Fusarium oxysporum f. sp. lycopersici (FOL) sampled from tomato in the greenhouses
in North Carolina generated from the translation elongation factor 1-α encoding gene tef1- α sequences. For comparison purposes, publicly available the tef1-α gene
sequences of field isolates of FOL and other formae speciales of F. oxysporum and Fusarium spp. from the United States and other countries were downloaded from
the National Center for Biotechnology Information database GenBank (https://www.ncbi.nlm.nih.gov/genbank/). The tree topology was obtained through
maximum-likelihood with 1,000 replications using the Jukes-Cantor model. Phylogenetic trees were assembled with each test isolate using the T-BAS v.2.0 (Carbone
et al., 2017). Innermost ring refers to principal component analysis and the numerical values above branches are bootstrap values. Outer ring represents FOL
isolates sampled from greenhouses and field isolates from the United States and other countries as well as other formae speciales of F. oxysporum and Fusarium
spp. Asterisk (*) before the isolate number indicates previously reported FOL isolates from fields (Table 2). The isolates joined by dotted lines within the ring indicate
these isolates are genetically similar while solid lines represent high nucleotide polymorphisms. Parsimony bootstrap values (>80%) are shown above the branches.

race 3 clades from greenhouses formed two distinct clades that
genetically overlapped with previously identified race 3 field
isolates from California and Florida, and even from Australia,
Israel, and South Korea. In the United States, FOL race 3 was
first reported in Manatee County, Florida (Volin and Jones,
1982) and subsequently, it was disseminated to other tomato-
producing states including NC from Florida (Gale et al., 2003).
The high level of overlap demonstrates the greenhouse isolates
are part of a global population and therefore it is difficult to
attribute the source of inoculum to any one source. However,
the source of inoculum from an epidemiological perspective is of
great importance to the industry. The emergence of the disease,
caused predominantly by race 3, indicates introduced inoculum
into the greenhouse systems through multiple and independent
events. Elucidating the source of this inoculum is an important
goal for future studies. Prevention of FOL introductions into a
closed greenhouse system is one of the most important integrated
disease management (IPM) tactics growers can implement. The
tef1-α gene sequences also clustered the weakly virulent isolate Fu
4 with F. o. f. sp. radicis-lycopersici and another nonpathogenic

isolate Fu 6 was clustered with the members of other formae
speciales such as F. o. f. sp. lini, F. o. f. sp. melonis, F. o. f. sp.
spinaciae, and F. o. f. sp. vasinfectum. These data suggest Fu 4 and
Fu 6 are FOL strains.

An important goal in our study was to discern if the emerging
problem was due to the same haplotype, suggesting a common
source of inoculum. The sequences of the SIX3 gene were the
most informative, partitioning the population into four distinct
clades; clade B comprised the race 1 isolates and the race 3
isolates were grouped into three additional clades. These data
indicate the isolates do not have a monophyletic origin. In fact,
in greenhouse #8 from where multiple isolates were secured,
several genotypes were discovered representative of each race 3
clades. These data suggest there were multiple introductions of
inoculum. In contrast, isolates from greenhouse #9 were identical
to one another, suggesting clonal multiplication of the isolate
after an introduction. However, additional work is needed to
include larger sample collections from wide geographic regions
and more greenhouses to correlate the population structure of
the pathogen within each greenhouse with an emerging problem
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and to validate phylogenetic analysis within races using the SIX3
and tef1-α gene markers.

This study also demonstrated one locus, either MAT1-1
or MAT1-2, but both loci were not found in each isolate.
We postulated that the FOL isolates reproduced asexually and
had either the MAT1-1 or MAT-1-2 gene that was introduced
from the fields into the greenhouses. We did not find any
direct relationships between the MAT genes, or pathogenicity
genes or SIX effectors and pathogenic races. Some other
F. oxysporum spp. carry functional mating-type genes (Arie et al.,
2000; Yun et al., 2000). For example, in F. oxysporum f. sp.
cubense, both MAT genes were found, and sterile sexual-like
structures called ‘perithecia’ were produced (Fourie et al., 2009),
indicating that sexual recombination might occur in this fungus
(Taylor et al., 1999).

CONCLUSION

In conclusion, pathogenic and genomic diversity was robustly
documented among FOL isolates recovered from tomato in
greenhouses. Both races 1 and 3 were found and race 3
was predominant. The tef1-α and SIX3 genes were useful to
investigate the genetic diversity among isolates of FOL. Cultivar
‘Happy Root’ was highly resistant to both races 1 and 3 and
cultivars or rootstocks that have the I-3 gene should confer
control of the race 3 problem. Several growers converted to
grafted tomato plants once this study identified the emergent
problem as FOL race 3 based on known grafting protocols
(Louws et al., 2010). Multiple genes associated with pathogenicity
and effectors were also characterized within the population
and future work on pathogenesis, complemented with research
on host genetics, should lead to additional knowledge and
methods to limit future emergence of pathogenic variants and
losses due to FOL.
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Phytophthora comprises a group of filamentous plant pathogens that cause serious crop
diseases worldwide. It is widely known that a complex effector repertoire was secreted
by Phytophthora pathogens to manipulate plant immunity and determine resistance
and susceptibility. It is also recognized that Phytophthora pathogens may inhabit
natural niches within complex environmental microbes, including bacteria. However,
how Phytophthora pathogens interact with their cohabited microbes remains poorly
understood. Here, we present such an intriguing case by using Phytophthora–bacteria
interaction as a working system. We found that under co-culture laboratory conditions,
several Phytophthora pathogens appeared to block the contact of an ecologically
relevant bacterium, including Pseudomonas fluorescence and a model bacterium,
Escherichia coli. We further observed that Phytophthora sojae utilizes a conserved
Crinkler (CRN) effector protein, PsCRN63, to impair bacterial growth. Phytophthora
capsici deploys another CRN effector, PcCRN173, to interfere with bacterial flagellum-
and/or type IV pilus-mediated motility whereas a P. capsici-derived RxLR effector,
PcAvh540, inhibits bacterial swimming motility, but not twitching motility and biofilm
formation, suggesting functional diversification of effector-mediated Phytophthora–
bacteria interactions. Thus, our studies provide a first case showing that the filamentous
Phytophthora pathogens could deploy effectors to interfere with bacterial growth
and motility, revealing an unprecedented effector-mediated inter-kingdom interaction
between Phytophthora pathogens and bacterial species and thereby uncovering
ecological significance of effector proteins in filamentous plant pathogens besides their
canonical roles involving pathogen–plant interaction.

Keywords: Phytophthora, effector, bacterial growth, motility, contact-dependent growth inhibition

INTRODUCTION

Phytophthora spp., a genus of soilborne phytopathogenic oomycetes, infects a wide range of plants
and crops to threaten crop production and cause devastating damage to the ecosystem globally
(Kamoun et al., 2015). Several species of Phytophthora, including Phytophthora sojae, Phytophthora
capsici, and Phytophthora infestans, have been described as causal agents of soybean root and stem

Abbreviations: CRN, crinkling- and necrosis-inducing protein; RxLR, Arg–Xaa–Leu–Arg; T4SS, type IV secretion system;
T6SS, type VI secretion system; T4P, type IV pilus.
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rot, pepper and cucumber blight, and potato and tomato late
blight, respectively (Tyler, 2007; Haas et al., 2009; Lamour
et al., 2012). Recent studies revealed that Phytophthora pathogens
utilize effector proteins to manipulate plant immunity and
promote infection (Dou and Zhou, 2012; Lamour et al., 2012; He
et al., 2020). Among various types of effectors, RxLR and Crinkler
(CRN) represent two major groups of cytoplasmic effectors that
have been well-characterized (Tyler, 2007; Haas et al., 2009;
Petre and Kamoun, 2014). For instance, the P. infestans RxLR
effector Pi06280 interacts with host susceptibility factor NRL1 to
enhance the association between NRL1 and SWAP70, a guanine
nucleotide exchange factor, by which Pi06280 promotes the
proteasome-mediated degradation of SWAP70, leading to the
suppression of plant immunity (He et al., 2018). In P. capsici, an
RxLR effector, Avh103, targets host EDS1 and suppresses plant
immunity, probably through promoting the disassociation of the
EDS1–PAD4 complex (Li et al., 2020). In P. sojae, two close CRN
homologous effectors, PsCRN63 and PsCRN115, could interact
with plant catalases to inversely trigger H2O2-mediated defense
responses in plants (Liu et al., 2011; Zhang et al., 2015). It
is noteworthy that despite Phytophthora pathogens containing
a complex effector repertoire, only few members have certain
functions as plant immunity regulators (Amaro et al., 2017; Wang
and Jiao, 2019; He et al., 2020). The functionality of most effector
proteins in Phytophthora still remains to be uncovered.

In nature, it is believed that the filamentous Phytophthora
pathogens cohabited with other microbes, such as bacteria
(Berendsen et al., 2012). However, how Phytophthora pathogens
communicate or interact with their niche’s related microbes to
gain ecological adaptation remains unknown. In the bacterial
kingdom, it is well-known that a wide range of Gram-negative
bacteria could deploy type VI secretion system (T6SS) or type
IV secretion system (T4SS) to inject toxic effector proteins
into neighbor cells of bacterial or eukaryotic preys to interfere
with or even kill them, leading to a contact-dependent growth
inhibition (CDI) or inter-kingdom competition (Ma et al.,
2014; Mariano et al., 2018; Sgro et al., 2019). These previous
studies collectively lead us to hypothesize that the filamentous
Phytophthora pathogens may also employ an effector-mediated
approach to achieve its previously unidentified patter of
communications/interactions with their niche’s related microbes.

In the present study, we observed that several Phytophthora
plant pathogens appeared to block the contact of two bacterial
species in a developed co-culture system, revealing that an
“unfriend” interaction pattern occurs between Phytophthora
and particular bacterial species. We further found that
P. sojae, a causal pathogen of soybean root and stem rot,
could utilize a conserved CRN effector protein to interfere
with bacterial growth, which acts as a mechanism explaining
how Phytophthora pathogens block the contact of bacterial
cells. We also found that Phytophthora pathogens secreted
two unrelated effectors, PcCRN173 and PcAvh540, to
interfere with bacterial motility. We hypothesized that
inhibition of bacterial motility may represent another
mechanism employed by Phytophthora pathogens to avoid
the contact of bacterial cells. Thus, our studies provide
a first case showing that the filamentous Phytophthora

pathogens could deploy the effectors to manipulate bacterial
growth and motility, revealing an unrecorded effector-
mediated inter-kingdom interaction between filamentous
pathogens and bacteria.

MATERIALS AND METHODS

Microbial Strains and Plant and Growth
Conditions
P. sojae (P6497), P. capsici (LT263), and Phytophthora nicotianae
(Pp025) strains were routinely cultured on 10% vegetable
(V8) juice medium at 25◦C in the dark. A Botrytis cinerea
strain was cultured on PDA medium at 25◦C in the dark.
Escherichia coli DH5α, BL21(DE3), and MG1655 strains were
cultured in LB medium at 37◦C. Pseudomonas fluorescence
2P24, Agrobacterium tumefaciens GV3101, and Lysobacter
enzymogenes OH11 strains were cultured in LB medium
at 28◦C. Nicotiana benthamiana plants were grown for 4–
6 weeks at 25◦C under a 16 h light/8 h dark photoperiod
in a greenhouse.

Plasmid Construction
Constructs and primers used for plasmid construction in this
study are documented in additional file Supplementary
Data Sheets 1, 2. AvrRxo1 was cloned using the DNA
from Xanthomonas oryzae pv. oryzae RS105, PsCRN63,
and PsCRN115 were cloned from the cDNA of P. sojae
strain P6497, PnSCP47 was cloned using the cDNA of
P. nicotianae Pp025, and other effectors were PCR amplified
from P. capsici strain LT263. For arabinose-induced gene
expression, corresponding PCR products were inserted into
pBAD/Myc-HisA plasmid. To generate constructs for RFP-
labeled gene transient expression in N. benthamiana, the
coding region (including signal peptide) of PsCRN63 and
PsCRN115 was inserted into the pSuper-RFP vector, respectively.
For transiently expressed effector’s protein extraction from
N. benthamiana, the coding region (without signal peptide)
of PsCRN63 and PsCRN115 was separately cloned into the
pBinGFP2 vector. To make constructs for twitching motility
assay, the coding region of PcCRN173 and PcAvh540 was
PCR-amplified to the PBBR1-MCS5 vector. All generated
plasmids were validated by sequencing by GenScript, Inc.
(Shanghai, China).

Phytophthora and LacZ-Labeled
Bacterial Co-culture Assays
P. sojae (P6497), P. capsici (LT263), P. nicotianae (Pp025), and
B. cinerea were cultured on the indicated solid medium first.
After hyphae grew well, agar disks covered with mycelium were
obtained with a hole punch. The same numbers of agar disks
for each Phytophthora and B. cinerea were placed in the conical
flask filled with filtered 20 ml 10% liquid V8 medium, shaken and
cultured at 25◦C in the dark. Mycelial pellets formed in 2–3 days.
LacZ-labeled P. fluorescence 2P24 and E. coli DH5α bacteria were
cultured for 12 h in LB medium. Bacterial cells were harvested
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FIGURE 1 | The selected Phytophthora pathogens appeared to block the contact of the LacZ-labeled P. fluorescence (A) and E. coli (B) under co-culture
conditions. The LacZ-labeled bacterial strains could become blue in the presence of X-gal. P. sojae, P. capsici, P. nicotianae, and B. cinerea were first cultured in
solid medium and then transferred to liquid medium, shaken and cultured at 25◦C in the dark. As mycelial pellets formed, LacZ-labeled bacterial suspensions were
added to the medium for co-culture in the presence of X-gal solution. Under the co-culture conditions, if the bacterial cells contacted with the pathogen hypha, the
hypha will show a blue appearance due to attachment of “blue” bacterial cells. “Control” means presence of only bacterial cells. P. sojae, P. capsici, P. nicotianae,
and B. cinerea correspond to Phytophthora sojae, Phytophthora capsici, Phytophthora nicotianae, and Botrytis cinerea, respectively.

by centrifugation and resuspended in sterilized ddH2O, and the
optical densities of cell suspensions were adjusted to an OD600 of
0.5. Two hundred microliters of bacterial suspensions and 100 µl
of 20 mg/ml X-gal were added to each conical flask with mycelial
pellets. Then, Phytophthora and bacteria were co-cultured at 25◦C
in the dark with shaking for 3 days.

Detection of Effector-Induced Toxicity in
E. coli BL21
The arabinose inducible plasmid pBAD/Myc-HisA was
introduced for toxic effector detection. E. coli strain BL21
(DE3) transformed with empty pBAD and pBAD-AvrRxo1
was cultured in LB broth for approximately 4 h. Exponentially
growing cells were adjusted to an OD600 of 0.5 and serially
diluted 10-fold. A 5 µl volume of each bacterial dilution was
then spotted on solid LB agar supplemented with and without
appropriate concentrations of L-arabinose. Plates were placed at
37◦C overnight and photographed.

Growth Curve Assays
Freshly cultured E. coli BL21 (DE3) strains carrying pBAD-based
vectors were suspended to an OD600 of 0.03 and distributed to six
replicate tubes: three replicate tubes for uninduced groups and
three other tubes for arabinose-induced groups. Bacteria were
induced with 2% L-arabinose at 0 h and incubated at 37◦C with
shaking. Cell growth was recorded every hour at OD600.

Western Blot Assays for PsCRN63 and
PsCRN115 Induction
E. coli BL21(DE3) strains transformed with pBAD-PsCRN63,
pBAD-PsCRN115, or pBAD empty vector were grown in LB
broth at 37◦C for several hours until the optical density (OD600)
reached 0.3. Final concentrations of 0.1% and 2% L-arabinose
were used to induce gene expression. After 5 h of induction,
bacterial cells were collected and lysed for western blot. Samples
were separated by standard SDS-PAGE gels and transferred to
a PVDF membrane and then blocked with a PBST solution
containing 5% non-fat milk for 30 min in room temperature with
60 rpm shaking. Anti-His monoclonal antibody (Sigma-Aldrich)
and anti-β-RNAP (β-RNA polymerase) antibody (Abcam) were
separately added to the PBST solution and incubated at 4◦C
overnight. Then the membranes were washed three times with
PBST, followed by incubation with goat anti-mouse IRDye
800CW antibody (Odyssey) and goat anti-rabbit IRDye 800CW
antibody (Odyssey) in PBST solution with 5% non-fat milk at
room temperature for 45 min. The membranes were washed three
times with PBST and visualized using a LI-COR Odyssey scanner
with excitation at 700 and 800 nm.

Transient Expression Assays
Agrobacterium-mediated transient expression in N. benthamiana
was performed. A. tumefaciens strain GV3101 harboring the
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FIGURE 2 | Induced expression of PsCRN63 caused toxicity to E. coli cells based on a generated genetic screen system. (A) A schematic illustration of the genetic
screen system evaluating the toxicity of a given effector gene in E. coli cells. The effector gene was cloned into the pBAD/Myc-HisA vector (step 1), followed by
transformation into the E. coli BL21 cells (step 2), in which the expression of the effector gene was driven by an arabinose-inducible promoter. After cultivation and
serial dilutions (step 3), these transformed bacterial cells were spotted on the LB agar plates with (+Ara) and without (−Ara) arabinose (step 4) to observe their
growth, which serves as an indication to evaluate the toxicity of the given effector gene. (B) Validation of the genetic screen system by using a X. oryzae T3SS (type
III secretion system) effector protein, AvrRxo1 with known antibacterial activities. The toxicity to E. coli cells induced by the AvrRxo1 gene was arabinose dose
dependent compared to the vector control (EV). The red star indicates that this concentration was used in the following assay. (C) Induced expression of the
PsCRN63 gene but not its close homologous gene, PsCRN115, caused toxicity to E. coli cells. (D) Evaluation of the growth curve of E. coli cells carrying the given
effector genes. E. coli BL21(DE3) cultures (OD600 = 0.03) transformed with pBAD-PsCRN63, pBAD-PsCRN115, or empty pBAD vector were induced with 2%
L-arabinose at 0 h. Cell growth was recorded every hour at OD600. Data are the means ± SEM of three independent experiments. Experiments were repeated at
least three times on different days. (E) Western blotting showing the detectable expression of the PsCRN63 and PsCRN115 genes in the E. coli cells after induction
by arabinose. Anti-His antibodies were used to detect PsCRN63 and PsCRN115; the RNA polymerase β-subunit served as a loading control.

indicated constructs was cultured in LB broth at 28◦C for 24 h.
Bacterial cells were harvested by centrifugation at 4,000 rpm
for 10 min, washed three times in 10 mM MgCl2, resuspended
in infiltration buffer (10 mM MES, 10 mM MgCl2, 150 µM
acetosyringone, pH = 5.6) to an optical density (OD600) of
0.5, and incubated at 28◦C in the dark for over 3 h. Five-
week-old N. benthamiana were used for infiltration. For protein
extraction experiment, leaf samples were harvested 36 h after
infiltration. For effector protein and bacterial co-incubation
assay, leaves were infiltrated with bacterial suspension at 3 days
after infiltration.

Confocal Laser Scanning
Small patches of N. benthamiana leaf were mounted in
distilled water after 48 h of infiltration. Fluorescence was
visualized using a Zeiss LSM 710 confocal microscope. The
red fluorescence of pSuper-RFP constructs was excited at
561 nm. Leaves with well-expressed constructs were used
for further GFP-tagged bacterial infiltration. Freshly cultured
GFP-tagged E. coli bacteria were washed three times in
distilled water and adjusted to an OD600 of 0.2 and then

uniformly infiltrated in leaves expressing the indicated pSuper-
RFP constructs. Twenty-four hours after infiltration, the
bacterial survival condition was visualized. The GFP fluorescence
was excited at 488 nm. Images were processed using a
Zeiss LSM 710 confocal laser scanning microscope with
a ×20 objective lens.

Transient Expressed Effector Protein and
Bacterial Co-culture Assays
Effector proteins were transiently expressed in N. benthamiana
for 36 h; then total protein was extracted using protein extraction
buffer (50 mM HEPES, 150 mM KCl, 1 mM EDTA, and 0.1%
Triton X-100; pH 7.5) supplemented with a 1 mM protease
inhibitor cocktail (Roche). Protein was filtrated by bacteria filters
and then mixed with bacterial suspension (OD600, 0.2) in the
same volume. The protein and bacterial mixtures were incubated
at 28◦C with shaking. Samples were taken at 0, 1, 2, 3, 4, and 6 h
of incubation. For each sample, five dilution series were prepared
from the same original suspension, and 10 µl of the suspension
was spotted on LB plates. Each sample was repeated three times.
Plates were placed at 28◦C overnight.
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FIGURE 3 | PsCRN63 directly inhibited bacterial growth. (A) Transient expression of the PsCRN63-RFP fusion gene in plant cells inhibited bacterial growth by using
the GFP-labeled E. coli as a representative example. Tobacco leaves were infiltrated with A. tumefaciens strain GV3101 carrying PsCRN63-pSuper-RFP,
PsCRN115-pSuper-RFP, or empty vector (OD600 = 0.5). The leaves were infiltrated with GFP-labeled E. coli (OD600 = 0.2) after 3 days of expression of the genes
indicated. The confocal images were taken using a confocal laser scanning microscope (LSM 710 META, Zeiss, Germany) at 24 h, with excitation wavelengths of
488 nm (GFP) and 561 nm (RFP). Scale bars = 200 µm. The experiments had more than three biological repeats with similar results. Both the empty vector (EV-RFP)
and the PsCRN115-RFP fusion gene were used as negative controls. (B) The plant-derived PsCRN63 proteins inhibited the growth of the test E. coli cells.
pBinGFP2-PsCRN63, pBinGFP2-PsCRN115, and pBinGFP2 empty vector were transiently overexpressed in tobacco leaves for protein extraction. The transiently
expressed crude proteins of PsCRN63 and PsCRN115 were mixed with bacterial suspension (OD600, 0.2) in the same volume. The protein and bacterial mixtures
were incubated at 28◦C with shaking. Samples were taken at 0, 1, 2, 3, 4, and 6 h of incubation. Serial dilutions of the mixtures were spotted on LB plates and
cultured at 28◦C overnight. Each sample was repeated three times.

Motility Assays
The test of MG1655 swimming motility was performed as
described earlier (Ryjenkov et al., 2006). E. coli strains were
grown in LB broth overnight, and 2 ml of cultures was spotted
onto soft LB plates which contain 0.25% agar. Expression of
the pBAD/Myc-HisA vector was induced with 0.1% L-arabinose.
Swimming motility was observed after 6 h of incubation at 37◦C.
The twitching motility assay of OH11 was performed according
to our earlier study (Zhou et al., 2015). In brief, L. enzymogenes
strains carrying the pBBR1-MCS5 vector (Kovach et al., 1995)
were inoculated at the edge of a sterilized coverslip containing
1/20 tryptic soy agar (TSA) with 1.8% agar. The margin of
bacterial colonies on the microscope slide was observed after 24 h
of incubation at 28◦C. The twitching motility was specified by the
observation of motile cells or cell clusters growing away from the
primary colony.

Biofilm Formation Assays
Biofilm formation assay in L. enzymogenes was performed as
in our earlier study (Xia et al., 2018). Firstly, L. enzymogenes
strains were grown in LB broth at 28◦C with shaking at 200 rpm.
When the OD600 reached 1.0, 80 µl bacterial culture of each
strain was transferred into 12-well plates containing 4 ml LB
broth in each well. The 12-well plates were grown at 28◦C for
72 h without shaking. Then the cultures were removed, and
the respective well was washed three times by using sterilized
water, followed by the addition of 5 ml crystal violet (CV). After

15 min, the CV was removed, and each well was washed by
using sterilized water three times. Finally, the 12-well plates were
put at 37◦C for drying, and CV-stained biofilms were dissolved
in 4 ml elution buffer (50% H2O, 40% methanol, 10% glacial
acetic acid). The biofilm formation was quantified by measuring
OD575 with a spectrometer. Three replicates for each sample were
used in this assay.

RESULTS

Several Phytophthora Pathogens Appear
to Block Contact of Bacterial Cells in a
Co-culture System
To mimic a natural interaction between plant Phytophthora
pathogens and ecologically relevant bacteria in the laboratory,
we selected three representative plant Phytophthora pathogens
(P. sojae, P. capsici, and P. nicotianae) to perform a co-
culture assay with a niche-associated widespread bacterial
species, P. fluorescence. To facilitate our observation, we
generated a LacZ-labeled P. fluorescence strain (2P24-LacZ)
that could turn blue in the presence of X-gal (5-bromo-4-
chloro-3-indolyl β-D-galactopyranoside). With the co-culture
of this LacZ-labeled strain with the Phytophthora pathogens
described above, it is interesting to observe that all the
selected Phytophthora pathogens blocked the attachment of
2P24-LacZ, as no-blue or slightly blue bacterial cells could
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FIGURE 4 | The residue lysine (K) of PsCRN63 at position 329 is required for its induced toxicity in E. coli cells. (A) A schematic illustration of four-amino difference
between the sequence of PsCRN63 and its close homolog, PsCRN115. The residue lysine (K) at position 329 was highlighted in red and was randomly selected for
site mutation. (B) Changing K329 to E329 of PsCRN63 (named PsCRN63K 329E ) abolished its induced toxicity to E. coli cells, while substitution of E329 to K329 of
PsCRN115 (designated as PsCRN115E 329K ) did not confer its toxicity to E. coli. AvrRxo1 and empty vector were used as positive and negative controls,
respectively. The same results were observed in at least three independent times.

be detected around the hypha, while another filamentous
fungal pathogen, B. cinerea, was observed to be attached well
by the same bacterium (Figure 1A). This phenomenon was
further validated by a model bacterium, a LacZ-labeled E. coli
strain DH5α (pMD19-T) (Figure 1B). These results suggest
that the filamentous Phytophthora pathogens seem to deploy
previously uncharacterized factors to block the contact of
bacterial cells. Observation of such an intriguing inter-kingdom
interaction motivates us to uncover the underlying factors and/or
mechanisms utilized by Phytophthora pathogens.

PsCRN63 Is a Phytophthora CRN
Effector Toxic to Bacterial Cells
As no-blue/slightly blue bacterial cells were observed in the co-
cultured Phytophthora pathogen hypha, we thus hypothesized

that Phytophthora pathogens may have a capacity to interfere
with bacterial growth by secreting factors such as the effector
proteins. To rapidly test the toxicity of Phytophthora effectors
to bacterial cells, we developed a model E. coli-based inducible
system, in which the expression of each effector encoding gene
was driven by an arabinose-inducible promoter (Figure 2A). To
test whether this system could work properly, we first employed
a bacterial effector gene, AvrRxo1, from X. oryzae as a control,
whose product is known to be toxic to E. coli cells (Triplett
et al., 2016). As expected, expression of AvrRxo1 under the
arabinose-inducible promoter caused toxicity to the test E. coli
BL21 cells, and this toxic effect was shown to be arabinose dose
dependent (Figure 2B). The concentration of 2% Ara was used
for the following toxic effector screening. Using this generated
system, we first tested whether the CRN effector, PsCRN63, from
P. sojae is toxic to E. coli cells, because we previously already
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FIGURE 5 | One homologous PsCRN63 protein from P. capsici caused toxicity to E. coli cells. (A) Sequence alignment of PsCRN63 and PsCRN115 with their
selected homologs from P. capsici and P. nicotianae. PcCRN4 indicates P. capsici CRN4 (accession number: P0CV73.1), PnSCP47 represents P. nicotianae SCP47
(accession number: KUF94958.1). Identical amino acids are shaded in dark blue, amino acids with higher than 75% similarity are shaded in pink, and amino acids
with higher than 50% similarity are shaded in light blue. (B) Induced expression of the PcCRN4 gene (indicated by red stars) but not the PnSCP47 caused toxicity to
E. coli cells.

found that the recombinant PsCRN63–His fusion protein was
hardly purified in E. coli BL21 (Zhang et al., 2015). Indeed,
we found that inducible expression of the PsCRN63 gene in
E. coli BL21 cells caused toxicity and thus inhibited the bacterial
growth (Figure 2C), which was further confirmed by the growth
curve test in liquid medium (Figure 2D). Expression of PsCRN63
in E. coli BL21 cells was also detected by western blot assays
(Figure 2E). To explore whether this finding is biologically
relevant, we further carried out a large-scale screen (40 effector
proteins in total) by using the developed system, and we indeed
found that PcCRN230 from P. capsici is another CRN effector
toxic to E. coli (Supplementary Figures 1, 2). During the screen,
we are surprised to find that inducible expression of PsCRN115,
a homolog of PsCRN63, did not show a toxic effect to BL21
cells (Figure 2C). This unique observation motivated us to use
“PsCRN63–PsCRN115” as a comparative pair to further confirm
their toxicity/non-toxicity to bacterial cells.

Since the recombinant PsCRN63–His fusion proteins are
difficult to purify with a desirable content in E. coli, we thus
first adopted a plant-derived system, in which PsCRN63-RFP was
transiently expressed in the leaves of N. benthamiana, followed
by infiltrating the GFP-labeled E. coli cells to the same leaves to
explore whether the plant-expressed PsCRN63 has an ability to
inhibit bacterial growth. Using this approach, we again found
that transient expression of PsCRN63 but not PsCRN115 in
plants inhibited the growth of the GFP-labeled E. coli BL21
(Figure 3A), which is consistent with our earlier results shown
in Figures 1, 2C. To further validate the above observations
and exclude the possibility that suppression of bacteria is caused
by PsCRN63-triggered plant immunity, we collected the plant-
expressed proteins of PsCRN63 and PsCRN115 to perform a
plate-based bacterial inhibition assay. Again, we observed that the
plant-expressed PsCRN63, but not PsCRN115, directly inhibited
the growth of E. coli in the culture (Figure 3B). These results

collectively supported that PsCRN63 directly caused toxicity to
bacterial cells and thus inhibited bacterial growth.

The Residue Lysine of PsCRN63 at
Position 329 Is Required for Its Induced
Toxicity in E. coli Cells
Considering PsCRN115 only differs with PsCRN63 at four amino
residues (Figure 4A), we thus tested whether these four amino
residues could determine the toxicity of PsCRN63 to E. coli.
Indeed, mutation of the residue lysine (Lys, K) at position 329
(named K329) of PsCRN63 to glutamic acid (Glu, E) that is
possessed by PsCRN115 at the same position (named E329)
abolished the induced toxicity to E. coli, while substitution of
E329 of PsCRN115 by K329 did not confer an induced toxicity
to E. coli (Figure 4B). These results suggest that while K329 plays
key roles in maintaining the toxicity of PsCRN63 to bacterial cells,
it is not the sole residue signature to distinguish the toxicity and
non-toxicity between PsCRN63 and PsCRN115.

One Homologous PsCRN63 Protein From
P. capsici Caused Toxicity in E. coli Cells
Our results above reveal that P. sojae could deploy PsCRN63 as
a toxic effector against bacterial growth, which correlates with
our earlier finding that the co-cultured P. sojae hypha blocked
the contact of bacterial cells (Figure 1). To explore whether such
an effector was conservatively distributed in and utilized by other
plant Phytophthora pathogens tested in this study, we performed
bioinformatic analyses and identified PcCRN4 from P. capsici and
PnSCP47 from P. nicotianae as homologous proteins of PsCRN63
(Figure 5A). Subsequently, induced expression in E. coli BL21
identified that PcCRN4, but not PnSCP47, exhibited toxicity to
bacterial cells (Figure 5B). These results reveal that PsCRN63 and
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FIGURE 6 | Large-scale screening revealed that induced expression of PsCRN173 and PsAvh540 indicated by red star in E. coli inhibited flagellum-mediated
swimming motility. Expression of each given effector gene was driven by an arabinose-inducible promoter within the pBAD/Myc-HisA vector in E. coli MG1655. −Ara
and +Ara indicate the absence and presence of 0.1% L-arabinose in the soft agar (0.35%) plates. Bacteria were incubated for 6 h at 37◦C. The flagellum-mediated
motility is indicated by the swimming halos formed in each plate. Slr, an abbreviation of Slr-1143 that is a well-characterized diguanylate cyclase inhibiting swimming
motility, was used as a positive control. Three independent replicates were performed with similar results.

its certain homologs from partial plant Phytophthora pathogens
are indeed toxic to bacterial cells.

PcCRN173 and PcAvh540 Interfere With
Bacterial Motility
Besides toxicity, we are also interested to explore whether
plant Phytophthora pathogens could utilize effector proteins
to interfere with bacterial motility, thereby suppressing their
movement/colonization and hence avoiding their contact. To
test this hypothesis, each non-toxic effector (38 in total) was
individually introduced into E. coli MG1655 that could display
an easy-to-be-observed, flagellum-dependent swimming motility
on semisolid agar plates. By using this system, we found that
two Phytophthora effectors, PcCRN173 and PcAvh540, showed a
remarkable role in inhibiting the swimming motility of MG1655,
while 36 other effectors did not (Figure 6).

To further explore whether PcCRN173 and PcAvh540 also
have a role in affecting flagellum-independent bacterial motile
behavior, we cloned these two genes into a broad-host vector,
pBBR1-MCS5, in which the expression of each gene was driven
by a constitutive promoter. Subsequently, we introduced each

construct into the L. enzymogenes OH11 (Qian et al., 2009)
that is a non-flagellated strain but could exhibit type IV pilus
(T4P)-driven twitching motility. The results of a twitching
test showed that constitutive expression of PcCRN173 but not
PcAvh540 completely inhibited the T4P-dependent twitching
motility produced by the strain OH11 (Figure 7A). According
to our earlier studies (Han et al., 2018), we have shown that
twitching motility in strain OH11 correlates with the biofilm
formation, a bacterial community state; we thus tested whether
PcCRN173 could change the biofilm production in strain OH11.
In agreement, we indeed found that the wild-type OH11 carrying
PcCRN173 but not PcAvh540 significantly lowered the biofilm
formation (Figures 7B,C).

DISCUSSION

In the past decades, the role and diverse mechanistic actions of
effector proteins from filamentous pathogens in manipulating
host immunity have been well illustrated (Oliva et al.,
2010; Dou and Zhou, 2012; He et al., 2020). Unlike this
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FIGURE 7 | Differential involvements of PcCRN173 and PcAvh540 to twitching motility and biofilm formation in the non-flagellated L. enzymogenes OH11.
(A) PcCRN173 but not PcAvh540 inhibited type IV pilus-mediated twitching motility. In 1/20 TSB agar medium, wild-type OH11 containing an empty vector exhibited
twitching motility, as evidenced by the appearance of mobile cells (indicated by white arrows) at the colony margin, while OH11 containing PcCRN173 reveals no
such capability. (B) PcCRN173 but not PcAvh540 inhibited biofilm formation. In LB liquid medium, wild-type OH11 containing an empty vector formed strong
biofilms (indicated by red arrows) while OH11 containing PcCRN173 almost lost such abilities. (C) Quantification of biofilm formation formed by OH11 possessing an
empty vector, PcCRN173, and PcAvh540. The absorbance value of OD575 was measured. Three replicates for each sample were tested. Asterisks (*) indicate
significant differences (P < 0.05, Duncan’s test) relative to the empty vector control.

FIGURE 8 | A proposed model illustrating an effector-mediated inter-kingdom interaction between Phytophthora pathogens and bacterial species. Based on the
current results, it is proposed that Phytophthora pathogens seem to block the contact of bacterial species, representing an “unfriend” interaction pattern. To achieve
such interactions, Phytophthora pathogens likely deploy several effector proteins in an uncharacterized entry/contact mechanism (indicated by a dashed arrow) to
inhibit bacterial growth, flagellum-dependent swimming motility, and type IV pilus-mediated twitching motility, all of which likely help the filamentous pathogens to
avoid the attachment of cohabited bacterial species and achieve better adaptation in environment.

traditional effector-mediated pathogen–host interaction, the
present study discovered, for the first time, an effector-mediated
inter-kingdom interaction mode between the filamentous

Phytophthora pathogens and bacteria. We demonstrated that
Phytophthora pathogens could likely block the contact of
ecologically relevant bacterial species by secreting diverse effector
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proteins to interfere with bacterial growth and/or motility
directly or indirectly (Figure 7), which may contribute to the
ecology/infection of Phytophthora pathogens in natural niches. It
is possible that using such a novel inter-kingdom interaction, the
filamentous Phytophthora pathogens could alter environmental
or host microbiota composition and/or dynamics to obtain
niche nutrients in a maximum extent, which helps its free-living
lifestyle or infection. However, it is known that Phytophthora
pathogens commonly use haustoria to secrete a range of virulence
effectors (Dou and Zhou, 2012; Wang et al., 2018), while it is
unclear whether this structure also participates in the oomycete–
bacteria interaction. Uncovering this point and other possible
processes in depth will advance our knowledge on how effectors
delivered by oomycete are involved in the interaction with
cohabited bacteria in nature.

According to our results, we found that the plant-expressed
PsCRN63 proteins exhibited a direct inhibitory effect on bacterial
growth in medium plates, suggesting that this effector protein has
a potential chance to directly target bacterial cell wall or enter
into the cell’s periplasmic spaces or cytoplasm, where this effector
achieves its toxicity by binding to an uncharacterized bacterial
survival-required protein or compound. As a piece of supporting
evidence, we already knew that bacteria could deliver toxic T6SS
or T4SS effector proteins into the periplasmic space to degrade
peptidoglycan or into the cytoplasm to degrade RNA of prey
bacterial cells (Hayes et al., 2010; Hachani et al., 2016; Chassaing
and Cascales, 2018), thereby inhibiting the growth of prey cells. In
this aspect, the identified PsCRN63 could serve as an interesting
probe for a detailed mechanistic study in the future to understand
how the Phytophthora effectors archive antibacterial activity.

Previous studies undoubtedly uncovered the important roles
of flagella-dependent swimming motility and T4P-mediating
twitching motility in bacterial chemotaxis, stress adaption, and
virulence (Maier and Wong, 2015; Chang et al., 2016). Moreover,
motility is also believed to play key roles in helping biocontrol
bacteria (i.e., P. fluorescence 2P24) to move toward nearby
microbial competitors or pathogens. For instance, we previously
reported that the biological control agent L. enzymogenes OH11
utilizes T4P-driven twitching motility to move toward and
establish a contact with filamentous pathogens and subsequently
kill them by secreting antimicrobial secondary metabolites and
abundant lytic enzymes (Han et al., 2015, 2018; Lin et al.,
2020). With the above understandings along with our results
in Figure 1, we hypothesized that the Phytophthora pathogens
may deploy the CRN effectors, i.e., PcCRN173, to inhibit the
twitching motility of OH11 and hence avoid the contact of this
biocontrol bacterium, which likely represents a defense strategy
of Phytophthora pathogens against bacterial infection. At the
mechanistic level, we speculate that PcCRN173 may directly
interact with a component or regulator of flagellum or pilus
biogenesis, by which PcCRN173 could achieve its dual function

in inhibiting both flagellum- and pilus-driven swimming and
twitching motility (Figure 8).

In conclusion, the present study presents intriguing evidences
to show that the plant Phytophthora pathogens could utilize
effector proteins to interfere with bacterial growth and motility,
revealing a crucial role of effector proteins in mediating the
interaction of filamentous pathogens with its microbiome
bacteria. Our results may open a gate to consider previously
unrecognized ecological roles of filamentous pathogens’
effectors besides their well-characterized functions in pathogen–
host interaction.
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The emergence of new physiological races of Puccinia striiformis f. sp. tritici (Pst)
causing wheat stripe rust can lead to the loss of resistance of wheat cultivars to stripe
rust, thus resulting in severe losses in wheat yield. In this study, after the germination
of urediospores of three Pst strains including the original strain (CYR32, a dominant
physiological race of Pst in China) and two virulence-mutant strains (CYR32-5 and
CYR32-61) acquired from CYR32 via UV-B radiation, proteomic analysis based on
isobaric tags for relative and absolute quantification (iTRAQ) technology was performed
on the strains. A total of 2,271 proteins were identified, and 59, 74, and 64 differentially
expressed proteins (DEPs) were acquired in CYR32-5 vs. CYR32, CYR32-61 vs.
CYR32, and CYR32-61 vs. CYR32-5, respectively. The acquired DEPs were mainly
involved in energy metabolism, carbon metabolism, and cellular substance synthesis.
Furthermore, quantitative reverse transcription PCR assays were used to determine
the relative expression of the 6, 7, and 1 DEPs of CYR32-5 vs. CYR32, CYR32-
61 vs. CYR32, and CYR32-61 vs. CYR32-5, respectively, at the transcriptional level.
The relative expression levels of one, five, and one gene, respectively, encoding the
DEPs, were consistent with the corresponding protein abundance determined by iTRAQ
technology. Compared with CYR32, the DEPs associated with energy metabolism and
stress—including E3JWK6, F4S0Z3, and A8N2Q4—were up-regulated in the mutant
strains. The results indicated that the virulence-mutant strains CYR32-5 and CYR32-61
had more tolerance to stress than the original strain CYR32. The results obtained in
this study are of great significance for exploring the virulence variation mechanisms of
Pst, monitoring the changes in Pst populations, breeding new disease-resistant wheat
cultivars, and managing wheat stripe rust sustainably.

Keywords: Puccinia striiformis f. sp. tritici, virulence variation, proteomics, iTRAQ, UV-B radiation, wheat stripe
rust

INTRODUCTION

Stripe rust (yellow rust), caused by Puccinia striiformis f. sp. tritici (Pst), is a devastating wheat
disease in wheat producing regions worldwide (Li and Zeng, 2002; Line, 2002; Chen, 2005; Wan
et al., 2007; Chen et al., 2014; Wang et al., 2014). It can have a serious impact on wheat production,
and can cause yield losses of 10–30% or even no yield once a disease outbreak or epidemic occurs
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(Li and Zeng, 2002; Wan et al., 2004, 2007). Pst can mutate in
many ways to produce new strains or physiological races (Ma
et al., 1993; Li and Zeng, 2002; Jin et al., 2010; Hu et al., 2014;
Kang et al., 2015). The emergence of new physiological races
can lead to the loss of stripe rust resistance in wheat cultivars
and cause periodic epidemics of the disease (Li and Zeng, 2002;
Chen, 2007; Chen et al., 2014; Hu et al., 2014; Kang et al.,
2015). Hence, exploring the mechanisms of virulence variation
of Pst can provide an important basis for wheat breeding and
control of stripe rust.

Ultraviolet-B (UV-B) radiation (280–320 nm) is a part of
sunlight, and can affect living things on Earth’s surface. In
most reported studies, UV-B radiation has been used as a stress
condition, and many aspects of its effects on living organisms
have been investigated, including physiological and biochemical
effects (Fargues et al., 1996; Jansen et al., 1998; Fernandes et al.,
2007; Wargent and Jordan, 2013; Braga et al., 2015), genetic
effects (Kumar et al., 2004; Braga et al., 2015), and effects
on proteins (Wu X. C. et al., 2011; Trentin et al., 2015; Gao
et al., 2019). As the main propagules of wheat stripe rust, Pst
urediospores, in high-altitude areas of northwestern China with
high-intensity UV-B radiation and in processes of long-distance
dispersal with upper air flows, are affected by UV-B radiation,
and virulence-mutant strains may be induced (Li and Zeng, 2002;
Cheng et al., 2014; Hu et al., 2014; Kang et al., 2015).

Reported studies on the effects of UV-B radiation on Pst
have focused on changes in the epidemiological components of
Pst after UV-B radiation (Jing et al., 1993; Cheng et al., 2014),
screening of virulence-mutant strains of Pst by UV-B radiation
(Shang et al., 1994; Huang et al., 2005; Wang et al., 2009;
Zhao et al., 2019), and random amplified polymorphic DNA
(RAPD) analysis of the UV-B-induced virulence-mutant strains
of Pst (Huang et al., 2005; Wang et al., 2009). An important
study on Pst (Zheng et al., 2013) revealed the whole genome
information of CYR32, a dominant physiological race of Pst
in China, using high-throughput sequencing technology, which
provided an important basis for the identification and functional
verification of Pst proteins. More recently, a proteomics method
based on isobaric tags for relative and absolute quantification
(iTRAQ) technology, combining the isotope labeling method
and tandem mass spectrometry, has been used to identify
and quantify differentially expressed proteins (DEPs) between
different proteomes, particularly in studies on plant-pathogen
interactions (Fu et al., 2016; Xu et al., 2017; OuYang et al.,
2018). Using this methodology, Zhao et al. (2016) investigated
the difference between the proteomes of the urediospores of
CYR32 before and after germination. The results showed that
most of the DEPs were involved in biological processes such
as carbon metabolism, energy metabolism, and transport. In
our previous study (Zhao et al., 2018), the urediospores of
three physiological races of Pst in China—CYR31, CYR32, and
CYR33—were irradiated with a dose of UV-B radiation at which
the relative lethal rate of the urediospores of each physiological
race was 90%. Proteomic analysis of the irradiated urediospores,
using methods based on iTRAQ technology, was then performed
to explore the effects of UV-B radiation on Pst at the protein level.
The results showed that most of the identified DEPs were mainly

involved in energy metabolism, substance metabolism, and DNA
biosynthesis. However, there are no reports on the differences in
the level of protein expression between the original strains of Pst
and the UV-B-induced virulence-mutant strains.

In our previous study (Zhao et al., 2019), two UV-B-
induced virulence-mutant strains, CYR32-5 and CYR32-61, were
screened from the UV-B-irradiated urediospores of CYR32 on
the seedlings of the wheat cultivar Guinong 22. In this study,
after germination of the urediospores of the original strain
(CYR32) and the two UV-B-induced virulence-mutant strains
(CYR32-5 and CYR32-61), proteins were extracted from the
germinated urediospores and germ tubes, the DEPs among
the proteomes of the three Pst strains were screened by using
the proteomics method based on iTRAQ technology, and
then the acquired DEPs were subjected to COG (Cluster of
Orthologous Groups) annotations, KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathway analyses, and quantitative
reverse transcription PCR (qRT-PCR) assays. This study is of
great significance for exploring mechanisms of Pst virulence
variation, and it can provide a reference for wheat resistance
breeding and control of wheat stripe rust.

MATERIALS AND METHODS

Materials
In the previous study (Zhao et al., 2019), the urediospores of
the Pst physiological race CYR32 were irradiated with UV-B
radiation under a radiation dose (the radiation intensity was
250 µw/cm2, and the radiation time was 95 min) for which the
relative lethal rate of urediospores was approximately 90% (i.e.,
the relative germination rate of urediospores was approximately
10%); then the irradiated urediospores were inoculated on the
seedlings of Guinong 22 to screen virulence-mutant strains.
Finally, two virulence-mutant strains named CYR32-5 and
CYR32-61, with stable infection types on Guinong 22 throughout
four successive generations, were obtained. In this study, the
original strain of the Chinese physiological race CYR32 of Pst
and the two virulence-mutant strains (CYR32-5 and CYR32-
61) were used. The wheat cultivar Mingxian 169, which is
susceptible to all known Chinese physiological races of Pst, was
used for Pst multiplication. Multiplication of the urediospores of
each Pst strain was conducted in an artificial climate chamber
(environmental parameters: light time, 12 h/d; light intensity,
10,000 lux; temperature, 11–13◦C; and relative humidity, 60–
70%) using the method described by Cheng et al. (2014).

Germination of Pst Urediospores
Fresh urediospores of each of the three strains CYR32, CYR32-
5, and CYR32-61 were collected from the diseased leaves of
Mingxian 169 seedlings. For each strain, a spore suspension with
a concentration of 2.5 mg/mL was prepared with 0.2% Tween-
80 solution. Then, 4 mL of the spore suspension was transferred
into a Petri dish (16 cm in diameter) containing 1% water agar
medium. The urediospores (10 mg) contained in the suspension
were evenly scattered in the Petri dish. When the suspension
was almost dry, the Petri dish was sealed with plastic wrap

Frontiers in Microbiology | www.frontiersin.org 2 October 2020 | Volume 11 | Article 54296165

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-542961 September 30, 2020 Time: 16:7 # 3

Zhao et al. Proteomics of UV-B-Induced Virulence-Mutant Pst

and incubated for 10 h at 9◦C in a dark environment. After
incubation, a small agar block was picked up and placed on a
glass slide for microscopic observation. At least 300 urediospores
were checked, and the germination rate of the urediospores was
recorded. A urediospore with a germ tube longer than half of the
diameter of the urediospore was regarded as germinated. If the
germination rate of the urediospores was more than 90%, the
urediospores and germ tubes on the surface of the water agar
medium were gently collected with a cover glass. For each Pst
strain, the urediospores and germ tubes collected from five Petri
dishes (approximately 50 mg in total) were treated as a sample.

Protein Extraction and iTRAQ Labeling
In total, two samples of CYR32, three samples of CYR32-
5, and three samples of CYR32-61 were acquired for protein
extraction. Grinding tools were pre-cooled with liquid nitrogen,
and then each of the prepared samples was pulverized with
liquid nitrogen in a mortar and pestle. The pulverized sample
was suspended in a trichloroacetic acid (TCA) and acetone
solution (TCA:acetone = 1:10, w/v; pre-cooled at −20◦C) and
then precipitated for 2 h at −20◦C. After centrifugation at
4◦C under 20,000 × g for 30 min, the supernatant was
discarded, and the precipitate was suspended in pre-cooled pure
acetone, and then precipitated for 30 min at −20◦C prior to
centrifugation at 4◦C under 20,000 × g for another 30 min.
This process was repeated several times until the precipitate
was substantially white. The precipitate was resuspended in
a lysis buffer (8 M urea, 30 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 1 mM phenylmethanesulfonyl
fluoride, 2 mM ethylenediaminetetraacetic acid, and 10 mM
dithiothreitol) and sonicated for 5 min (pulse on 2 s, pulse off
3 s, power 180 W), followed by centrifugation at 20,000 × g for
30 min. The supernatant was collected and added to dithiothreitol
to a final concentration of 10 mM. After incubation in a water
bath at 56◦C for 1 h, iodoacetamide was quickly added, to a
final concentration of 55 mM. After incubation for 1 h in a dark
environment, the supernatant solution was supplemented with
a fourfold volume of pre-chilled acetone, and then precipitated
at −20◦C for more than 3 h. After centrifugation at 4◦C
under 20,000 × g for 30 min, the precipitate was dissolved
in 400 µL of digestion buffer to a final concentration of
50% triethylammonium bicarbonate (TEAB) and 0.1% sodium
dodecyl sulfate (SDS). Subsequently, sonication was performed
for 3 min with a pulse on time of 2 s and a pulse off time of 3 s at
an ultrasonic power of 180 W, and centrifugation was performed
for 30 min at 4◦C and 20,000 × g. Finally, the supernatant was
obtained, and the protein concentration was quantified using the
Bradford assay (Supplementary Table 1).

From each sample solution, 100 µg of protein was transferred
to a new clean centrifuge tube. The TEAB solution (0.1% SDS)
was added to make the protein solution of each sample in the
new tube up to the same volume. After adding 3.3 µL of trypsin
(1 µg/µL) to the tube for protein digestion, the solution was
incubated in a water bath at 37◦C for 24 h. Subsequently, the
tube was supplemented with 1 µL of trypsin (1 µg/µL), and
the mixture in the tube was incubated in a water bath at 37◦C
for 12 h. After lyophilization of the mixture, 30 µL of TEAB

(ddH2O:TEAB = 1:1, v/v) was added to the tube to dissolve
the peptides. Using an iTRAQ R© Reagent-8Plex Multiplex Kit
(Applied Biosystems, Foster City, CA, United States), peptides
from the eight samples were labeled with the iTRAQ tags as
follows: CYR32 (tags 113 and 114), CYR32-5 (tags 115, 116,
and 117), and CYR32-61 (tags 118, 119, and 121), respectively
(Supplementary Table 1).

The solution containing labeled peptides of each sample
was diluted tenfold with buffer A (25% acetonitrile (ACN),
10 mM KH2PO4, pH 3.0), and the pH was adjusted to 3.0 with
phosphoric acid. After centrifugation for 15 min at 15,000 × g,
the labeled peptides in the supernatant were fractionated using
a Phenomenex Luna SCX column (250 mm × 4.60 mm, 100Å)
with a high performance liquid chromatography (HPLC) system
(Thermo Fisher Scientific, Waltham, MA, United States) at a flow
rate of 1 mL/min. The system was equilibrated for 10–20 min
with buffer A at a flow rate of 1 mL/min, prior to strong cation
exchange fractionation. The HPLC gradient was as follows: 0–
45 min, 100% buffer A; 45–46 min, 0–5% buffer B (25% ACN,
2 M KCl, 10 mM of KH2PO4, pH 3.0); 46–66 min, 5–30%
buffer B; 66–71 min, 30–50% buffer B; 71–76 min, 50% buffer
B; 76–81 min, 50–100% buffer B; 81–91 min, 100% buffer B.
Absorbance was recorded at 214 nm. The eluted peptides were
desalted with a Strata-X C18 column (Phenomenex, Torrance,
CA, United States), and then dried by vacuum centrifugation at a
low temperature.

Nano LC-MS/MS Analysis
The desalted, dried peptides were resuspended with solvent A
(0.1% formic acid (FA) in H2O), transferred to an Acclaim
PePmap C18-reversed phase column (75 µm × 2 cm, 3 µm,
100 Å, Thermo Scientific), and then separated using a Dionex
Ultimate 3000 Nano LC system with a C18 reversed phase column
(75 µm × 10 cm, 5 µm, 300 Å, Agela Technologies) at a
flow rate of 400 nL/min. The mobile phases were solvent A
and solvent B (0.1% FA in ACN). The elution gradient was as
follows: 0–10 min, 5% solvent B; 10–40 min, 5–30% solvent B;
40–45 min, 30–60% solvent B; 45–48 min, 60–80% solvent B;
48–55 min, 80% solvent B; 55–58 min, 80–5% solvent B; 58–
65 min, 5% solvent B. Subsequently, 16 pre-isolated and purified
components of peptides were detected using a Q-Exactive
mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
United States) with set parameters as follows: polarity, positive
ion mode; MS scan range, 350–2000 m/z; MS/MS scan resolution,
17,500; capillary temperature, 320◦C; ion source voltage, 1,800 V;
MS/MS acquisition modes, higher collision energy dissociation;
normalized collision energy, 28.

Proteomic Data Analysis
The acquired raw mass spectrometry data were processed using
the PD (Proteome Discoverer 1.3; Thermo Fisher Scientific, San
Jose, CA, United States) software with the following parameters:
mass range of parent ion, 350–6,000 Da; minimum number
of peaks in MS/MS spectrum, 10; signal-to-noise ratio (S/N)
threshold, 1.5. The spectra extracted using the PD software
were searched against the Basidiomycota_UniProt database
using Mascot 2.3.0 (Matrix Science, London, United Kingdom)
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with the following identification parameters: fixed modification,
carbamidomethyl (C); variable modification, oxidation (M),
Gln→Pyro-Glu (N-term Q), iTRAQ 8 plex (K), iTRAQ 8
plex (Y), iTRAQ 8 plex (N-term); peptide tolerance, 15 ppm;
MS/MS tolerance, 20 mmu; max missed cleavages, 1; enzyme,
trypsin. Based on the Mascot search results and the extracted
spectra, protein quantitative analysis was performed using the
PD software with the following parameters: protein ratio type,
median; minimum peptides, 1; normalization method, median;
P-value, < 0.05; ratio, ≥ 1.2. In this study, proteins with at least
two unique peptides, scores more than 70, P-values less than 0.05,
and fold changes more than 1.2 or less than 0.83 were identified
as DEPs between the different Pst strains. The fold changes of
the up-regulated DEPs were more than 1.2, and those of the
down-regulated DEPs were less than 0.83. For the convenience
of expression, CYR32-5 vs. CYR32, CYR32-61 vs. CYR32, or
CYR32-61 vs. CYR32-5 was used to represent the combination
in which the proteome of the former was compared with that of
the latter to screen DEPs.

Functional annotations of the proteins were carried out
using the Blast2Go program1 (Conesa et al., 2005). The COG
annotations of proteins were conducted using WebMGA2 (Wu
S. T. et al., 2011). The annotations of the identified DEPs at
the biological pathway level were performed using the KEGG
database3. The KOBAS 2.0 software was used to annotate
pathways by comparing similar protein sequences (Xie et al.,
2011). Signal peptides were predicted and analyzed using the
SignalP 5.0 program4 (Armenteros et al., 2019).

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium5 via the
iProX partner repository (Ma et al., 2019) with the dataset
identifier PXD018136.

Relative Quantification of mRNA by
qRT-PCR
Using the method described above, 20 mg of the germinated
urediospores and germ tubes of each of the three strains CYR32,
CYR32-5, and CYR32-61 were collected and treated as a sample.
Total RNA from each sample was extracted using the RNeasy
kit (Omega) according to the manufacturer’s instructions, and
then genomic DNA contaminants were removed by DNase I
(RNase-free) treatment. The synthesis of the first-strand cDNA
was performed by reverse transcription using the PrimeScriptTM

RT Master Mix kit (Takara, Dalian, China). Specific primers were
designed for the selected DEPs according to their corresponding
coding sequences using NCBI Primer-BLAST6 (Table 1). Pst
β-tubulin gene TUBB (GenBank accession No. EG374306) was
used as the reference gene, and the corresponding primer
reported by Huang et al. (2012) (as shown in Table 1) was used
in this study. SYBR Green real-time fluorescence quantitative

1https://www.blast2go.com/
2http://weizhong-lab.ucsd.edu/metagenomic-analysis/server/cog/
3http://www.genome.jp/kegg/
4http://www.cbs.dtu.dk/services/SignalP/
5http://proteomecentral.proteomexchange.org
6https://www.ncbi.nlm.nih.gov/tools/primer-blast/

TABLE 1 | Sequences of the primers used for real-time fluorescence
quantitative PCR assays.

Accession Forward primer (5′–3′) Reverse primer (5′–3′)

TUBB AACAATGTCACAGTGGGCGGTTT GTGGAAGAGAACATGCTGTCCGT

G9B235 GTCTTCGATTCCCCGGTCAG CAGTCAAGTATCGGCCGTGT

F4S8X5 TAGCAGGCGAGTCACTAACG GTCGTCAGTTTCATCGCTGG

V2XWY1 GAACTCTGCAGCTCGACTAT ATGACCGGACCTGTTACCTT

Q9C1C1 AGGATGGTATGGGCGGTAAAC GGAGGGCTTCACGTTGTTCA

F4S0Z3 CCGATCACCACCAAGACCAT AATCTTTCCACCACGAGCGT

F4RWN9 GTTCTCAGAGCCGACGGAAA CTACTGCATCACCCACGGTT

E3L0W8 GGATACATTGGAGCGGGTGA CTTCCGATCTGAACGCCCTT

D4QFJ2 GGCCATTTCACAAACGAGGT ACTCCCACTCGAGCATCT

J6EXB0 CAGAACCAGGGTGAGATGCT CACCCTCATCGGCGTAAGTA

PCR assays were performed using an Applied Biosystems ABI
Model 7500 Real Time PCR system. The qRT-PCR reactions were
carried out in a total 20 µL volume of reaction mixture containing
10 µL 2 × SYBR Premix DimerEraser, 0.6 µL forward primer
(10 µM), 0.6 µL reverse primer (10 µM), 2.0 µL template DNA,
6.4 µL sterile purified water, and 0.4 µL 50 × ROX Reference
Dye or Dye II. The amplification procedure was as follows: pre-
denaturation at 95◦C for 30 s, followed by 40 cycles of 95◦C for 5
s, 55◦C for 30 s, and 72◦C for 30 s. The relative gene expression
levels were calculated using the 2−11CT method described by
Livak and Schmittgen (2001). The experiment was carried out
with three biological replicates.

RESULTS

Overview of the Proteomic Data of the
Three Pst Strains
A total of 337,731 spectra were acquired from the eight samples
of the three Pst strains, and 52,290 spectra were matched by
searching against the Basidiomycota_UniProt database using
Mascot 2.3.0 (false discovery rate < 1%). In total, 8,882 peptides
and 2,271 proteins were obtained (Supplementary Table 2).

Acquired DEPs and COG Annotations
The results of screening the DEPs in the urediospores and
germ tubes after germination in three combinations, CYR32-5
vs. CYR32, CYR32-61 vs. CYR32, and CYR32-61 vs. CYR32-5,
are shown in Figure 1. As shown in Figure 1, 59 DEPs were
obtained in the combination CYR32-5 vs. CYR32, of which 35
proteins were up-regulated and 24 proteins were down-regulated,
and the DEPs E3JUB4 and Q9C1C1 (3.39%) were predicted to
contain signal peptides. Seventy-four DEPs were obtained in
the combination CYR32-61 vs. CYR32, of which 43 proteins
were up-regulated and 31 proteins were down-regulated, and the
DEPs Q9C1C1, R7SW21, E3JQF7, E3JUB4, E3JSA3, E3KXP2,
and E3K3X8 (9.46%) were predicted to contain signal peptides.
Sixty-four DEPs were obtained in the combination CYR32-61
vs. CYR32-5, of which 40 were up-regulated and 24 were down-
regulated, and the DEPs E3K302, E3KDD8, E3JSA3, and E3JQF7
(6.25%) were predicted to contain signal peptides. In total, 144
DEPs were obtained in the three comparison combinations, of
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FIGURE 1 | The overlap among the differentially expressed proteins in the
germinated Pst urediospores in the combinations CYR32-5 vs. CYR32 (A),
CYR32-61 vs. CYR32 (B), and CYR32-61 vs. CYR32-5 (C) (For each
combination, the proteome of the former was compared with that of the latter
to screen the differentially expressed proteins).

which four were common in CYR32-5 vs. CYR32, CYR32-61
vs. CYR32, and CYR32-61 vs. CYR32-5. The DEPs that were
predicted to contain signal peptides may be secretary proteins or
membrane proteins.

All obtained DEPs were subjected to COG functional
annotation, and then assigned to 25 categories that were
represented by A–Z (Figure 2). Among all the DEPs, seven
were annotated with multiple functions, and 22 were not
annotated and had no annotation information. The four main
functional categories were as follows: [J] translation, ribosomal
structure and biogenesis (31, 21.68%), [O] posttranslational
modification, protein turnover, chaperones (24, 16.78%), [C]
energy production and conversion (17, 11.89%), and [U]
intracellular trafficking, secretion, and vesicular transport
(11, 7.69%). The detailed functional annotations of the up-
regulated DEPs and the down-regulated DEPs are shown in
Tables 2, 3, respectively. The acquired DEPs were classified
into four major functional categories, including “information
storage and processing,” “cellular processes and signaling,”
“metabolism,” and “poorly characterized.” Of the up-regulated
DEPs, 14, 43, 27, and 4 were involved in “information
storage and processing,” “cellular processes and signaling,”
“metabolism,” and “poorly characterized,” respectively, and
18 had no annotation information. Of the down-regulated
DEPs, 23, 15, 18, and 5 were involved in “information
storage and processing,” “cellular processes and signaling,”
“metabolism,” and “poorly characterized,” respectively, and 7 had
no annotation information.

KEGG Pathway Enrichment Analysis of
DEPs
The biological pathways that the DEPs were involved in
were investigated using the KEGG database, and 5, 7, and
7 significant enriched KEGG pathways (P < 0.05) were

acquired for the DEPs of CYR32-5 vs. CYR32, CYR32-61 vs.
CYR32, and CYR32-61 vs. CYR32-5, respectively (Figure 3 and
Supplementary Table 3). The DEPs of CYR32-5 vs. CYR32 were
involved in pathways including metabolic pathways, biosynthesis
of secondary metabolites, carbon metabolism, ribosome, and
pyruvate metabolism. The DEPs of CYR32-61 vs. CYR32
were mainly involved in the carbon metabolism pathway,
calcium signaling pathway, and melanogenesis pathway. The
DEPs of CYR32-61 vs. CYR32-5 were mainly involved in
the ribosome pathway, melanogenesis pathway, and calcium
signaling pathway.

Transcriptional Analysis of DEPs
To confirm the differences in protein abundance in each of the
three combinations including CYR32-5 vs. CYR32, CYR32-61
vs. CYR32, and CYR32-61 vs. CYR32-5, after germination of
the urediospores, qRT-PCR was used to investigate the relative
expression levels of the genes encoding the DEPs identified
by iTRAQ analysis. The relative expression levels of the genes
encoding six proteins (G9B235, F4S8X5, V2XWY1, Q9C1C1,
F4S0Z3, and F4RWN9) in CYR32-5 vs. CYR32, seven proteins
(G9B235, F4S8X5, V2XWY1, Q9C1C1, E3L0W8, D4QFJ2, and
J6EXB0) in CYR32-61 vs. CYR32, and one protein (F4S8X5)
in CYR32-61 vs. CYR32-5 were determined, and the results
are shown in Figure 4. In CYR32-5 vs. CYR32, the relative
expression levels of the genes encoding Q9C1C1, G9B235,
F4S8X5, F4RWN9, and F4S0Z3 were not consistent with the
corresponding protein abundance based on iTRAQ data, but
the relative expression of the gene encoding V2XWY1 was
consistent with the corresponding protein abundance. In CYR32-
61 vs. CYR32, the relative expression levels of the genes
encoding Q9C1C1 and J6EXB0 were inconsistent with the
corresponding protein levels, and the genes encoding G9B235,
F4S8X5, V2XWY1, E3L0W8, and D4QFJ2 were consistent with
the corresponding protein levels. In CYR32-61 vs. CYR32-5,
the relative expression level of the gene encoding F4S8X5 at
the transcriptional level was consistent with the corresponding
protein abundance obtained via iTRAQ analysis.

DISCUSSION

In this study, using the proteomics method based on iTRAQ
technology, a total of 144 DEPs were obtained from the
germinated urediospores with germ tubes in the CYR32-5 vs.
CYR32, CYR32-61 vs. CYR32, and CYR32-61 vs. CYR32-5
conditions. Nine DEPs, including E3JQF7, E3JSA3, E3JUB4,
E3K302, E3K3X8, E3KDD8, E3KXP2, Q9C1C1, and R7SW21,
were predicted to contain signal peptides. Peptidyl-prolyl cis-
trans isomerase (PPI, E3JQF7) is a high-efficiency foldase. In
biological cells, after ribosome transcription, the peptide chain
functions properly only through correct folding and positioning.
PPI is associated with the correct folding of a protein (Lu
et al., 2007). Heat shock protein 70 (R7SW21) can play an
important role in the folding and stretching of newly synthesized
polypeptides, can repair denatured proteins, and can prevent
protein denaturation by up-regulating protein expression under
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FIGURE 2 | COG functional classification of the differentially expressed proteins acquired via iTRAQ technology in the combinations CYR32-5 vs. CYR32, CYR32-61
vs. CYR32, and CYR32-61 vs. CYR32-5.

adverse conditions (Tsan and Gao, 2004). In the present study,
both E3JQF7 and R7SW21 were up-regulated in CYR32-61 vs.
CYR32, and E3JQF7 was up-regulated in CYR32-61 vs. CYR32-
5, indicating that strain CYR32-61 may be more resistant to stress
than strains CYR32 and CYR32-5.

The histone chaperone ASF1 (anti-silencing function 1) is a
molecular chaperone of histone H3-H4. It has been reported that
ASF1 plays important roles in the processes of DNA replication
and repair in yeast (Le et al., 1997) and Arabidopsis (Zhu et al.,
2011). In this study, ASF1 (E3L109) was up-regulated in CYR32-
61 vs. CYR32-5, indicating that strain CYR32-61 may be more
resistant to stress than strain CYR32-5.

G proteins are involved in various cellular activities, including
regulation of intracellular Ca2+ concentration, protein synthesis,
and the binding of ribosomes to the endoplasmic reticulum
(Lagerstedt et al., 2005). The DEPs G9B235, H6QRQ7, and
J9PGK7 acquired in this study were involved in G protein
regulation. G9B235 was down-regulated in CYR32-5 vs. CYR32,
J9PGK7 was up-regulated in CYR32-61 vs. CYR32-5, and
H6QRQ7 and J9PGK7 were up-regulated, and G9B235 was
down-regulated in CYR32-61 vs. CYR32. Furthermore, the
relative expression level of G9B235 determined by qRT-PCR
was consistent with the corresponding protein abundance
obtained by iTRAQ technology in CYR32-61 vs. CYR32, but the
former was inconsistent with the latter in CYR32-5 vs. CYR32.

Therefore, the results indicated that there was little correlation
between the expression levels at the transcriptional level and the
protein level for some DEPs, which was consistent with a previous
report by Zhao et al. (2016).

As an important component of the second messenger
system, calmodulin plays a key role in the regulation of the
calcium signal system, and is associated with physiological
metabolism regulation, gene expression, and normal growth
and development of cells (Chin and Means, 2000). In both
CYR32-61 vs. CYR32 and CYR32-61 vs. CYR32-5, putative
uncharacterized protein (E3L0W8) with the role of calcium
ion binding and calmodulin (M5FTW6) were up-regulated, and
the relative expression level of E3L0W8 determined by qRT-
PCR was consistent with the protein level obtained by iTRAQ
technology. Calmodulin (E3KLJ3) was up-regulated in CYR32-
61 vs. CYR32-5.

In CYR32-5 vs. CYR32, three DEPs involved in energy
production, including ubiquinol-cytochrome c reductase
cytochrome c1 subunit (E3JWK6), ubiquinol-cytochrome c
reductase iron-sulfur subunit (E3L519), and ATP synthase
subunit beta (F4S0Z3), were up-regulated. E3JWK6 and E3L519
are components of complex III of the electron transport chain,
and are associated with electron transport. F4S0Z3 is the β

subunit of the F1 part of ATP synthase, and contains a site
to catalyze ATP synthesis. In living organisms, the electron
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TABLE 2 | Functional annotations of the up-regulated differentially expressed proteins acquired in the combinations CYR32-5 vs. CYR32, CYR32-61 vs. CYR32, and
CYR32-61 vs. CYR32-5.

COG functional classification Accession Description Treatment combination Folder
change

Information storage and processing (14)

[B]Chromatin structure and dynamics E3L109 Histone chaperone ASF CYR32-61 vs. CYR32-5 1.31

[J]Translation, ribosomal structure and biogenesis E3K6N0 40S ribosomal protein S0 CYR32-5 vs. CYR32 1.20

E3KQW3 Eukaryotic translation initiation factor 3 subunit B CYR32-5 vs. CYR32 1.22

E6RA36 60S acidic ribosomal protein, putative CYR32-5 vs. CYR32 1.23

Q0Z8F6 Elongation factor 1-alpha CYR32-5 vs. CYR32 1.25

C0L941 Polyubiquitin-like protein CYR32-61 vs. CYR32 1.27

E3KDZ2 Ubiquitin-40S ribosomal protein S27a-2 CYR32-61 vs. CYR32 1.28

I3VIR3 Elongation factor 1-alpha CYR32-61 vs. CYR32 1.32

E2D961 Transcription elongation factor 1 alpha CYR32-61 vs. CYR32-5 1.31

E3K5L7 40S ribosomal protein S19-A CYR32-5 vs. CYR32 1.24

M7WWX9 60S ribosomal protein l3 CYR32-5 vs. CYR32 1.21

P51997 60S ribosomal protein L25 CYR32-5 vs. CYR32 1.37

E3JTG6 Putative uncharacterized protein CYR32-61 vs. CYR32 1.29

CYR32-61 vs. CYR32-5 1.21

[K]Transcription E3L109 Histone chaperone ASF1 CYR32-61 vs. CYR32-5 1.31

Cellular processes and signaling (43)

[U]Intracellular trafficking, secretion, and vesicular
transport

F4SA43 Putative uncharacterized protein CYR32-5 vs. CYR32 1.29

E3KI07 Putative uncharacterized protein CYR32-61 vs. CYR32 1.27

F4RJX3 Putative uncharacterized protein CYR32-61 vs. CYR32 1.28

E3L3S6 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.22

L8WPK4 Hsp70-like protein CYR32-5 vs. CYR32 1.22

CYR32-61 vs. CYR32 1.21

F4RWN9 Putative uncharacterized protein CYR32-5 vs. CYR32 1.42

E2LWJ3 Uncharacterized protein CYR32-61 vs. CYR32-5 1.21

CYR32-61 vs. CYR32 1.33

E3KQZ6 Putative uncharacterized protein CYR32-5 vs. CYR32 1.22

[Z]Cytoskeleton E3KQZ6 Putative uncharacterized protein CYR32-5 vs. CYR32 1.22

H6QRQ7 Tubulin beta-1 chain, variant CYR32-61 vs. CYR32 1.25

E3KG83 Actin-like protein 2/3 complex subunit 4 CYR32-61 vs. CYR32-5 1.25

E3KNW6 Profilin CYR32-61 vs. CYR32-5 1.29

E3L0W8 Putative uncharacterized protein CYR32-61 vs. CYR32 1.33

CYR32-61 vs. CYR32-5 1.70

J5QLA2 Actin CYR32-61 vs. CYR32 1.24

CYR32-61 vs. CYR32-5 1.28

J9PGK7 Beta-tubulin 1 CYR32-61 vs. CYR32 1.33

CYR32-61 vs. CYR32-5 1.37

[D]Cell cycle control, cell division, chromosome
partitioning

E3KQZ6 Putative uncharacterized protein CYR32-5 vs. CYR32 1.22

[M] Cell wall/membrane/envelope biogenesis F4R5Y4 Putative uncharacterized protein CYR32-5 vs. CYR32 1.25

G7E8L1 Uncharacterized protein CYR32-5 vs. CYR32 1.26

CYR32-61 vs. CYR32 1.25

[O]Posttranslational modification, protein turnover,
chaperones

E3JZW9 Putative uncharacterized protein CYR32-5 vs. CYR32 1.41

C0L941 Polyubiquitin-like protein CYR32-61 vs. CYR32 1.27

E3JS49 Putative uncharacterized protein CYR32-61 vs. CYR32 1.23

E3JWN9 Putative uncharacterized protein CYR32-61 vs. CYR32 1.30

F4RD53 Ubiquitin carboxyl-terminal hydrolase CYR32-61 vs. CYR32 1.22

G7E8A3 Uncharacterized protein CYR32-61 vs. CYR32 1.21

I4YJ87 Putative 26S protease regulatory subunit 6B CYR32-61 vs. CYR32 1.20

R7SW21 Heat shock protein 70 CYR32-61 vs. CYR32 1.29

(Continued)
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TABLE 2 | Continued

COG functional classification Accession Description Treatment combination Folder
change

U5H357 Uncharacterized protein CYR32-61 vs. CYR32 1.27

E3K302 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.23

E3L494 E3 ubiquitin ligase complex SCF subunit sconC CYR32-61 vs. CYR32-5 1.21

L8WPK4 Hsp70-like protein CYR32-5 vs. CYR32 1.22

CYR32-61 vs. CYR32 1.21

Q9C1C1 Cro r II CYR32-5 vs. CYR32 1.52

CYR32-61 vs. CYR32 1.35

E3KTD1 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.60

D8PWL0 Putative uncharacterized protein CYR32-61 vs. CYR32 1.33

CYR32-61 vs. CYR32-5 1.21

E3JQF7 Peptidyl-prolyl cis-trans isomerase CYR32-61 vs. CYR32 1.21

CYR32-61 vs. CYR32-5 1.37

E3KQ21 Peptidyl-prolyl cis-trans isomerase CYR32-61 vs. CYR32 1.79

CYR32-61 vs. CYR32-5 1.98

E3KFZ5 Putative uncharacterized protein CYR32-5 vs. CYR32 1.40

[T]Signal transduction mechanisms E3KLJ3 Calmodulin CYR32-61 vs. CYR32-5 1.35

F4RVI3 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.29

U5H740 Uncharacterized protein CYR32-5 vs. CYR32 1.38

M5FTW6 Calmodulin CYR32-61 vs. CYR32 1.21

CYR32-61 vs. CYR32-5 1.35

[Y]Nuclear structure F4RWN9 Putative uncharacterized protein CYR32-5 vs. CYR32 1.42

[V]Defense mechanisms E3KFZ5 Putative uncharacterized protein CYR32-5 vs. CYR32 1.40

[W]Extracellular structures E3L2G8 Kinesin family member C1 CYR32-61 vs. CYR32 1.24

Metabolism (27)

[F]Nucleotide transport and metabolism E3K3Q5 Nucleoside diphosphate kinase CYR32-61 vs. CYR32 1.27

[G]Carbohydrate transport and metabolism D4QFJ2 Glyceraldehyde-3-phosphate dehydrogenase CYR32-61 vs. CYR32 1.27

F4S9P5 Putative uncharacterized protein CYR32-61 vs. CYR32 1.34

F4SBA6 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.24

S7RI63 Transketolase CYR32-61 vs. CYR32-5 1.26

[I]Lipid transport and metabolism E3KFZ5 Putative uncharacterized protein CYR32-5 vs. CYR32 1.40

[C]Energy production and conversion E3JQW4 Putative uncharacterized protein CYR32-5 vs. CYR32 1.23

E3JWK6 Ubiquinol-cytochrome c reductase cytochrome c1 subunit CYR32-5 vs. CYR32 1.27

E3K937 Putative uncharacterized protein CYR32-5 vs. CYR32 1.21

E3L519 Ubiquinol-cytochrome c reductase iron-sulfur subunit CYR32-5 vs. CYR32 1.33

F4S0Z3 ATP synthase subunit beta CYR32-5 vs. CYR32 1.30

F4S861 Putative uncharacterized protein CYR32-5 vs. CYR32 1.26

F4R4B5 Putative uncharacterized protein CYR32-5 vs. CYR32 1.33

CYR32-61 vs. CYR32 1.21

B0CPP7 Predicted protein CYR32-5 vs. CYR32 1.41

M5FPE0 Pyruvate dehydrogenase e1 component alpha subunit CYR32-5 vs. CYR32 1.27

A8N2Q4 Inorganic diphosphatase CYR32-61 vs. CYR32 1.25

CYR32-61 vs. CYR32-5 1.22

F4S8X5 Putative uncharacterized protein CYR32-5 vs. CYR32 1.20

CYR32-61 vs. CYR32 1.27

CYR32-61 vs. CYR32-5 1.34

[E]Amino acid transport and metabolism E3KFZ5 Putative uncharacterized protein CYR32-5 vs. CYR32 1.40

S7RH13 Threonine synthase CYR32-61 vs. CYR32 1.26

E6R529 Serine hydroxymethyltransferase CYR32-5 vs. CYR32 1.31

CYR32-61 vs. CYR32 1.38

E3JSA3 Pyrroline-5-carboxylate reductase CYR32-61 vs. CYR32 1.42

CYR32-61 vs. CYR32-5 1.53

E3KJR8 Aspartate aminotransferase CYR32-61 vs. CYR32 1.38

(Continued)
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TABLE 2 | Continued

COG functional classification Accession Description Treatment combination Folder
change

CYR32-61 vs. CYR32-5 1.23

[P]Inorganic ion transport and metabolism E3KMT2 Putative uncharacterized protein CYR32-5 vs. CYR32 1.25

E3KXP2 Putative uncharacterized protein CYR32-61 vs. CYR32 1.29

F4RSD1 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.37

[Q]Secondary metabolites biosynthesis,
transport and catabolism

E3KWF2 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.40

Q4R0J7 D-arabinitol dehydrogenase 1 CYR32-61 vs. CYR32-5 1.30

Poorly characterized (4)

[R]General function prediction only F4SA43 Putative uncharacterized protein CYR32-5 vs. CYR32 1.29

E3JSL5 Putative uncharacterized protein CYR32-5 vs. CYR32 1.31

L8WPK4 Hsp70-like protein CYR32-5 vs. CYR32 1.22

CYR32-61 vs. CYR32 1.21

E3KAU0 Putative uncharacterized protein CYR32-61 vs. CYR32 1.21

CYR32-61 vs. CYR32-5 1.26

No annotation (18) D2SRL3 Translation elongation factor 1-alpha CYR32-5 vs. CYR32 1.29

E3KDE9 Putative uncharacterized protein CYR32-5 vs. CYR32 1.23

E6RBZ4 Actin-like protein 3 (Actin-related protein 3), putative CYR32-5 vs. CYR32 1.22

F4R783 Putative uncharacterized protein CYR32-5 vs. CYR32 1.25

E3JXB6 Putative uncharacterized protein CYR32-61 vs. CYR32 1.25

E3KKC9 Putative uncharacterized protein CYR32-61 vs. CYR32 1.21

E3JWK1 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.22

E3KDD8 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.26

E3KVQ7 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.27

G0SYB3 ATP-dependent RNA helicase dhh1 CYR32-61 vs. CYR32-5 1.23

K5VLR9 Uncharacterized protein CYR32-61 vs. CYR32-5 1.30

M7XSU0 GDP-mannose 4,6-dehydratase CYR32-61 vs. CYR32-5 1.20

R7S032 Uncharacterized protein CYR32-61 vs. CYR32-5 1.35

E3JUB4 Putative uncharacterized protein CYR32-5 vs. CYR32 1.25

CYR32-61 vs. CYR32 1.38

E3L514 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.20

H6QS83 Putative uncharacterized protein CYR32-61 vs. CYR32-5 1.46

E3JQG5 Putative uncharacterized protein CYR32-61 vs. CYR32 1.34

CYR32-61 vs. CYR32-5 1.52

E3K3W4 Glucose-repressible protein CYR32-61 vs. CYR32 1.80

CYR32-61 vs. CYR32-5 2.54

transport chain and ATP synthesis are coupled together
(Mitchell, 1961). A model for the coupling of electron transport
and ATP synthesis in the combination CYR32-5 vs. CYR32 is
shown in Figure 5. In this study, the acquired DEPs involved
in the electron transport chain and in ATP synthesis were
up-regulated, indicating that the processes of energy production
during urediospore germination may be promoted in strain
CYR32-5 compared to strain CYR32.

In the glycolysis pathway, glyceraldehyde-3-phosphate
dehydrogenase can catalyze the formation of 1,3-
diphosphoglycerate from 3-phosphoglyceraldehyde in the
presence of NAD+ and phosphoric acid; it is, hence, an
important enzyme in glycolysis. In this study, D4QFJ2,
annotated as glyceraldehyde-3-phosphate dehydrogenase, was
up-regulated in CYR32-61 vs. CYR32 according to iTRAQ
analysis, which was consistent with the relative expression

level determined by qRT-PCR. The results indicated that,
during urediospore germination, the glycolysis pathway (as
shown in Figure 6) of virulence-mutant strain CYR32-61
may be promoted in comparison with that of strain CYR32.
Glycolysis is the main process for the formation of ATP in
carbohydrate metabolism. The results obtained in this study
showed that the DEPs involved in the glycolysis pathway
were up-regulated, further indicating that, during urediospore
germination of the virulence-mutant strain CYR32-61 (as
compared to the original strain CYR32), polysaccharide may
be utilized to form ATP to promote the biological processes
of urediospores. In addition, during glycolysis, the final
product, pyruvate, can be irreversibly catalyzed by pyruvate
dehydrogenase multi-enzyme complex (PDHc) to form
acetyl-coenzyme A, which can be oxidatively decomposed
in the tricarboxylic acid cycle. Pyruvate dehydrogenase E1
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TABLE 3 | Functional annotations of the down-regulated differentially expressed proteins acquired in the combinations CYR32-5 vs. CYR32, CYR32-61 vs. CYR32, and
CYR32-61 vs. CYR32-5.

COG functional classification Accession Description Treatment combination Folder
change

Information storage and processing (23)

[B]Chromatin structure and dynamics E3JV95 Histone H2B CYR32-61 vs.CYR32 0.74

CYR32-61 vs. CYR32-5 0.76

[J]Translation, ribosomal structure and biogenesis E3KHH0 40S ribosomal protein S22 CYR32-5 vs. CYR32 0.80

F4RAC5 40S ribosomal protein S0 CYR32-5 vs. CYR32 0.83

F4RBD4 Putative uncharacterized protein CYR32-5 vs. CYR32 0.82

H6QUT2 Glutaminyl-tRNA synthetase CYR32-5 vs. CYR32 0.82

M5BM68 Elongation factor 1-alpha CYR32-5 vs. CYR32 0.82

B0D8C2 Predicted protein CYR32-61 vs. CYR32 0.75

E3KKV5 Large subunit ribosomal protein L14e CYR32-61 vs. CYR32 0.79

Q4PS60 Translation elongation factor 1-alpha CYR32-61 vs. CYR32 0.69

Q9C1U7 Ribosomal protein L13A CYR32-61 vs. CYR32 0.78

E3JVM9 Large subunit ribosomal protein L26e CYR32-61 vs. CYR32-5 0.81

F4RJ34 Putative uncharacterized protein CYR32-61 vs. CYR32-5 0.82

V5GFY5 60s ribosomal protein L10 CYR32-61 vs. CYR32-5 0.78

D1MWJ6 Translation elongation factor 1-alpha CYR32-5 vs. CYR32 0.76

CYR32-61 vs. CYR32 0.74

E3L6B3 Eukaryotic translation initiation factor 3 subunit A CYR32-5 vs. CYR32 0.80

CYR32-61 vs. CYR32 0.79

E3K5L7 40S ribosomal protein S19-A CYR32-61 vs. CYR32-5 0.80

M7WWX9 60S ribosomal protein l3 CYR32-61 vs. CYR32-5 0.77

P51997 60S ribosomal protein L25 CYR32-61 vs. CYR32-5 0.57

E3JQ18 60S ribosomal protein L36 CYR32-61 vs. CYR32 0.75

CYR32-61 vs. CYR32-5 0.80

E3KXT5 50S ribosomal protein L22 CYR32-61 vs. CYR32 0.78

CYR32-61 vs. CYR32-5 0.70

F4S214 Putative uncharacterized protein CYR32-61 vs. CYR32 0.83

CYR32-61 vs. CYR32-5 0.77

F4SA97 Putative uncharacterized protein CYR32-5 vs. CYR32 0.73

CYR32-61 vs. CYR32 0.75

[K]Transcription E3KH53 Putative uncharacterized protein CYR32-5 vs. CYR32 0.81

Cellular processes and signaling (15)

[U]Intracellular trafficking, secretion, and vesicular transport E3KMV4 Putative uncharacterized protein CYR32-61 vs. CYR32 0.82

F4S013 Clathrin heavy chain CYR32-61 vs. CYR32 0.82

F4RWN9 Putative uncharacterized protein CYR32-61 vs. CYR32-5 0.79

[Z]Cytoskeleton K5WMR1 Uncharacterized protein CYR32-61 vs. CYR32 0.78

G9B235 Beta-tubulin CYR32-5 vs. CYR32 0.72

CYR32-61 vs. CYR32 0.78

[D]Cell cycle control, cell division, chromosome partitioning E3JWZ6 Cyclin-dependent kinases regulatory subunit CYR32-61 vs. CYR32 0.83

[O]Posttranslational modification, protein turnover,
chaperones

F4RCH7 T-complex protein 1 subunit alpha CYR32-61 vs. CYR32 0.83

F4S233 Putative uncharacterized protein CYR32-61 vs. CYR32-5 0.83

V2XWY1 Heat shock protein CYR32-5 vs. CYR32 0.74

CYR32-61 vs. CYR32 0.68

E3KTD1 Putative uncharacterized protein CYR32-5 vs. CYR32 0.77

M7WQZ1 Heat shock 70kDa protein 1/8 CYR32-61 vs. CYR32 0.70

CYR32-61 vs. CYR32-5 0.72

[T]Signal transduction mechanisms E3K0C0 Putative uncharacterized protein CYR32-61 vs. CYR32 0.75

U5H740 Uncharacterized protein CYR32-61 vs. CYR32-5 0.78

[Y]Nuclear structure E3KMV4 Putative uncharacterized protein CYR32-61 vs. CYR32 0.82

F4RWN9 Putative uncharacterized protein CYR32-61 vs. CYR32-5 0.79

(Continued)
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TABLE 3 | Continued

COG functional classification Accession Description Treatment combination Folder
change

Metabolism (18)

[F]Nucleotide transport and metabolism F4R3N0 Ribonucleoside-diphosphate reductase CYR32-61 vs. CYR32 0.78

[H]Coenzyme transport and metabolism F4RPZ7 Putative uncharacterized protein CYR32-5 vs. CYR32 0.71

CYR32-61 vs. CYR32 0.74

[I]Lipid transport and metabolism E3K845 Acyl-coenzyme A oxidase CYR32-61 vs. CYR32 0.81

F4RPF1 Putative uncharacterized protein CYR32-61 vs. CYR32 0.78

E3KE31 Putative uncharacterized protein CYR32-61 vs. CYR32-5 0.80

E3JUV4 Acyl-CoA dehydrogenase CYR32-5 vs. CYR32 0.72

CYR32-61 vs. CYR32 0.82

[C]Energy production and conversion J6EXB0 ADP, ATP carrier protein 2, (ADP/ATP translocase
2)

CYR32-61 vs. CYR32 0.81

E3KE31 Putative uncharacterized protein CYR32-61 vs. CYR32-5 0.80

E6RF63 ADP, ATP carrier protein 2, mitochondrial
(ADP/ATP translocase 2), putative

CYR32-61 vs. CYR32-5 0.79

B0CPP7 Predicted protein CYR32-61 vs. CYR32-5 0.66

M5FPE0 Pyruvate dehydrogenase e1 component alpha
subunit

CYR32-61 vs. CYR32-5 0.81

M5G8Y3 NAD-malate dehydrogenase CYR32-5 vs. CYR32 0.58

CYR32-61 vs. CYR32 0.38

CYR32-61 vs. CYR32-5 0.75

G7E585 Uncharacterized protein CYR32-5 vs. CYR32 0.68

CYR32-61 vs. CYR32 0.47

CYR32-61 vs. CYR32-5 0.75

[E]Amino acid transport and metabolism E3KE31 Putative uncharacterized protein CYR32-61 vs. CYR32-5 0.80

F4RL47 Putative uncharacterized protein CYR32-5 vs. CYR32 0.76

K5V5U7 Uncharacterized protein CYR32-5 vs. CYR32 0.78

[Q]Secondary metabolites biosynthesis, transport and
catabolism

E3KWF2 Putative uncharacterized protein CYR32-5 vs. CYR32 0.71

Q4R0J7 D-arabinitol dehydrogenase 1 CYR32-5 vs. CYR32 0.82

Poorly characterized (5)

[S]Function unknown E3K0C0 Putative uncharacterized protein CYR32-61 vs. CYR32 0.75

E3K3X8 Putative uncharacterized protein CYR32-61 vs. CYR32 0.80

[R]General function prediction only F4RMJ8 Putative uncharacterized protein CYR32-61 vs. CYR32-5 0.82

F4S9E0 Putative uncharacterized protein CYR32-61 vs. CYR32-5 0.83

G7E585 Uncharacterized protein CYR32-5 vs. CYR32 0.68

CYR32-61 vs. CYR32 0.47

CYR32-61 vs. CYR32-5 0.75

No annotation (7) E3JV78 Putative uncharacterized protein CYR32-61 vs. CYR32 0.83

E3KR14 Putative uncharacterized protein CYR32-61 vs. CYR32-5 0.83

F4RYM8 Putative uncharacterized protein CYR32-61 vs. CYR32-5 0.81

A7KKN6 Plasma membrane (H+) ATPase CYR32-5 vs. CYR32 0.81

CYR32-61 vs. CYR32 0.81

E3L514 Putative uncharacterized protein CYR32-5 vs. CYR32 0.81

H6QS83 Putative uncharacterized protein CYR32-5 vs. CYR32 0.76

E3K3W4 Glucose-repressible protein CYR32-5 vs. CYR32 0.78

is a component of PDHc, and if its activity is inhibited,
aerobic metabolism can be blocked, thus affecting the normal
metabolism of living organisms (Danson et al., 1978). In
CYR32-5 vs. CYR32, the expression of M5FPE0—annotated
as pyruvate dehydrogenase E1 component alpha subunit—was
up-regulated, indicating that the formation of ATP during
oxidative phosphorylation in the germinated urediospores and

germ tubes may be promoted in strain CYR32-5 in comparison
with strain CYR32.

Inorganic diphosphatase (A8N2Q4) mainly involved in DNA
synthesis, can catalyze the conversion of one molecule of
pyrophosphate into two molecules of phosphate, accompanied
by the generation of high levels of energy (Kukko and Saarento,
1984). A8N2Q4 was up-regulated in CYR32-61 vs. CYR32 and
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FIGURE 3 | KEGG pathway enrichment of the differentially expressed proteins acquired in the combinations CYR32-5 vs. CYR32, CYR32-61 vs. CYR32, and
CYR32-61 vs. CYR32-5 (P < 0.05).

FIGURE 4 | Comparison of encoding gene expression levels and protein levels of the selected enriched proteins identified by iTRAQ analysis in the combinations
CYR32-5 vs. CYR32 (A), CYR32-61 vs. CYR32 (B), and CYR32-61 vs. CYR32-5 (C).

Frontiers in Microbiology | www.frontiersin.org 12 October 2020 | Volume 11 | Article 54296175

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-542961 September 30, 2020 Time: 16:7 # 13

Zhao et al. Proteomics of UV-B-Induced Virulence-Mutant Pst

FIGURE 5 | Model for the coupling of electron transport and ATP synthesis. The differentially expressed proteins (marked in red) in the electron transport chain
complex III, including ubiquinol-cytochrome c reductase cytochrome c1 subunit (E3JWK6) and ubiquinol-cytochrome c reductase iron-sulfur subunit (E3L519), were
up-regulated in CYR32-5 vs. CYR32. The β subunit (F4S0Z3) of ATP synthase marked in red was up-regulated in CYR32-5 vs. CYR32.

FIGURE 6 | Glycolysis pathway. The glyceraldehyde-3-phosphate dehydrogenase marked in red was found to be up-regulated in CYR32-61 vs. CYR32.

CYR32-61 vs. CYR32-5 in this study. The results indicated that
in comparison with strains CYR32 and CYR32-5, the energy
metabolism pathway during urediospore germination may be
promoted in strain CYR32-61, which may contribute to the
progress in biological processes of urediospores.

It has been reported that UV-B radiation can induce virulence
variation in Pst (Shang et al., 1994; Huang et al., 2005; Wang
et al., 2009; Zhao et al., 2019). Similarly, in studies on two other
important pathogens—Puccinia triticina (Neugebauer et al.,

2018) and P. graminis f. sp. tritici (Zhang et al., 2017), causing
wheat leaf rust and wheat stem rust, respectively, it has also
been reported that mutation may be the main mechanism of
virulence variation of the two pathogens, thus resulting in the
loss of wheat resistance and severe losses of wheat yield. In this
study, after the germination of urediospores, the expression levels
of many proteins in UV-B-induced virulence-mutant strains,
CYR32-5 and CYR32-61, were different from those in CYR32, the
original strain. The changes in the related biological processes in
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which the DEPs are involved may result in changes in virulence
phenotypes of Pst and may be responsible for virulence variation.
To further explore the virulence variation mechanisms of Pst, it is
of great importance to conduct studies by pathogen sequencing
at the genome level and to investigate the metabolomics of Pst
after mutations.

CONCLUSION

In this study, using the proteomics method based on iTRAQ
technology, a quantitative proteomic analysis of the germinated
urediospores (with germ tubes) of the original strain, CYR32,
and two UV-B-induced virulence-mutant strains, CYR32-5 and
CYR32-61, was undertaken. A total of 2,271 proteins were
identified in eight samples of the three Pst strains, and 59, 74,
and 64 DEPs were obtained in each of the three combinations,
i.e., CYR32-5 vs. CYR32, CYR32-61 vs. CYR32, and CYR32-61 vs.
CYR32-5, respectively. The identified DEPs were mainly involved
in energy metabolism, carbon metabolism and cellular substance
synthesis. The relative expression levels of the genes encoding
some DEPs, quantified using qRT-PCR, were consistent with the
corresponding protein abundance obtained via iTRAQ analysis.
Compared with the original strain, CYR32, the DEPs involved in
stress-related and energy metabolism were up-regulated in the
virulence-mutant strains, indicating that the virulence-mutant
strains, CYR32-5 and CYR32-61, were more tolerant to stress
than the original strain. These results are of great significance for
further studies on the mechanisms of Pst virulence variation and
for implementing control measures for wheat stripe rust.
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Powdery mildew infects a wide range of crops and economic plants, causing substantial
losses. Rubber trees (Hevea brasiliensis) are the primary source of natural rubber, and
powdery mildew infection causes significant losses to natural rubber yields. How the
causal agent, Erysiphe quercicola, establishes successful infection in rubber trees is
largely unknown. Previously, 133 candidate secreted effector proteins (CSEPs) were
identified in powdery mildew fungus. In this study, we characterize a CSEP named
EqCSEP01276 for its function in suppressing host plant defense responses. We show
that EqCSEP01276 is a secreted protein and is able to disturb the localization of 9-
cis-epoxycarotenoid dioxygenase 5 (HbNCED5), a key enzyme in abscisic acid (ABA)
biosynthesis in plant cell chloroplasts of H. brasiliensis. We also show that this effector
inhibits ABA biosynthesis, and that in H. brasiliensis ABA is a positive regulator of
the plant immune response against powdery mildew. Our study reveals a strategy
by which powdery mildew fungus manipulates plant ABA-mediated defense for a
successful infection.

Keywords: effector protein, powdery mildew fungus, rubber tree, ABA biosynthesis, plant immunity

INTRODUCTION

Powdery mildew infects a wide range of agricultural, economic, and ornamental plants, causing
significant losses. In rubber trees [Hevea brasiliensis (Willd. ex A.Juss.) Müll.Arg.], powdery mildew
is one of the most severe diseases (Liyanage et al., 2017). The outbreak of powdery mildew in
rubber trees severely threatens latex production since rubber trees are the primary source of latex,
an important fundamental material for industry. H. brasiliensis is widely cultivated as a cash crop
in tropical and sub-tropical areas of Asia and South America (Berthelot et al., 2016). The causal
agent of powdery mildew disease was most recently identified as an obligate biotrophic fungus,
Erysiphe quercicola (previously identified asOidium heveae) (Limkaisang et al., 2005; Liyanage et al.,
2017; Wu et al., 2019). It infects young leaves and other young tissues, causing leaf withering and
defoliation (Liyanage et al., 2017). When conidiospores produced by E. quercicola make contact
with the leaf surface, they germinate to form appressoria, which then breach the plant cell wall
and allow the pathogen to enter the host. Subsequently, hyphae and lobe-shaped haustoria are
produced inside the plant cells to acquire nutrients from the host. After 4 or 5 days, powdery mildew
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colonies consisting of a large number of vegetative hyphae and
conidiospores are formed on the leaf surface (Limkaisang et al.,
2005; Mei et al., 2016). Successful infection and colonization in
the host also requires suppression of plant immunity, hence,
E. quercicola can complete its life cycle in Arabidopsis mutants
deficient in several crucial resistance-related genes (Mei et al.,
2016). More recent genome analysis reveals that E. quercicolamay
have contracted gene families of carbohydrate metabolism and
expended the repertoire of secreted effectors during evolution
to facilitate host adaptation (Liang et al., 2018). Traditionally,
preventing the outbreaks of rubber tree powdery mildew has
largely been prevented by heavy application of brimstone as
a fungicide, which causes soil and river water contamination
(Mei et al., 2016). The molecular mechanisms of E. quercicola
infection have been understudied, partly because of the inability
to culture this pathogen in an artificial medium. This has made
the development of suitable disease control strategies challenging.

Hosts and pathogens constantly compete against each other
(Jones and Dangl, 2006; Dodds and Rathjen, 2010). Effectors
must be secreted by plant pathogens into host cells to suppress
immunity triggered by pathogen-associated molecular patterns
(PAMPs). This layer of immunity is known as PAMP-triggered
immunity (PTI). When secreted effectors are recognized by the
host resistance gene products, another layer of immunity is
triggered, known as effector-triggered immunity (ETI). However,
effectors against resistance genes or ETI have evolved to sustain
the life of pathogens (Dodds and Rathjen, 2010). Plant immunity
often includes several defense responses such as the production
of reactive oxygen species (ROS), pathogenesis-related protein
accumulation, callose deposition, and hypersensitive response
(HR) (Dodds and Rathjen, 2010; Kadota et al., 2015; Yamada
et al., 2016). They function to inhibit pathogen hyphae growth
and conidiation, or to kill microbe cells directly. Successful
activation of plant immunity requires a complex signaling
network that involves mitogen-activated protein kinase (MAPK)
cascade, Ca2+-dependent pathway, and growth-controlling
hormones such as salicylic acid (SA), jasmonate, and abscisic acid
(ABA) (Vlot et al., 2009; Shigenaga et al., 2017; Zhang et al., 2018).

Abscisic acid has both positive and negative roles in plant
immunity regulation depending on the type of pathogens,
the tissues, growth stages, and the environment (Shigenaga
et al., 2017). ABA induces nitric oxide (NO) accumulation and
Ca2+ influx in guard cells, leading to stomatal closure and
blocking bacterial penetration (Melotto et al., 2006). However, in
Arabidopsis, mutants with defective ABA synthesis or perception
showed increased resistance to Pseudomonas syringae, and ABA
pretreatment increased susceptibility to the bacteria (de Torres-
Zabala et al., 2007). In H. brasiliensis, foliar application of
chitosan used as an elicitor enhances resistance to Phytophthora
disease by inducing higher levels of ABA. Chitosan elevated
the ABA levels in H. brasiliensis and increased the activity of
the enzymes that catalyze ROS generation, such as catalase
and peroxidase (Kuyyogsuy et al., 2018). It also induced high
expression of defense-related enzyme genes, including PR-1, and
heavy depositions of callose and lignin. Consistently, exogenous
applications of ABA to H. brasiliensis caused effects similar to that
of chitosan (Zhang et al., 2018). Additionally, the biosynthesis of

ABA requires a key step the cleavage of cis-isomers of the ABA
precursor xanthophylls by 9-cis-epoxycarotenoid dioxygenases
(NCED) (Nambara and Marion-Poll, 2005; Frey et al., 2012).
The NCED proteins are chloroplast-targeted, suggesting that
the NCED-catalyzed cleavage reaction likely takes place in the
chloroplast (Tan et al., 2003; Nambara and Marion-Poll, 2005).
In H. brasiliensis, the elevation of ABA induced by chitosan
application also induced the high expression of an NCED gene
(HbNCED), consistent with NCED proteins being involved in
ABA biosynthesis (Kuyyogsuy et al., 2018).

The E. quercicola genome contains 133 genes, encoding
candidate secreted effector proteins (CSEPs) which only have
homologs in other powdery mildew fungi (Liang et al., 2018).
To understand the infection mechanisms of this pathogen,
we investigated the potential functions of these CSEPs in
the pathogenesis of E. quercicola. We found that successful
infection of E. quercicola associates with suppression of host
plant defenses, and that a CSEP labeled with sequencing number
01276 (EqCESP01276) (Supplementary Table 1) contributes
to the suppression process. Further, analysis reveals that in
H. brasiliensis ABA can induce a defense response against
powdery mildew, and EqCSEP01276 inhibits ABA biosynthesis
by targeting an NCED, HbNCED5.

MATERIALS AND METHODS

Experimental Materials and Growth
Conditions
Nicotiana benthamiana and the susceptible rubber tree cultivar,
Reyan 7-33-97, were grown in a greenhouse with a 16/8 h
light/dark cycle at 22◦C. Bacterial material Escherichia coli
DH5α was cultured on Luria–Bertani (LB) medium at 37◦C.
Agrobacterium tumefaciens GV3101 was cultured on LB medium
at 28◦C. The Saccharomyces cerevisiae YTK12 strain was cultured
at 30◦C in YPD medium. The powdery mildew pathogen E.
quercicola (strain HO-73) was grown on rubber tree Reyan 7-33-
97 plants.

Functional Validation of Effector Signal
Peptides
The signal peptide of EqCSEP01276 was cloned into the plasmid
pSUC2 and transformed into the yeast strain YTK12 (Oh
et al., 2009). Yeast cells were transformed with 0.5 mg of the
individual pSUC2-derived plasmids using the lithium acetate
method (Gietz, 2014). After transformation, yeast cells were
plated on CMD minus Trp (CMD-W) plates (0.67% yeast
nitrogen base without amino acids, 0.075% Trp DO supplement
(Takara-Clontech, Japan), 2% sucrose, 0.1% glucose, and 2% agar)
to confirm the transformation of the vector into the yeast strain.
YPRAAA medium was used for assay for invertase secretion.
Invertase enzymatic activity was detected by the reduction
of 2,3,5-Triphenyl tetrazolium chloride (TTC) to an insoluble
red-colored triphenylformazan. Transformants were cultured in
liquid CMD-W medium for 24 h at 30◦C. The pellet was
collected, washed, and resuspended in distilled sterile water, and
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an aliquot was incubated at 37◦C for 10 min. The supernatant was
collected and placed into tubes containing 0.1% TTC solution.
The color change was checked after a 5 min incubation at
room temperature.

Assays With Transient Expression of
Proteins in N. benthamiana
To construct the EqCSEP012761SP-GFP plasmid,
EqCSEP012761SP cDNA was fused into the pBIN-GFP vector
under the control of the CaMV 35S promoter. Agrobacterium
tumefaciens GV3101 mediated transient expression of
EqCSEP012761SP-GFP in N. benthamiana. GV3101 was
cultured in LB medium overnight with 50 mg/L rifampicin and
50 mg/L kanamycin. The cells were collected by centrifugation
(3000 rpm, 3 min) and resuspended in 10 mM MgCl2. The
suspensions were adjusted to an OD600 of 0.5. The leaves were
infiltrated with EqCSEP012761SP-GFP or GFP 24 h prior to
infiltrating the same leaf areas with INF1 for PTI induction, and
photographed after 3 or 4 days. GFP fluorescence was examined
using a fluorescence microscope (Olympus BX51, Japan) at 48 h
post-infiltration.

For the co-immunoprecipitation (co-IP) assay,
EqCSEP012761SP-GFP and HbNCED5-FLAG were co-
expressed in N. benthamiana leaves; total leaf proteins were then
extracted, followed by incubation of total proteins with anti-
GFP-beads (ChromoTek, Germany) for 4 h. After incubation, the
anti-GFP-beads were washed three times with washing buffer.
Proteins bound to the anti-GFP-beads were boiled with 100 µL
10% SDS solution for 20 min to elute proteins that were detected
with suitable antibodies (Abcam, United Kingdom).

ROS Staining and Visualization of
Callose Deposition
Accumulation of ROS was visualized by staining the leaves
with 3,3′-diaminobenzidine (DAB). Rubber tree leaves were
infiltrated with 0.1% DAB solution for 10 h in the dark and
boiled in 95% ethanol for 30 min to remove chlorophyll.
ROS accumulation was observed under a microscope and
photographed (Dong and Chen, 2013).

For callose deposition visualization, rubber tree or N.
benthamiana leaves were washed with double distilled water
(ddH2O) and soaked in 95% ethanol, followed by boiling in water
to clear the chlorophyll. Next, the transparent leaves were treated
with staining buffer for 1 h in the dark at room temperature
(0.1% aniline blue, 67 mmol/L Na2HPO4, pH 12.0) (Clay
et al., 2009). Callose depositions were observed by fluorescence
microscopy (Olympus BX51).

Yeast Two-Hybrid Assays
The pGADT7 vector expresses proteins fused to amino acids of
the GAL4 activation domain (AD). The pGBKT7 vector expresses
proteins fused to amino acids of the GAL4 DNA binding
domain (DNA-BD). The cells of Y2H Gold Yeast Strain were
transformed with 0.5 mg of the individual plasmids using the
lithium acetate method (Gietz, 2014). After transformation, yeast
cells were plated on SD medium without Leu or Trp to confirm

the transformation of the vector into the yeast strain. And SD
medium without Leu, Trp, His, and Ade was used for assay
to detect interaction. The positive control is a combination of
pGADT7-T and pGBKT7-53. The pGADT7-T encodes a fusion
of the simian virus 40 large T antigen and the GAL4 AD, and
pGBKT7-53 encodes a fusion of the murine p53 protein and
the GAL4 DNA BD. It has been reported that the murine p53
protein domain forms a complex with the 40 large T-antigen
(Tan et al., 1986).

Bimolecular Fluorescent Complimentary
(BiFC) Assay
EqCSEP012761SP cDNA was fused into the sPYNE-N’YFP
vector to generate the 35S-EqCSEP012761SP-N’YFP plasmid,
and HbNCED5 cDNA was fused into the sPYCE-C’YFP
vector to generate the 35S- HbNCED5-C’YFP plasmid.
Different combinations of plasmids were introduced into
N. benthamiana leaf cells by GV3101-mediated transformation.
Yellow fluorescent protein (YFP) fluorescence was examined
using confocal microscopy (Leica TCS SP8, Germany).

Chemiluminescence Measurement of
ROS Production in H. brasiliensis
Mesophyll Protoplasts
The transformation of H. brasiliensis mesophyll protoplasts
was carried out and RNA was extracted as previously described
(Zhang et al., 2016). For chemiluminescence detection of ROS
production (Bellincampi et al., 2000), 10,000 protoplasts were
suspended in a well of a 96-well plate containing 100 µL
of luminol solution (200 µM luminol L-012, 10 µg/mL
peroxidase, horseradish peroxidase). Relative fluorescence
intensities of ROS samples treated with or without 10 µM
(GlcNAC)7 were measured by a LB941 microplate reader
(Berthold Technologies, Germany). Expression of genes of
interest was confirmed by Reversed Transcript PCR (RT-PCR).
The primer pairs used for RT-PCR were as follows: GFP-F
(5’- ATGGTAGATCTGACTAGTCCTAGG-3’) and GFP-R (5’-
CTTGTACAGCTCGTCCAT-3’), EqCSEP01276-F (5’-GGCCC
GGTCGTCCGACGATCTA-3’) and EqCSEP01276-R (5’- TC
AATTCTCATTTGTGTT-3’), HbActin-F (5’-CAGTGGTCGT
ACAACTGGTAT-3’) and HbActin-R (5’-ATCCTCCAAT
CCAGACACTGT-3’) (Zhang et al., 2016).

ELISA for ABA Content Measurement
The ABA content in leaf tissues expressing CSEP01276,
GFP, and wild-type was determined using an enzyme-linked
immunosorbent assay (ELISA) kit (Agdia, United States) (Liu
et al., 2014), as per the manufacturer’s instructions.

Determination of HbNCED5 Quantity in
Chloroplasts
Chloroplast and cytosolic fractions were isolated from 0.2 g
N. benthamiana leaf tissue expressing HbNCED5-RFP and the
proteins from chloroplasts and cytosol were extracted using
the Minute-Chloroplast Isolation Kit (Invent Biotechnology,
United States), according to the manufacturer’s protocol
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FIGURE 1 | Erysiphe quercicola can suppress reactive oxygen species (ROS) burst and callose deposition in Hevea brasiliensis. (A) ROS accumulations in H.
brasiliensis leaves inoculated with living and inactivated spores were detected by DAB in rubber tree leaves. The representative images were captured at 48 h
post-inoculation. Bars = 50 µm. (B) The areas with ROS accumulations per 1 mm2 were analyzed with ImageJ software 1.49v. Three independent replicates with
three areas per replicate were examined. Individual values (n = 9) are indicated by dots. Mean values are indicated by “×.” Median values are indicated by the middle
line. Asterisks indicate significant differences (P < 0.01). (C) Callose depositions were visualized by aniline blue staining in H. brasiliensis leaves inoculated with living
and inactivated spores. The representative images were captured at 48 h post-inoculation. Bars = 100 µm. (D) The numbers of callose spots per 1 mm2 area were
analyzed with ImageJ software. Three independent replicates with three areas per replicate were examined. Individual values (n = 9) are indicated by dots. Mean
values are indicated by “×.” Median values are indicated by the middle line. Asterisks indicate significant differences (P < 0.01).

(Kanazawa et al., 2017). Total proteins were extracted from
another 0.2 g leaf tissue expressing HbNCED5-RFP using Plant
Total Protein Lysis Buffer (Sangon Biotech, China). From each
sample, a 5 µg of protein was analyzed by SDS-PAGE and
western blotting.

Fluorescence Detection
GFP (emission wavelength: 488 nm, excitation wavelength:
680 nm), RFP (emission wavelength: 558 nm, excitation
wavelength: 583 nm), chlorophyll (emission wavelength: 470 nm,
excitation wavelength: 680 nm), YFP (emission wavelength:
513 nm, excitation wavelength: 527 nm), and aniline blue
(emission wavelength: 665 nm, excitation wavelength: 600 nm)
were detected. To examine fluorescence in N. benthamiana leaf
cells using confocal microscopy (Leica TCS SP8, Germany),
images of fluorescence channels were photographed using

the Z-stack tool of confocal microscopy. When the Z-stack
tool function is activated, multiple layers of one leaf area
containing leaf epidemic and chlorophyll cells are scanned to
generate each image.

RESULTS

E. quercicola Is Able to Overcome PTI
The host immune response against powdery mildew was tested in
H. brasiliensis. Live and inactivated spores (inactivated by boiling
in water) of E. quercicola were suspended at a concentration
of 1 × 106/mL and sprayed on young leaves of H. brasiliensis.
The inactivated spores can still provide PAMPs that can be
recognized by the plant. At 48 h, ROS accumulation (as detected
by DAB staining) was rarely observed at sites sprayed with living
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FIGURE 2 | EqCSEP01276 expression inhibits defense responses in Nicotiana benthamiana. (A) GFP control and EqCSEP012761SP-GFP were co-expressed with
INF1 in N. benthamiana leaves. The infiltration into leaves for GFP and EqCSEP012761SP-GFP expressions conducted 24 h prior to the infiltration for INF1
expression. DAB staining was used to detect ROS accumulations. INF1-induced hypersensitive response was indicated by ultraviolet (UV) light. (B) Expressions of
GFP and EqCSEP012761SP-GFP in N. benthamiana leaves were confirmed by western blot analysis. (C) 10 µM (GlcNAc)7 was infiltrated into N. benthamiana
leaves transiently expressing EqCSEP012761SP-GFP and GFP. Callose depositions were visualized by aniline blue staining. The representative images were
captured at 24 h post-infiltration. Bar = 100 µm. (D) The number of callose fluorescent spots per 1 mm2 area were analyzed using ImageJ software. Three
independent replicates with three areas per replicate were examined. Individual values (n = 9) are indicated by dots. Mean values are indicated by “×.” Median values
are indicated by the middle line. Asterisks indicate significant differences (P < 0.01).

spores (Figures 1A,B). In contrast, ROS production was strongly
induced at sites sprayed with inactivated spores. Moreover, a large
number of callose depositions visualized by aniline blue staining
were produced in leaves sprayed with inactivated spores but not
with the living spores (Figures 1C,D). These results suggest that
both ROS burst and callose formation are employed by the plant
immune system against powdery mildew infection, and that E.
quercicola can overcome this immune response.

EqCSEP01276 Can Function to Suppress
Plant Defense
We screened E. quercicola CSEPs that contribute to plant defense
suppression using the dicotyledonous plant N. benthamiana.
INF1, a Phytophthora infestans elicitor, was transiently
expressed in N. benthamiana leaves by A. tumefaciens-
mediated transformation to elicit ROS accumulation and

HR (Kamoun et al., 1998). CSEPs were co-expressed with INF1
to test their effector function. Given that signal peptides are
often thought to be cleaved from mature proteins (Owji et al.,
2018), we used the form of effectors without signal peptides.
Notably, CaMV 35S promoter-driven expression of a CSEP
EqCSEP01276 with a signal peptide deletion and fused with
a GFP-tag (EqCSEP012761SP-GFP) significantly reduced the
level of INF1-induced ROS accumulation compared to the GFP
protein used as a control (Figures 2A,B and Supplementary
Figure 1). Meanwhile, HR examined by ultraviolet (UV) light
was inhibited by EqCSEP012761SP-GFP expression (Figure 2A
and Supplementary Figure 1). These results suggest that
EqCSEP01276 can suppress INF1-induced defense responses.

(GlcNAc)7 is a derivative of chitin, generally known as a fungal
PAMP. N. benthamiana leaves infiltrated with 10 µM (GlcNAc)7
formed a large number of callose depositions. However, we found
that EqCSEP012761SP-GFP expression in the leaves significantly
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FIGURE 3 | EqCSEP01276 suppressed reactive oxygen species (ROS) burst in Hevea brasiliensis mesophyll cell protoplasts. (A) RNA samples were extracted from
H. brasiliensis mesophyll cell protoplasts with or without transformation and were analyzed by RT-PCR. HbActin was used as the reference gene. (B) Rubber tree
mesophyll cell protoplasts were treated with 10 µM (GlcNAc)7 and fluorescence intensities of ROS labeled by Luminol were measured after treatment with
(GlcNAc)7. Data presented are the means and SD values from three independent experiments.

inhibited callose deposition when compared with the GFP
control or untransformed leaves (Figures 2C,D). Furthermore,
we introduced vectors into mesophyll protoplasts derived
from H. brasiliensis leaves expressing EqCSEP012761SP-GFP
because transient gene expression in H. brasiliensis protoplasts
is feasible (Zhang et al., 2016). The expression of genes of
interest was confirmed by RT-PCR analysis (Figure 3A).
After 10 µM (GlcNAc)7 was applied, ROS burst was induced
in the untransformed protoplasts and those that expressed
only GFP as determined by the chemiluminescence detection
assay (Bellincampi et al., 2000; Figure 3B). In contrast,
EqCSEP012761SP-GFP expression significantly inhibited
ROS burst. Based on these observations, we concluded that
EqCSEP01276 could disrupt the plant immune system.

EqCSEP01276 Is a Secreted Protein
NCBI BLASTp analysis1 showed that EqCSEP01276 has only
one homolog of EqCSEP01276 in powdery mildew, Oidium
neolycopersici (Supplementary Figure 2). Thus, this CSEP

1https://blast.ncbi.nlm.nih.gov/Blast.cgi

probably has a specific role in the adaptation of E. quercicola
to the host. Protein sequence analysis using SMART analysis
service2 indicated that EqCSEP01276 carries a predicted
N-terminal signal peptide with 17 amino acids (aa 1–17) and a
t-SNARE region (aa 46–113), which are thought to guide protein
secretion. We assayed the secretory function of the EqCSEP01276
signal peptide using the yeast secretion system. The YTK12 strain
was transformed with the reconstructed pSUC2 vector to express
the signal peptide of EqCSEP01276. The signal peptide of a
known secreted protein, Avr1b, was used as a positive control.
Untransformed YTK12 and empty pSUC2 vectors were used
as negative controls. Similar to the Avr1b signal peptide, the
EqCSEP01276 signal peptide, but not the empty vector, allowed
YTK12 to grow on the YPRAAA medium (Figure 4). The strain
transformed with the EqCSEP01276 signal peptide displayed
secreted invertase enzyme activity that catalyzed the reduction of
TTC to a red-colored compound (Figure 4). These results suggest
that EqCSEP01276 is a secreted protein, and its signal peptide is
required for its secretion.

2http://smart.embl.de
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FIGURE 4 | Functional validation of the signal peptide of EqCSEP01276 by
the yeast invertase secretion assay. The EqCSEP01276 signal peptide was
fused into the pSUC2 vector and was transformed into the yeast YTK12
strain. The predicted signal peptide of Avr1b was used as a positive control.
The untransformed YTK12 and YTK12 carrying the pSUC2 vector were used
as negative controls. Yeast growth on CMD-W (minus Trp) medium confirmed
that the vector had transformed into the yeast strain. The growth on YPRAAA
medium and color change of TTC confirmed invertase secretion. SP, signal
peptide.

EqCSEP01276 Localization in Plant Cells
We investigated EqCSEP01276 localization in plant cells. We
transiently expressed EqCSEP012761SP-GFP and GFP was
used as control in N. benthamiana cells, and it was found
that EqCSEP012761SP-GFP was primarily distributed in
the cytoplasm, displaying a similarity to GFP (Figure 5A).
Additionally, some EqCSEP012761SP-GFP signals were present
in chloroplasts. We further validated the localization of
EqCSEP012761SP in chloroplasts by western blot analysis
(Figure 5B). In this assay, the proteins in chloroplasts
were separately extracted from N. benthamiana leaves
expressing EqCSEP012761SP-GFP. The proteins in the
cytosol and total leaves were also extracted. Actin was used
to detect cytosolic protein contamination, and ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCo) was used as the
loading control.

EqCSEP01276 Can Interact With
HbNCED5, a Chloroplast-Localized
Protein
To further investigate how EqCSEP01276 functions in plant
cells, we identified EqCSEP01276 potential targets of the
host plant. We conducted pull-down assays with purified
EqCSEP01276-GFP from N. benthamiana leaves and protein
extracts from H. brasiliensis leaves. We precipitated the
proteins bound to EqCSEP01276 using anti-GFP beads and
identified them using LC-MS/MS analysis. Meanwhile, GFP
alone was used as a control to remove the non-specific
proteins bound to the GFP-tag. The results indicated that
the interacting proteins of EqCSEP01276 included HbNCED5,
one of the key enzymes in ABA biosynthesis, and two

other uncharacterized proteins (Supplementary Table 2). To
confirm this interaction, full-size HbCED5 was used for
tests. EqCSEP012761SP-GFP and HbNCED5-FLAG were co-
expressed in N. benthamiana leaves and co-immunoprecipitation
was conducted using anti-GFP beads. This assay indicated
that EqCSEP012761SP-GFP but not GFP can interact with
HbNCED5-FLAG (Figure 6A). The yeast two-hybrid assay
was also conducted with HbNCED5 as bait and EqCSEP01276
as prey. The yeast strains transformed with HbNCED5 and
EqCSEP012761SP showed growth in SD medium without Leu,
Trp, His, and Ade (Figure 6B), suggesting an interaction
between the two proteins. In addition, the interaction of the
two proteins in N. benthamiana leaf cells was validated by
the bimolecular fluorescent complimentary (BiFC) method.
The YFP signals were present in the cytosol and chloroplasts
(Figure 6C). Moreover, we did not detect an interaction
between EqCSEP01276 and full-size HbNCED (accession:
MF375917.1), another NCED protein from H. brasiliensis,
by co-immunoprecipitation and the yeast two hybrid assay
(Figures 6A,B), implying the specificity of the interaction
between EqCSEP01276 and HbNCED5.

HbNCED5 contains a putative N-terminal chloroplast transit
peptide (aa 1–49), which was analyzed by ChloroP 1.1 Server3

(Supplementary Table 3), and HbNCED5 probably has a
chloroplast localization. We expressed HbNCED5 fused with an
RFP tag (HbNCED5-RFP) in N. benthamiana leaves to analyze
its localization. We found that HbNCED5-RFP displayed a
punctate pattern of distribution (Figure 5C) different only from
RFP, which was evenly distributed in the cytosol, as previously
described (Lee et al., 2008). We further extracted chloroplast
proteins from leaves expressing HbNCED5-RFP and detected
the presence of HbNCED5-RFP in chloroplasts by western
blotting (Figure 5D). These results indicate that HbNCED5 is a
chloroplast-targeted protein.

ABA Positively Regulates Plant Defense
in H. brasiliensis
The interaction between EqCSEP01276 and HbNCED5 led us
to suspect that EqCSEP01276 affects ABA biosynthesis. We
investigated whether ABA contributes to the plant defense
system against E. quercicola in H. brasiliensis. The young H.
brasiliensis leaves with an exogenous treatment of ABA (50,
100, and 150 µM) or ddH2O (ABA solvent), were inoculated
with E. quercicola spores (1 × 106/mL). After 7 days, the
leaves treated with 50, 100, and 150 µM ABA displayed
enhanced resistance to E. quercicola infection compared with
those treated with ddH2O (Figure 7A). Additionally, ABA
treatment inhibited E. quercicola growth and decreased its
spore production by at least 50% (Figure 7B). Furthermore,
in leaves inoculated with E. quercicola spores, treatments with
ABA (but not ddH2O) intensely induced ROS accumulation
(Figures 7C,D) and callose deposition (Figures 7E,F). Thus,
we conclude that ABA can induce defense responses against E.
quercicola infection.

3http://www.cbs.dtu.dk/services/ChloroP
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FIGURE 5 | Localizations of EqCSEP01276 and HbNCED5 in plant cells. (A) Localizations of EqCSEP012761SP-GFP and GFP in N. benthamiana leaves were
examined by confocal microscopy. Each image of GFP or chlorophyll channel was photographed by using Z-stack tool of confocal fluorescence microscopy to scan
one leaf area containing epidermal and mesophyll cells. White arrows indicate the chloroplast-localized EqCSEP012761SP. Bars = 10 µm. (B) The total leaf proteins
and proteins from cytosol and chloroplasts were extracted from N. benthamiana leaves expressing EqCSEP012761SP-GFP. The resulting proteins were then
analyzed by western blot using anti-GFP, anti-RFP, anti-β-actin, and anti-Rubisco antibodies. (C) Localizations of HbNCED5-RFP and RFP in N. benthamiana leaves
were examined by confocal microscopy. Each image of RFP or chlorophyll channel was photographed by using Z-stack tool of confocal fluorescence microscopy to
scan one leaf area containing epidermal and mesophyll cells. Bars = 10 µm. (D) The total leaf proteins and proteins from cytosol and chloroplasts were extracted
from N. benthamiana leaves expressing HbNCED5-RFP. The resulting proteins were then analyzed by western blot using anti-GFP, anti-RFP, anti-β-actin, and
anti-Rubisco antibodies.

EqCSEP01276 Expression Inhibits ABA
Biosynthesis in N. benthamiana
We found that callose deposition in N. benthamiana was induced
by the infiltration of 100 and 150 µM ABA into the leaves
(Supplementary Figures 3A,B). In addition, callose formation
induced by 10 µM (GlcNAc)7 was severely inhibited when
100 µM tungstate, an inhibitor of ABA biosynthesis (Hansen and
Grossmann, 2000), was infiltrated into leaves (Supplementary
Figures 3A,B). Thus, ABA appears to be a positive regulator of
the immune system in N. benthamiana.

We investigated whether EqCSEP01276 affects ABA
biosynthesis using N. benthamiana. ABA concentration in
leaf cells was determined by ELISA. The results showed

that 10 µM (GlcNAc)7 induced ABA elevation (Figure 8),
consistent with the positive role of ABA in the regulation of
plant immunity. EqCSEP012761SP-GFP expression significantly
inhibited (GlcNAc)7-induced ABA elevation (Figure 8),
suggesting that EqCSEP01276 functions in the downregulation
of ABA biosynthesis.

EqCSEP01276 Can Reduce the Amount
of HbNCED5 in Chloroplasts
We hypothesized that EqCSEP01276 interferes with HbNCED5
function in ABA biosynthesis. To test this, EqCSEP012761SP-
GFP and HbNCED5-RFP were co-expressed in N. benthamiana
leaves and their intensities were examined using a fluorescence
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FIGURE 6 | The interaction between EqCSEP01276 and HbNCED5. (A) Co-immunoprecipitation for interaction between EqCSEP012761SP and HbNCED5 or
HbNCED. The total proteins from N. benthamiana leaves transiently expressing proteins of interest (Input) and the proteins eluted from anti-GFP beads were analyzed
by western blot assay with anti-GFP or anti-FLAG antibodies. The GFP was used as the control. The sizes of protein bands: HbNCED5 (66 KD), HbNCED (28 KD),
EqCSEP012761 SP-GFP (60 KD), GFP (28 KD). (B) In yeast two-hybrid assay, yeast transformants expressing EqCSEP012761SP and HbNCED5 or HbNCED were
assayed for growth on SD-LW or SD-LWHA. L, leucine; W, tryptophan; H, histidine; A, adenine. The combination of AD-T and BD-53 was used as a positive control,
and the other sets were used as negative controls. (C) Bimolecular fluorescent complimentary (BiFC) assay of the interaction between EqCSEP012761SP and
HbNCED5. YFP signals were detected in the N. benthamiana leaves transiently co-expressing EqCSEP012761SP-N’YFP and HbNCED5-C’YFP using confocal
microscopy. The other sets were used as negative controls. Each image of YFP or chlorophyll channel was photographed by using Z-stack tool of confocal
fluorescence microscopy to scan one leaf area containing epidermal and mesophyll cells. White arrows indicate the chloroplast-localized YFP. Bar = 10 µm.

microscope. Co-expression of GFP and HbNCED5-RFP was used
as a control. We observed that in cells in the presence of strong
EqCSEP012761SP-GFP signals, the intensity of HbNCED5-RFP
with punctate distribution was reduced (Figures 9A,B). To
confirm this further, chloroplast proteins extracted from leaves
expressing the proteins of interest were subjected to western blot
analysis. Consistent with our observation, EqCSEP012761SP-
GFP, but not GFP alone, significantly reduced the abundance
of HbNCED5-RFP in chloroplasts (Figure 9C). We also noticed
that the total amount of HbNCED5-RFP was not altered, both
in the presence and absence of EqCSEP01276. Thus, our results

imply that EqCSEP01276 probably perturbs the distribution of
HbNCED5 in chloroplasts rather than promoting its degradation,
resulting in failed ABA biosynthesis, which ultimately inhibits
plant defense responses.

DISCUSSION

Powdery mildew is a devastating disease of rubber trees.
Fundamental knowledge about its associated pathogen is urgently
needed to develop advanced disease control techniques. In
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FIGURE 7 | Exogenous application of abscisic acid (ABA) enhanced resistance against powdery mildew in Hevea brasiliensis. (A) Spraying ABA solutions (50, 100,
and 150 µM) onto H. brasiliensis leaves, followed by inoculation of leaves with E. quercicola spores. The photographs were taken at 7 days post-inoculation. Three
independent replicates with 10 leaves per replicate were examined. (B) The production of spores on H. brasiliensis leaves was quantified. Three independent
replicates with three inoculated leaves per replicate were examined. Individual values (n = 9) are indicated by dots. Mean values are indicated by “×.” Median values
are indicated by the middle line. Asterisks indicate significant differences (P < 0.01). (C) Reactive oxygen species (ROS) accumulations in infected leaves with or
without treatment of H2O or ABA were detected by DAB staining. The representative images were captured at 7 days post-inoculation. Bars = 50 µm. (D) The areas
of ROS per 1 mm2 in leaves were analyzed using ImageJ software. Three independent replicates with three areas per replicate were examined. Individual values
(n = 9) are indicated by dots. Mean values are indicated by “×.” Median values are indicated by the middle line. Asterisks indicate significant differences (P < 0.01).
(E) Callose depositions were visualized by aniline blue in infected leaves with or without treatments of H2O or ABA. The representative images were captured at
7 days post-inoculation. Bars = 100 µm. (F) The number of callose spots per 1 mm2 area was analyzed with ImageJ software. Three independent replicates with
three areas per replicate were examined. Individual values (n = 9) are indicated by dots. Mean values are indicated by “×.” Median values are indicated by the middle
line. Asterisks indicate significant differences (P < 0.01).

our study, we identified only one homolog of EqCSEP01276
in O. neolycopersici, which suggests a highly specific role of
EqCSEP01276 in E. quercicola infection. Consistent with this,

EqCSEP01276 was found to affect plant PTI by manipulating
ABA biosynthesis in the host plants. EqCSEP01276 can target
chloroplasts, which are the primary sites of photosynthesis,
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FIGURE 8 | Determination of abscisic acid (ABA) content in Nicotiana benthamiana by ELISA. The ABA concentrations in N. benthamiana leaves treated with H2O
and (GlcNAc)7. EqCSEP012761SP-GFP expression suppressed the ABA content elevation induced by (GlcNAc)7. Individual values obtained from nine replicates are
indicated by dots. Mean values are indicated by “×.” Median values are indicated by the middle line. Asterisks indicate significant differences (P < 0.01). FW, fresh
weight.

biosynthesis of plant hormones, production of ROS, and Ca2+-
dependent signaling (Apel and Hirt, 2004; Lu and Yao, 2018).

In powdery mildew fungi, how CSEPs function in the infection
stage remains uncharacterized, except for a few of CSEPs from
cereal powdery mildew fungi. Our study provides more evidence
that effectors of powdery mildew fungi are involved in PTI
suppression. Some CSEPs from barley and wheat powdery
mildew fungi can target plant immunity-associated proteins,
including stress related small heat shock protein chaperones
(HSP16.9 and HSP17.5) (Ahmed et al., 2015) and pathogen-
related proteins (PR5 and PR10) (Pennington et al., 2016,
2019). A CSEP SVRPM3A1/F1 is a suppressor of AvrPm3a2/f 2-
PM3A/3F recognition, which mediated race-specific resistance of
wheat (Bourras et al., 2015). PM3A and PM3F are nucleotide-
binding leucine-rich repeat receptor (NLR) immune proteins.
A barley powdery mildew effector CSEP0064 functions as
a ribonuclease-like protein to degrade plant ribosomal RNA

(Pennington et al., 2019). Moreover, some cereal powdery mildew
CSEPs can be recognized by cereal plant NLR proteins, including
MLA1, MLA13, PM2, and PM3F/3A, and can induce ETI
(Bourras et al., 2015; Lu et al., 2016; Praz et al., 2017).

A recent study reported that an effector secreted by the
wheat stripe rust fungus, a biotrophic pathogen, can enter host
chloroplasts and interact with a component of the cytochrome
b6-f complex to inhibit photosynthesis and chloroplast-derived
ROS (Xu et al., 2019). Additionally, bacterial pathogens also
secrete numerous effectors by the type III secretion system to
target host plant plastids, including chloroplasts. Well-studied
examples of these effectors are HopN1 and HopI1 (Jelenska et al.,
2007; Rodriguez-Herva et al., 2012). These studies, along with
ours, recognize host chloroplasts as the main targets of biotrophic
and hemibiotrophic pathogens.

We demonstrated that after entry into the host plant cells,
EqCSEP01276 interacts with chloroplast-targeted HbNCED5 and
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FIGURE 9 | HbNCED5 localization in chloroplasts is altered by EqCSEP01276 expression in Nicotiana benthamiana. (A). Co-expression of EqCSEP012761SP-GFP
and HbNCED5-RFP in leaves of N. benthamiana were examined by a fluorescence microscope. The other sets were used as controls. Each image of GFP, RFP, or
chlorophyll channel was photographed by using the Z-stack tool of confocal fluorescence microscopy to scan one leaf area containing epidermal and mesophyll
cells. White arrows indicate the chloroplast-localized EqCSEP012761SP. Bar = 10 µm. (B) HbNCED5-RFP puncta per 0.5 mm2 area were analyzed with ImageJ
software. Three independent replicates with three areas per replicate were examined. Individual values (n = 9) are indicated by dots. Mean values are indicated by
“×.” Median values are indicated by the middle line. Asterisks indicate significant differences (P < 0.01). (C) Western blot analysis of total and chloroplast proteins
extracted from N. benthamiana leaves expressing proteins of interest. The expression of EqCSEP012761SP-GFP reduced HbNCED5-RFP abundance in
chloroplasts. Asterisk indicates total protein used as positive control in analysis with anti-β-actin antibody.
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reduces the HbNCED5 protein amount in the chloroplasts. We
also noticed that the reduced amount of HbNCED5 in the
chloroplasts is not a result of degradation initiated by CSEP01276
because the total amount of HbNCED5 is unaltered in leaf
cells infiltrated with EqCSEP01276. Several effectors from other
species of pathogens directly degrade plant target proteins. For
example, the effector AvrPiz-t, secreted by rice blast fungus,
targets two rice E3 ligases required for PTI and promotes their
degradation via the 26S proteasome (Park et al., 2012, 2016).

Even though EqCSEP01276 can target the chloroplasts as
HbNCED5, a putative chloroplast transit peptide is not present
in EqCSEP012761SP (Supplementary Table 3). We assumed that
this effector may adhere to the outer membrane of the chloroplast
and cannot be efficiently transported into the chloroplast.
Consistently, in our assays a large portion of EqCSEP01276 is
not localized to chloroplasts and is different from HbNCED5,
which contains a chloroplast transit peptide. The importation
of proteins into chloroplasts is facilitated by a series of TOC
receptors, such as Toc159 or Toc33/34, which are bound to the
outer envelope membrane of the chloroplast and are exposed
to the cytoplasm (Demarsy et al., 2014; Nakai, 2018), and after
proteins are recognized by Toc receptors, they are transported
into chloroplast via a channel formed by Toc75 (Nakai, 2018).
Our results show that in plant cells EqCSEP01276 prevents
HbNCED5 from targeting chloroplasts but does not reduce
the total amount of HbNCED5. We reason that EqCSEP01276
intervenes with recognition to HbNCED5 by TOC receptors,
causing an inhibition effect on importation of HbNCED5
into chloroplasts.

There are five NCED proteins in H. brasiliensis and
they display high amino acid similarity to each other
(supplementary Figure 4). The specificity of the interaction
between EqCSEP01276 and HbNCED5 led us to suspect that in
HbNCED5 some amino acids or motifs, which are not present
in other H. brasiliensis NCED proteins, probably have important
roles in the interaction between EqCSEP01276 and HbNCED5.
Moreover, it is possible that the abundances of those NCED
proteins are different in H. brasiliensis leaf cells and may affect
the opportunities of interaction with other proteins.

We showed that foliar application of ABA in H. brasiliensis
inhibited powdery mildew conidiation and growth and increased
callose depositions in N. benthamiana. These findings further
support our observations that ABA signaling plays an important
role in resistance. We also noticed that ABA is supposed to
be an antagonist of SA biosynthesis, which positively regulates
systematic resistance to biotrophic pathogens. Although the
mechanism of antagonism between ABA and SA in plant
resistance is not well defined, some key regulators of SA signaling,
such as NPR1, are found to be affected by other hormones.
Thus, the sharing of signaling proteins possibly connects different
hormone pathways (Spoel et al., 2003, 2009; Tada et al., 2008).
We hypothesize that elaborate systems have evolved to coordinate
the two hormone pathways that may function at different time-
points in pathogen infection. After ABA takes effect, ABA
signaling is rapidly downregulated so that its inhibition of
SA-signaling is removed. Moreover, we assume that the role
of ABA in immunity may vary according to the types of

PAMPs recognized by the plants. Future efforts to assess this
hypothesis are warranted.

Overall, our study provides an insight into the biotrophic
strategy by which rubber tree powdery mildew fungus modulates
plant hormone-dependent resistance.
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1 Corporación Colombiana de Investigación Agropecuaria – AGROSAVIA, Centro de Investigación Tibaitatá, Mosquera,
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The vascular wilt disease caused by the fungus Fusarium oxysporum f. sp. physali (Foph)
is one of the most limiting factors for the production and export of cape gooseberry
(Physalis peruviana) in Colombia. A transcriptomic analysis of a highly virulent strain
of F. oxysporum in cape gooseberry plants, revealed the presence of secreted in the
xylem (SIX) effector genes, known to be involved in the pathogenicity of other formae
speciales (ff. spp.) of F. oxysporum. This pathogenic strain was classified as a new f.
sp. named Foph, due to its specificity for cape gooseberry hosts. Here, we sequenced
and assembled the genome of five strains of F. oxysporum from a fungal collection
associated to the cape gooseberry crop (including Foph), focusing on the validation
of the presence of SIX homologous and on the identification of putative effectors
unique to Foph. By comparative and phylogenomic analyses based on single-copy
orthologous, we found that Foph is closely related to F. oxysporum ff. spp., associated
with solanaceous hosts. We confirmed the presence of highly identical homologous
genomic regions between Foph and Fol that contain effector genes and identified six
new putative effector genes, specific to Foph pathogenic strains. We also conducted
a molecular characterization using this set of putative novel effectors in a panel of 36
additional stains of F. oxysporum including two of the four sequenced strains, from the
fungal collection mentioned above. These results suggest the polyphyletic origin of Foph
and the putative independent acquisition of new candidate effectors in different clades
of related strains. The novel effector candidates identified in this genomic analysis,
represent new sources involved in the interaction between Foph and cape gooseberry,
that could be implemented to develop appropriate management strategies of the wilt
disease caused by Foph in the cape gooseberry crop.

Keywords: Fusarium oxysporum f. sp. physali, cape gooseberry, effector genes, pathogenicity, vascular wilt
disease
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INTRODUCTION

Fusarium oxysporum is a cosmopolitan ascomycete fungus that
commonly inhabits agricultural soils. Rather than a single species,
it is a species complex of non-pathogenic, plant pathogenic,
and human pathogenic strains, termed the Fusarium oxysporum
species complex (FOSC) (Di Pietro et al., 2003; Michielse
and Rep, 2009; O’Donnell et al., 2009; Ma et al., 2013; Ma,
2014). Several hundred different members of the FOSC are able
to penetrate plant roots, colonize xylem vessels and produce
vascular wilt diseases in a broad range of host plants, including
economically important crops such as banana, cotton, date
palm, onion, brassicas, cucurbits, legumes and solanaceous
species, such as tomato, eggplant, chili and cape gooseberry,
but not grasses (Michielse and Rep, 2009). However, individual
pathogenic isolates of F. oxysporum are highly host specific
and have therefore been classified into different formae speciales
(ff. spp.) according to the host they infect, e.g., strains that
infect banana cannot infect tomato plants and vice versa
(Lievens et al., 2008; Michielse and Rep, 2009; Ma, 2014).
F. oxysporum has no known sexual stage and the mechanism for
species diversification has been associated with the parasexual
cycle through heterokaryon formation, which enables a mitotic
genetic exchange between different nuclei (Glass et al., 2000;
Di Pietro et al., 2003).

Comparative genomics of phytopathogens in the genus
Fusarium [i.e., F. graminearum, F. verticillioides, and
F. oxysporum f. sp. lycopersici (Fol)], revealed the presence
of lineage specific (LS) chromosomes and chromosomal regions
in Fol that were rich in repetitive elements and contained genes
encoding known or putative effector proteins (Ma et al., 2010).
Among them, 14 genes were identified that encode small proteins
secreted into the xylem sap of tomato plants infected with Fol
(called SIX proteins) (Houterman et al., 2007; Schmidt et al.,
2013). Three of these SIX genes are avirulence genes (Avr), with
resistance (R) gene counterparts identified in tomato (Simons
et al., 1998; Rep et al., 2004; Houterman et al., 2008, 2009;
Catanzariti et al., 2015, 2017).

Small proteins secreted by a broad range of plant pathogens,
including bacteria, fungi, oomycetes and nematodes, that
interfere with the cellular structure and function of their hosts
are known as effector proteins (Kamoun, 2006; Kamoun et al.,
2007; Hogenhout et al., 2009). The low level of homology
among fungal effectors makes it difficult to identify common
features that allow their classification as a group or protein family
(Stergiopoulos and de Wit, 2009; de Guillen et al., 2015; Lo
Presti et al., 2015). Nevertheless, many fungal effectors have been
identified based on the presence of a signal peptide sequence
for secretion, small size of around 300 amino acids or less,
and the fact that they are often cysteine rich (Sperschneider
et al., 2015). A large-scale search for putative effector genes in
59 strains of various ff. spp., resulted in a set of 104 candidate
effectors including the 14 secreted in the xylem (SIX) genes,
identified in Fol (Ma et al., 2010; Schmidt et al., 2013; van
Dam et al., 2016). From this candidate effector repertoire, strains
were classified according to the putative effector sequences they
shared. Interestingly, all the cucurbit-infecting ff. spp. (melonis,

niveum, cucumerinum, and radicis-cucumerinum), were grouped
together in a separate supercluster, sharing an overlapping set
of putative effectors and possibly conferring the ability to those
ff. spp. to infect cucurbit host species (van Dam et al., 2016).
This supercluster includes a substantial overlap with SIX1, SIX6,
SIX8, SIX9, SIX11 and SIX13 and largely excluded SIX2, SIX3,
SIX4, SIX5, SIX7, SIX10, SIX12, and SIX14. Homologous of Fol
SIX genes have been identified in alliaceous, legumes, musaceous,
solanaceous, and narcissus infecting ff. spp. of F. oxysporum
(Taylor et al., 2016, 2019; Williams et al., 2016; Czislowski et al.,
2018; Simbaqueba et al., 2018).

Cape gooseberry (Physalis peruviana) from the Solanaceae
family, is a tropical native fruit of South America found typically
growing in the Andes. In Colombia, over the last three decades,
the cape gooseberry has been transformed from a wild and under-
utilized species to an important exotic fruit for national and
international markets and represents one of the most exported
fruit for Colombia (Simbaqueba et al., 2011; Moreno-Velandia
et al., 2019). The cape gooseberry is also appreciated by its
nutritional and medicinal properties (Yen et al., 2010; Ramadan,
2011; El-Gengaihi et al., 2013; Ramadan et al., 2015). However,
despite its significant value, cape gooseberry production has been
limited due to the lack of known cultivars and the absence of
adequate phytosanitary measures. One of the most important
disease problems in cape gooseberry is the vascular wilt disease
caused by F. oxysporum. This disease was first described in 2005
and has become one of the limiting factors for cape gooseberry
production and export (Moreno-Velandia et al., 2019). Field
observations indicated typical symptoms of a vascular wilt
disease with an incidence ranging from 10 to 50% with losses
in production of 90% approximately (unofficially reported), in
the Cundinamarca central region of Colombia. Consequently,
producers moved to other places in the same region, spreading
contaminated plant material and seeds (Barrero et al., 2012).

From 2012 to 2015, a total of 136 fungal isolates were obtained
from cape gooseberry plants showing wilting disease symptoms,
collected from different locations of the central Andean Region
of Colombia. The fungal isolates were described as F. oxysporum,
using Koch postulates and molecular markers for intergenic
spacers (IGS) and the translation elongation factor 1 alpha (EF1α)
gene of F. oxysporum (AGROSAVIA, Unpublished results). A
strain of F. oxysporum named MAP5, was found to be highly
virulent in a number of cape gooseberry plant material, including
a commercial variety and different accessions from National
Germplasm Bank and different collections (Enciso-Rodríguez
et al., 2013; Osorio-Guarín et al., 2016). Further RNAseq analysis
was performed to study differential gene expression comparing
susceptible and resistant cape gooseberry plants inoculated
with MAP5 (AGROSAVIA, Unpublished results). This RNAseq
data was used in comparative transcriptomics, identifying eight
homologous of effector genes between Fol and MAP5. Thus,
describing a newly forma specialis of Fusarium oxysporum that
affect cape gooseberry plants, designated as F. oxysporum f. sp.
physali (Foph) (Simbaqueba et al., 2018).

In this study, we sequenced the genome of five fungal strains,
including Foph_MAP5, three additional pathogenic and one
non-pathogenic strains of F. oxysporum in cape gooseberry. We
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performed comparative genomics using the resulted genome
assemblies to infer the phylogenetic relationship of Foph within
the F. oxysporum clade. This result showed the polyphyletic
origin of Foph and the closer relationship with ff. spp. related
to Solanaceous hosts. We also identified putative LS genomic
regions specific to virulent strains of Foph, that could be related
with pathogenicity and host specificity, as they contain the
homologous effectors previously reported for Foph MAP5and
eight new putative effector genes identified in this study. We
mapped the Foph RNAseq dataset previously reported against
the candidate effectors and identified that these novel effectors
are expressed during host infection. These results suggest that
the new effector candidates, could have a putative role in
virulence. Additionally, we tested the presence of the novel
effectors by PCR amplification in a panel of 36 F. oxysporum
isolates (including MAP5), associated to the cape gooseberry crop
and identified that the presence of novel candidates was unique
to Foph related strains, suggesting host specificity toward cape
gooseberry plants. Furthermore, we conducted a phylogenetic
analysis using the EF1alpha sequences available for this panel
of F. oxysporum isolates. This result reflects the polyphyletic
origin of Foph and suggests the independent acquisition of the
novel putative effectors in at least two divergent clades of Foph
related strains.

MATERIALS AND METHODS

Fungal Material
The strains Foph_MAP5, Foph_13, Foph_36, Foph_72, and
Foph_117, classified as F. oxysporum, were selected from a
collection of 136 fungal isolates obtained from cape gooseberry
crops, based on their ability to cause wilting symptoms
(Foph_MAP5, Foph_13, and Foph_117), non-pathogenic
(Foph_36) on susceptible cape gooseberry plants.

DNA Extraction
The five fungal strains were reactivated in PDA media and
incubated at 28◦C for 8 days or until enough biomass was
obtained for DNA extraction. The DNA of MAP5 strain (Foph),
used for genome sequencing, was obtained using the ZR
Fungal/Bacterial DNA kit from Zymo research R©, according to
the protocol proposed by the manufacturer. The DNA of the
remaining F. oxysporum isolates used in this study, was extracted
from 100 mg of the mycelia, using the cetyltrimethylammonium
bromide (CTAB) protocol modified for fungal DNA (Zhang
et al., 2010). The quality and DNA concentration using both
methodologies were verified in 1% agarose gel using the 1 Kb Plus
DNA Ladder (Invitrogen R©) and also by Nanodrop DNA/RNA
Quantification system.

Foph Genome Sequencing and Assembly
Libraries were generated from purified DNA with the Illumina
Nextera XT DNA Sample Preparation Kit (San Diego, California,
United States). The resulting libraries were verified in the
Bioanalyzer Agilent 2100, using a DNA-HS chip and adjusted to
a final concentration of 10 nM. Libraries were then amplified.

The sequencing of the libraries was performed using the TruSeq
PE Cluster V2 (Illumina, San Diego, CA) kit generating 250 bp
pair-end reads in the Illumina MiSeq platform (San Diego, CA,
United States) at the Genetics and Antimicrobe Resistance Unit
of El Bosque University.

The quality of the reads produced was verified with the
software FastQC (Andrews, 2015), and reads were trimmed
using the software Trimmomatic (Bolger et al., 2014),
with the following parameters “LEADING:3 TRAILING:3
SLIDINGWINDOW:4:15 MINLEN:45.” Additionally, adaptor
sequences and reads less than 25 bp in length were filtered
and removed using the scripts fastq_quality_trimmer and
fastq_quality_filter of the FASTX-toolkit platform1. A primary de
novo assembly was performed with the pair-end reads overlapped
into contigs, using the software, MEGAHIT v1.2.9 (Li et al.,
2015), Newbler v 2.0.01.14. (454 Life Sciences), Velvet (Zerbino
and Birney, 2008), and SPAdes, v 3.5.0. (Illumina, San Diego CA).
The Quality Assessment Tool for Genome Assemblies (QUAST)
software (Gurevich et al., 2013), was used to determine the best
genome assembly based on the highest N50 parameter.

Gene Prediction and Annotation
Ab initio gene models for the genome sequence of Foph,
were predicted using the software Augustus (Stanke and
Morgenstern, 2005), using the gene prediction model
for Fol4287, as species gene model with the following
parameters “–strand = both” and “–uniqueGeneId = true,”
other parameters were used with the default settings. The
resulted transcripts were annotated by combining predictions
using the software HMMER 3.0 (Finn et al., 2011), with
the PFAM protein database. The functional annotation of
the transcripts was performed with the software eggNOG-
mapper v4.5.1 (Huerta-Cepas et al., 2017). Gene models were
corroborated with the Foph in planta RNAseq database reported
in our previous study.

Comparative Genomics Analysis
The comparative genomic analysis was carried out to establish
the gene composition similarity and conserved patterns within
phylogenetic clusters of 22 genomes of different F. oxysporum ff.
spp. (including Foph), and the genome sequence of F. fujikuroi
(Supplementary Table S1). To identify these gene clusters,
we used the anvi’o software (Eren et al., 2015), following the
pangenomic workflow described before (Delmont and Eren,
2018). In brief, this pipeline generates a genome database
that stores DNA and amino acid sequence information of
all genomes. Gene clusters were identified by calculating the
similarities of each amino acid sequence in every genome against
every other amino acid sequence using Blastp (Altschul et al.,
1990) and finally hierarchical clustering was performed using
the Euclidean distance and Ward clustering algorithm. The
distribution of these gene clusters across the genomes was
plotted using the anvi’o visualization tool. To reconstruct the
phylogenetic relationship of these genomes, the single copy
orthologous genes (SCG) were extracted from the pangenome

1hannonlab.cshl.edu/fastx_toolkit
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database for all genomes, and a phylogenomic tree was
generated using the FastTree 2.1 software (Price et al., 2010)
as a component of the anvi’o pipeline. To root the tree, we
used the genome sequence of F. fujikoroi as an outgroup
(Supplementary Table S1).

Identification of Effector Genes in Foph
To validate the presence of homologous effectors (i.e., SIX,
Ave1, and FOXM_16303), identified in our previous Foph-MAP5
transcriptomic analysis, we carried out two search strategies
of the homolog effectors in a database that included the 22
genome sequences of the ff. spp. of F. oxysporum used for
comparative genomics of Foph. The first strategy consisted in a
tBlastn search. The hits with an e-value <0.0001 and identity
higher than 50%, in the 50% of the length of the sequence
query, were selected for further analysis. In the second strategy,
a Blastx search was performed to identify all possible putative
peptides of the homologous effectors in the F. oxysporum genome
database. The best hits with an e-value <0.0001 were selected for
further analysis.

To identify de novo candidate effector genes in Foph, the
secretome and effectorome were predicted from the proteome
of Foph_MAP5, using the software SignalP v5.0 (Almagro
Armenteros et al., 2019) and EffectorP v2.0 (Sperschneider et al.,
2018), respectively. In order to discard homologous sequences in
other ff. spp., The two BLAST search strategies mentioned above
were performed using the protein sequences positive for signal
peptide and effector structure (i.e., <300 aa in length and cysteine
rich) as a query. An additional search of Miniature Impala
Transposable Elements (mimp) was performed in the UTR of
the transcripts predicted of Foph, with the regular expression
“NNCAGT[GA][GA]G[GAT][TGC]GCAA[TAG]AA,” using a
customized Perl script as described by Schmidt et al. (2013) and
van Dam and Rep (2017), to determine whether or not the novel
candidate could correspond to SIX type genes.

Molecular Characterization of Foph
Isolates and PCR Analysis of Candidate
Effectors
A panel of 39 F. oxysporum isolates (including the highly
virulent Foph_MAP5, 13, 72, 117 and the non-virulent Foph_36),
derived from the collection fungal collection mentioned above
were selected based on their ability to cause wilting symptoms
on susceptible cape gooseberry plants (Supplementary Table
S2). The EF1a gene of Fol (GenBank XM_018381269), was
used as a molecular marker to characterize the Foph isolates
to species level. EF1a sequences for seven out of 39 isolates
(including MAP5) were obtained from the GenBank, while
the EF1a sequences of Foph_36, 72, 117 were predicted from
their genome assemblies (Supplementary Table S2). For the
remaining 28 isolates, a fragment of the EF1a gene was amplified
and sequenced using the primers reported by Imazaki and Kadota
(2015). PCR reactions were conducted with Taq DNA Polymerase
(InvitrogenTM, Carlsbad, CA, United States), in a 25 µL reaction
volume. The PCR reaction consisted of 0.25 µL Taq Polymerase,
2.5 µL of 10X buffer (InvitrogenTM, Carlsbad, CA, United States),

0.16 µM of each primer, 0.16 mM of dNTP mix, 2 mM MgCl2
and 25 ng of template DNA. PCRs were carried out with an
initial denaturing step at 95◦C for 2 min followed by 30 cycles of
denaturing at 95◦C for 45 s, annealing of primers at 59◦C (62◦C
for Forl_155.3) for 45 s and primer extension at 72◦C for 45 s.
The PCR was completed by a final extension at 72◦C for 10 min.
PCR products were purified using a QIAquick PCR Purification
Kit (Qiagen) and then sequenced by Sanger platform.

EF1a sequences obtained from 27 out of the total of 39
Foph related isolates included in this study, were submitted to
the GenBank with accession numbers (MT738937-MT738958
and MW233573-MW233575) and a total of 30 EF1a sequences
of Foph related strains were aligned (MUSCLE method) using
MEGA version 7 (Kumar et al., 2016). The corresponding EF1a
sequence from the selected F. oxysporum ff. spp. mentioned
above, were also included for comparison. Phylogenetic analysis
was performed using the software BEAST (Bayesian Evolutionary
Analysis Sampling Trees) v 2.6.1 (Bouckaert et al., 2019), with
default settings. The resulting phylogenetic trees were visualized
using the Interactive Tree of Life (iTOL) v4 (Letunic and Bork,
2019). The EF1a from F. fujikuroi was used as an outgroup. To
corroborate the presence of the new effectors in the Foph related
strains, specific primers for the new candidates were designed
and used for PCR amplification (Supplementary Table S3), using
the same conditions as mentioned above. DNA from Colombian
strains of Fol, Foc R1 and TR4, were provided by Dr. Mauricio
Soto (AGROSAVIA), and used as a control for amplification.

RESULTS

Foph Genome Sequencing and Assembly
The genome sequence of four pathogenic strains of Foph (i.e.,
MAP5, 13, 72, and 117 and one non-virulent named Foph_36
in cape gooseberry plants, were assembled from 250 bp paired
end reads Illumina MiSeq. The genome of Foph_MAP5 was
assembled into 1,856 contigs with a total size of 44.9 Mb.
This genome assembly is smaller, compared to the remaining
assemblies of Foph strains obtained in this study ∼46–48 Mb,
other Illumina genome assemblies available for Fophy strains
(infecting a close related host Physalis philadelphica, known as
“husk tomato or tomatillo”), two solanaceous specific strains
(Fomel_002 and Fonic_003), and the nearly complete genome
assemblies of Fol4287 and FoC_Fus2, included here as reference
genomes (Table 1; Ma et al., 2010; van Dam et al., 2016, 2017a;
Armitage et al., 2018). The difference in size and contig number
in the assembly of Foph_MAP5, might be a consequence of
genome fragmentation due to the sequencing based on short
reads (250bp) used in this study. Nevertheless, the predicted gene
content of Foph_MAP5 (14,897 transcripts), is similar to other
Illumina genome assemblies of different ff. spp. of F. oxysporum,
available in the GenBank (Table 1 and Supplementary Table S1).

Comparative Genomics of Foph With
Other Isolates of Fusarium oxysporum
A total of 14,897 transcripts were predicted from the genome
assembly of Foph_MAP5 (used here as a reference of Foph
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TABLE 1 | Foph genome assembly statistics, compared to other Illumina genome sequences of F. oxysporum strains infecting Solanaceous hosts and two nearly
complete genome assemblies of Fol and FoC.

Strain No. of contigs Maximum length (kb) N50 (kb) GC (%) Assembly length (Mb) Transcripts

Foph MAP5 1,856 453 70 48.5 44.9 14,897

Foph 13 1,395 547 125 47.6 46.2 14,736

Foph 36 1,701 547 117 47.5 48.2 15,379

Foph 72 1,646 898 126 47.7 48.2 15,389

Foph 117 1,417 492 1,191 47.6 46.4 14,775

Fophy KOD886 488 2,037 1167 47.7 47.2 23,095

Fophy KOD887 1,275 1,667 547 47.6 50.4 24,279

Fomel 001 1,725 2,348 227 47.5 52.3 16,492

Fonic 003 638 2,572 1159 47.6 49.9 15,480

Fol_4287* 88 6,854 458 48.3 61.4 27,347

FoC_Fus2* 34 6,434 414 47.7 53.4 19,342

∗Genome assemblies obtained from PacBio sequencing technology.

pathogenic strains), from which 14,140 have an orthologous
counterpart in the genomes of F. oxysporum compared in this
study (Table 1). Using the anvi’o pipeline for pangenome analysis,
a set of the single copy orthologous genes (SCG) present in
the 22 F. oxysporum genomes were extracted to reconstruct
their phylogenetic relationship. We used this phylogenetic
reconstruction to test whether Foph could be related to Fophy
(i.e., other Physalis infecting strains), or might be grouped
in a lineage of strains that infect Solanaceous hosts. The
phylogenomic tree showed that Foph shared the same clade with
Fonic and Fol_R3 and is closely related to Forl, Fo47 (both
strains associated to the tomato crop) and more distantly related
to Fophy_KOD886, while the remaining solanaceous infecting
strains are grouped on a different clade (Figure 1A), reflecting
the polyphyletic origin of infecting strains of F. oxysporum and
their host specificity. We also performed a comparative analysis
using the SCG shared between Foph and the remaining 21
genomes of F. oxysporum ff. spp., This analysis showed that
the majority of Foph SCG (∼14 K), are syntenic with the core
chromosomes of Fol (used here as the reference genome sequence
of F. oxysporum species). The syntenic SCG might correspond to
the core genome of Foph, while the remaining ∼0.5 K of Foph
SCG, could correspond to transcripts that are not present in any
cluster and their contigs could be part of the LS genomic regions
specific of Foph (Figure 1B).

Effector Homologous Are Confirmed in
Foph Pathogenic Strains
In our previous study, eight homologous effectors were identified
in Foph by in planta RNAseq mapping analysis with the LS
regions of Fol. Here, we performed a combination of Blastp and
Blastx searches of the known SIX effectors and Ave1 effectors in
the genome assemblies of the five strains of Foph and the genome
sequences of 21 F. oxysporum ff. spp., used for comparative
genomics (Supplementary Table S1). This result showed the
widespread presence of SIX homologous in different ff. spp. of
F. oxysporum and confirmed the presence of highly identical Fol
and Fomed homologous effectors with identities from 87 to 100%
in their counterparts of Foph virulent strains MAP5, 13, 72, and

117 and absent in the non-pathogenic strain Foph_36 (Table 2).
Interestingly, we compared the genome assemblies of Foph
strains using the anvi′o software and showed that the putative
effectors are located in genomic regions unique to Foph virulent
strains (Figure 2), which could correspond to the LS regions of
Foph. Furthermore, we also identified a highly identical putative
homologous transcript of the Fol SIX13 effector in the genomes
Foph virulent strains. This prediction was manually confirmed as
the corresponding transcript of SIX13, was fragmented into two
contigs (ctg_1292 and ctg_1535) in the genome of Foph_MAP5
(Table 3). We used the Foph_MAP5 prediction of the SIX13
transcript to search the corresponding homologous sequence in
the remaining genome sequences of Foph generated in this study
and confirmed the presence of SIX13 homolog only in the Foph
virulent strains (Figure 2 and Table 2).

These results also confirmed that the Fol effector gene cluster
formed by the SIX7, 12 and 10 (Ma et al., 2010; Schmidt et al.,
2013) and partially identified in Foph by in planta transcriptomics
(Simbaqueba et al., 2018), is entirely conserved in the genome
of Foph. SIX7 and SIX12 homologous are both present in the
same contig (ctg_568) while SIX10 is located in another contig
(ctg_789) of the Foph_MAP5 genome assembly (Table 3). Thus,
we manually inspected the sequences of these contigs and found
that both contigs are overlapped by a sequence segment of
22 bp at the proximal 5′ end of the ctg_586 with the distal 3′
end of the ctg_789. This overlapped segment of both contigs
correspond to a mimp class 2 sequence in intergenic region
between SIX10 and SIX12. The Foph effector gene cluster is 4.7 kb
in length and is similar to that formed by the same homologous
effectors in Fol (5.2 kb), including the intergenic regions with the
approximate same length as Fol (1.8 kb between SIX7 and SIX12
and 1.4 kb between SIX12 and SIX10, respectively), and three
mimp elements that flank the effector gene cluster reported by
Schmidt et al. (2013) in Fol (Figure 3).

Further inspection of the ctg_568 in Foph_MAP5, also
confirmed the presence of another highly conserved homologous
gene (FOXG_17458) between Foph and Fol, including the
corresponding mimp class 1 element in the 5′ UTR (Figure 3).
The transcript FOXG_17458 in Fol, encode a transcription factor
of the family aTF1—FTF1 (van der Does et al., 2016), and
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FIGURE 1 | Comparative genomics between Foph and 21 F. oxysporum ff. spp. (A) The phylogenomic tree was inferred with the single copy orthologous genes of
the 22 genomes of F. oxysporum used in this analysis. The amino acid sequence of the translated genes was concatenated, and the final alignment consists of a
total of 41,84,361 amino acid positions. The phylogenetic tree was constructed using FastTree 2.1. F. fujikoroi (IMI58289), was used as outgroup. (B) Pangenomic
analysis of F. oxysporum, showing the core genome the species complex and single copy orthologous genes, possibly forming the LS genome for each forma
specialis. The F. oxysporum pan-genome was generated using the anvi’o pangenomic workflow.

is located 9 kb away from the ORF of the SIX7 (Schmidt
et al., 2013). Intriguingly its homologous counterpart presented
in the Foph genome is located 7 kb away from the SIX7
ORF (Figure 3). Although, there is a difference of 2 kb that
includes two mimp elements presented in Fol, comparing the
above-mentioned intergenic regions in both genomes. This
finding points out to a probable horizontal transfer event of a
chromosomal segment of at least 20 kb in length between Fol and
Foph. In Fol, SIX15 is a non-annotated transcript and is located
55 kb away from the aTF1. This chromosome region includes
other four annotated transcripts: FOXG_17459, FOXG_17460,
FOXG_17461, and FOXG_17462. Thus, we performed a Blastn
search using this sequence of 55 kb from Fol as a query and
compared with the Foph-MAP5 genome assembly, in order
to test whether an extended sequence of the chromosome 14
of Fol might be conserved in Foph. However, no additional
chromosomal segment shared between Fol and Foph was
identified by comparing both genomic sequences.

Novel Candidates for Effector Genes in
Foph
We identified novel effector genes in the Foph_MAP5 genome,
by combining the sets of proteins from the secretome and
effectorome. We predicted a total of 1,495 secreted proteins,
forming the secretome of Foph_MAP5, from which 276 were
determined to be effectors, named herein as “Foph effectorome.”
Six transcripts of the Foph effectorome (named Eff 2 to 7), were

identified as putative novel effectors, due to their specificity to
Foph virulent strains and their lack (i.e., Eff2, Eff3, Eff4, and Eff7)
or low similarity (Eff5 and Eff6) to any protein reported in the
public databases (Table 2). Additionally, mimp elements were
identified 624and 430 bp upstream from the transcripts Foph_eff2
and Foph_eff5, respectively (Table 3).

The candidate effector Eff1, was the only predicted putative
effector present in all the sequenced strains, including the
non-pathogenic Foph_36 (Figure 2). In addition, Eff1 showed
significant tBLASTn hits with different F. oxysporum ff. spp.,
including another non-pathogenic strain Fo47. Therefore, this
transcript could be excluded as a novel effector gene. The
putative effectors Eff3 and Eff4 are clustered in the contig_692 at
700 bp of distance approximately between them in the genome
of Foph_MAP5. Furthermore, we predicted a transmembrane
domain for protein encoded by Eff3 (Table 3), suggesting a
cellular localization and with a possible different function from
a secreted protein. Additionally, we performed an RNAseq
mapping against the ORF of the novel candidate effectors and
found that all six putative effectors are expressed in Foph_MAP5
during cape gooseberry infection at 4 dpi. In this analysis, we also
included the homologous of SIX effectors and the homologous
transcripts of EF1alpha, β-tubulin and Fusarium extracellular
matrix 1 (FEM1) in Foph_MAP5, as housekeeping genes for
expression controls. We found that Eff2, Eff4, Eff6, and Eff7,
showed higher expression compared to the rest of the transcripts
analyzed (Figure 4). Interestingly, Eff2, Eff4, and Eff6, showed
higher expression, compared to all three-housekeeping gene
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Foph_13 100 100 50 100 100 100 100 100 87 97 100 100 100 100 100 100 100

Foph_36 100

Foph_72 100 100 50 100 100 100 100 100 87 97 100 100 100 100 100 100 100

Foph_117 100 100 50 100 100 100 100 100 87 97 100 100 100 100 100 100 100

Fophy KOD886 50 89 97 100

Fophy KOD887 99 73 53 80 100 99 99 97 91

Fol MN25 (race3) 71 80 100 99 100 100 99 71 100 100 99 100 99 100 99 100

Fol 4287 (race 2) 71 80 100 100 100 100 99 100 100 100 99 100 99 100 99 100
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Fo47 53 99
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Fom_26406 71 76 53 91 96 93 89
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Foc_R1 67 73 89 53 67 51 88 90 97
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Focuc 88 72 52 96

Fomed 58 62 50 94 47 95 100 92

Fo5176 66 73 100 53 87 49 50 98
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FOSC_3-a 46 100 97

Coloured cells indicate aminoacidic identities Dark green = Highly identical proteins (100%) to red = somehow similar proteins (∼50%).
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TABLE 3 | Genomic analysis of the effectors identified in Foph_MAP5.

Genomic features Foph effectors

Homologous Novel candidates

SIX1a SIX1b SIX7 SIX12 SIX10 SIX13 SIX15 Ave1 FOXM_16306 eff1 eff2 eff3 eff4 eff5 eff6 eff7

Gene Contig 593 569 568 789 1,292–1,535 709 1,018 1,149 583 692 1,304 1,453 1,487 359

Contig size (kb) 7.9 5.4 15.86 4.8 1.6–1 0.8 2.7 1.2 4.3 4.8 2.1 1.3 0.3 22.5

Length (bp) 874 855 491 432 520 941 403 378 366 493 491 519 604 343 384 252

CDS (bp) 874 855 491 384 450 774 300 378 366 267 270 519 456 291 384 252

mimp class 4 NM 1 1, 2 NM NM 2 1 4 NM NM 1 NM NM NM

Protein Length (aa) 285 284 163 128 150 258 100 125 122 89 90 173 151 93 127 84

SignalP Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

TMHMM 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

EffectorP Y Y Y Y Y N Y Y Y Y Y Y Y Y Y Y

ApoplastP N N Y Y Y N N Y Y Y Y Y Y Y N Y

RNAseq reads aligned 4.1 10.1 3 4.7 3.4 0 3.4 2.5 2.1 20 7 22 2 14 5 0

NM, no mimp element identified.

controls. This in planta expression evidence of the putative novel
effectors, together with their specific presence in the genomes
of virulent strains of Foph, suggest that these genes could be
involved in Foph pathogenicity toward cape gooseberry hosts.

Novel Effectors Are Present in
F. oxysporum Isolates Associated to the
Cape Gooseberry Crop
In order to test whether the candidate effectors genes could be
used as potential molecular makers for Foph identification in
diagnostic strategies, we performed a preliminary screening of
the novel candidate effectors by PCR amplification in a panel
of 37 F. oxysporum isolates (including Foph-MAP5), obtained
from cape gooseberry crops. Thirty-three of them (including
the sequenced strains MAP5 and 13), have been classified as
pathogenic due to their ability to cause wilting symptoms on a
susceptible cape gooseberry genotype, while the remaining four
isolates (including the sequenced strain Foph_36), do not cause
wilting symptoms on cape gooseberry plants. Thereby, classified
as non-pathogenic strains of Foph (Supplementary Table S2).
The screening also included DNA isolated from Fol, FocR1,
and FocTR4 strains, as control for amplification. We found
amplification for all candidates in the majority of F. oxysporum
isolates associated with cape gooseberry, including pathogenic
and non-pathogenic isolates (Supplementary Table S2 and
Supplementary Figure S1). The putative novel effector Eff 2 was
identified by PCR amplification in Foph_36 (Supplementary
Figure S1), but was absent in our genome analysis (Figure 2 and
Table 2), contradicting the molecular identification. Although the
genomic evidence of the five sequenced strains Foph suggest that
the putative novel effectors could be specific to virulent strains
of Foph, the PCR screening in the panel of Foph pathogenic and
non-pathogenic isolates, showed a more widespread presence of
these putative effectors (Supplementary Table S2). Interestingly,
we did not identify the presence of the novel effectors Eff 3 to 7 in
the control strains Fol, FocR1 and FocTR4. Nevertheless, together,

these results, would suggest that five of the six putative novel
effectors could be specific for F. oxysporum strains associated
to the cape gooseberry crop. We also conducted a molecular
characterization using the EF1alpha sequence in 30 out of 37
Foph and the additional sequenced pathogenic strains Foph 72
and 117, in order to test whether these isolates associated to cape
gooseberry plants, might originated from a single linage. The
phylogenetic tree showed that Foph isolates are grouped together
in two different lineages, suggesting their polyphyletic origin.
Additionally, we found that the pathogenic strains MAP5, 117
and 13 are grouped together in the clade 1 and intriguingly, the
non-pathogenic strain Foph_36 was grouped on a different clade
out of Foph (Figure 5).

DISCUSSION

Foph Genome and Phylogenetic
Relationship With Other ff. spp.
In Colombia, the cape gooseberry crop is severely affected
by pathogenic strains of Foph, with losses of nearly 90%. In
this pathosystem, SNPs associated to resistant cape gooseberry
genotypes, Foph pathogenic strains and homologous effectors
have been identified (Osorio-Guarín et al., 2016; Simbaqueba
et al., 2018). However, there is a need to implement genomic
approaches to corroborate these findings and to identify new
sources associated to the interaction between Foph and cape
gooseberry. These approaches could be used in the development
of disease management strategies and plant breeding programs
in the cape gooseberry crop. Here we sequenced and assembled
the genomes of four virulent strains of Foph (MAP5, 13,
72, and 117) and one non-virulent strain (Foph_36), aiming
to identify novel candidates for effector genes unique to
virulent strains, that could be characterized in further studies
and implemented in diagnostic strategies. Comparative and
functional genomics of F. oxysporum that infect cucurbit species,
suggested that their host range could be determined by the close
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FIGURE 2 | Comparative genomic analysis of Foph isolates. The comparative genomic analysis of four pathogenic strains, Foph_MAP5, Foph_13, Foph_72, and
Foph_117, and one non-pathogenic strain, Foph 36, was conducted to establish the possible lineage-specific regions based on the patterns of gene sharing. The
cluster of shared and unique genes are shown by the red lines. Gene clusters are organized by their presence in all five genomes to those present in only one
genome, indicated by the gray bars. The horizontal bar graphs to the right represent the total length of the genome and the number of singleton gene clusters for
each genome. Blue vertical lines show the location of the SIX effectors as well as the putative novel effectors. The majority of putative and known effectors are only
present in the gnomes of pathogenic strains, while effector Eff1 is present in all Foph genome assemblies, including the non-pathogenic Foph_36.

FIGURE 3 | Graphical representation of a 20 kb segment of the chromosome 14 in Fol, containing the cluster of effectors SIX10, 12 and 7, and the aTF1 gene
(FOXM_17458) (upper part). The chromosomal segment is conserved in the Foph genomic region (shown by orange pale triangles), corresponding to the overlapped
Contigs 568 and 789 (Bottom part), suggesting a highly possible horizontal transfer of a chromosomal segment of 20 kb between both ff. spp. Int-1 = conserved
intergenic region between SIX10 and SIX12. Int-2 = conserved intergenic region between SIX12 and SIX7. Red blocks represent Mimp transposable elements
flanking the cluster of effector genes shared between Fol and Foph.

phylogenetic relationship associated to their homolog effector
gene content (van Dam et al., 2016, 2017b). This hypothesis is
supported by additional evidence on the formae speciales radicis-
cucumerinum (Forc) and melonis (Fom), showing that a syntenic
LS chromosome region is highly related to the expansion
formae speciales range (van Dam et al., 2017b; Li et al., 2020b).
Recent genome analysis with a chromosome-scale assembly

of the brassicas infecting f. sp. Fo5176, showed a similar
pattern of phylogenetic relationship possibly associated to the
expansion of their host range (Fokkens et al., 2020). Here, we
performed comparative genomics using the Foph_MAP5 genome
assembly in order to test whether a set of available genomes
of Solanaceous-infecting formae speciales including Foph, could
show a similar phylogenetic related pattern. Nevertheless, our
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FIGURE 4 | Expression analysis of the effectors identified in the genome sequence of Foph_MAP5, using the RNAseq data form cape gooseberry susceptible plants
inoculated with Foph at 4 dpi, reported in our previous in planta transcriptomic analysis. Pale blue panel indicate the genes translation elongation factor alpha (EF1a),
tubulin B-chain (B-tubulin), and Fusarium Extracellular Matrix 1 (FEM1), to use as constitutive expressed control genes of Foph during host infection. Pale green
indicates the expression of the homologous effectors identified in Foph. Pale yellow indicates the expression of the newly identified effectors in Foph. Six out of seven
new effector candidates are expressed during cape gooseberry infection with a higher expression of eff2, eff4, and eff6, compared to the rest of the effectors
analyzed. RPKM, reads per kilobase per million of mapped reads. Scale bars indicate standard error.

analysis showed that the tested strains have a different ancestry
(Figures 1A, 5), despite the close phylogenetic relationship of
Foph with tomato infecting ff. spp. Fol-R3, Fo47, Forl, and
tobacco Fonic_003. Resequencing of the genomes including
Foph, Fophy, Fonic, and Fomel, using long reads, will help to gain
a deeper understanding of the phylogenetic relationship among
Solanaceous-infecting ff. spp.

Confirmation of Homologous and
Identification of New Putative Effectors
Homologous of Fol SIX genes have been identified in other ff.
spp. of F. oxysporum and other Fusarium species (Meldrum et al.,
2012; Thatcher et al., 2012; Li et al., 2016; Rocha et al., 2016;
Schmidt et al., 2016; Taylor et al., 2016, 2019; van Dam et al., 2016,
2017a; Williams et al., 2016; Armitage et al., 2018; Simbaqueba
et al., 2018). The presence of the SIX homologous might be
a consequence of horizontal transfer of genes or segments
of pathogenicity chromosomes between different strains of
F. oxysporum and/or fungal phytopathogenic species. In our
previous study, we identified homologous of the SIX, Ave1 and
FOXM_16306 effectors, analyzing an in planta RNAseq of Foph.
Despite the fragmentation of this genome assembly (i.e., no
scaffolds/chromosomes scale), we corroborated the presence of
complete sequences of the homologous effectors SIX, Ave1 and
FOXM_16306, in the genome sequences of Foph virulent strains,
contained in different contigs that could correspond to the LS
genomic regions of Foph (Figure 2 and Tables 2, 3).

We also found a homolog transcript of the Fol SIX13 in
the genome of Foph_MAP5, fragmented into two contigs and
corroborated in the other Foph sequenced genomes of virulent
strains. In Foph_MAP5, this homolog was not expressed at
4 dpi and therefore, it was not identified in our previous
transcriptomics study. SIX13 homologous are present in legume,
cucurbits, musaceous and solanaceous infecting ff. spp. of
F. oxysporum (van Dam et al., 2016; Williams et al., 2016;
Czislowski et al., 2018). The later mentioned ff. spp., are highly
identical at the protein level (96% in Fomel and 99% in Foph
and Fophy, respectively) (Table 2). In cucurbits infecting ff. spp.
of F. oxysporum, a suit of effectors was found to be associated
with host specificity (van Dam et al., 2016). Thus, the highly
identical SIX13 homologous in the Solanaceous-infecting ff. spp.,
could be related to their specificity for these group of host species.
Moreover, the majority of the SIX genes in Fol are located on
the chromosome 14 (i.e., pathogenicity chromosome), except
for SIX13, which is found in the LS chromosome 6 (Schmidt
et al., 2013). Similarly, SIX13 corresponding homologous of
Fomed and Foph are located on putative LS regions (Williams
et al., 2016; Figure 2). In Foc, SIX13 homologous, have been
associated to the differentiation of TR4 and R4 and are currently
used in molecular based diagnostic of TR4 in banana crops
(Carvalhais et al., 2019). Together, this evidence suggests that
SIX13 could play a role in pathogenicity or host specificity. Future
functional analysis of on Foph-SIX13 is necessary to confirm
this hypothesis.
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FIGURE 5 | Phylogenetic tree of a partial sequence of the EF1a gene from the genome sequences of 24 ff. spp. of F. oxysporum (Supplementary Table S1) and 29
F. oxysporum isolates obtained from cape gooseberry crops (Supplementary Table S2). The phylogenetic analysis was conducted using BEAST. Node shapes
indicate the bootstrapping support, indicated as Bayesian posterior probabilities. The scale bar indicates time in millions of years.

Furthermore, we performed a manual inspection of the
contigs 568 and 789 of the Foph_MAP5 genome and confirmed
the presence of a highly conserved chromosomal segment of 20kb
of Fol that includes a cluster of physically linked effector genes
(SIX7, SIX10, SIX12, and extended transcription factor αTF1).
This shared region also included their corresponding flanking
mimp elements (Figure 3; Schmidt et al., 2013; Simbaqueba
et al., 2018). This finding suggests a highly probable horizontal
acquisition of an entire genomic segment of 20kb from an
ancestor of Fol or Foph. Miniature impala (mimp) transposable
elements (TEs), have been identified in the genome sequences of
different phytopathogenic fungi of the Fusarium genus (Schmidt
et al., 2013; van Dam and Rep, 2017). In F. oxysporum, mimp
elements have been associated to the gain or loss of effector
genes, presumably acting as an evolutionary mechanism of
emergence of new phytopathogenic strains (van Dam et al.,
2017b). The presence highly identical mimp elements, flanking
the homologous effector gene cluster in both Fol and Foph
(Figure 3), suggests that these TEs could play a role in the
lateral transference of this homolog genomic region between
Foph and Fol.

Functional analysis of SIX effectors in Fol, showed that
mutant strains with a large deletion (0.9 Mb) of chromosome
14, including the candidate effector genes SIX6, SIX9, and SIX11
did not show any loss of virulence compared to wild type
Fol on tomato plants (Vlaardingerbroek et al., 2016). Recent
evidence revealed by another set of Fol mutant strains with

chromosomal deletions that include the SIX10, SIX12, and SIX7
gene cluster, showed no loss of virulence on tomato plants (Li
et al., 2020b). These findings indicate that the genes located
in these chromosomal segments (including the SIX genes with
homologous in Foph), could be dispensable for pathogenicity,
while the remaining segments could be sufficient for tomato
infection (Vlaardingerbroek et al., 2016; Li et al., 2020a).
Although neither of the SIX7, SIX10, and SIX12 effector genes
have a role in Fol virulence, the presence of the highly identical
homologous between Fol and Foph, suggests that this segment
could be undergoing adaptation to another environment (i.e.,
different host plant). Therefore, it might be possible that SIX7,
SIX10, and SIX12 have a role in Foph pathogenicity. Future
investigation about the function of this conserved genomic
region between these two Solanaceous-infecting ff. spp., is
required. Crossed pathogenicity assays inoculating tomato and
cape gooseberry with Fol and Foph and knock out of the gene
cluster in Foph could be performed to support these hypotheses.

In this study, we confirmed that homologous of Ave1 have
been only identified in the solanaceous infecting ff. spp. Fol, Foph,
Fomel001 (Table 2) and in the f. sp. gladioli of F. oxysporum
(Simbaqueba et al., 2018). Ave1 could also be present in putative
conditional dispensable segments on the Foph genome (Table 2
and Figures 1B, 2). The presence of less conserved homologous
of Fol including SIX1 and Ave1, which are also located on
Fol chromosome 14 (Schmidt et al., 2013), suggests that these
effectors may have a different ancestry, via acquisition of different
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segments of the pathogenicity chromosome at different times in
the evolution of Fol or Foph.

In the tomato pathogen Verticillium dahliae, Ave1 is involved
in pathogenicity, while there is no evidence that its homolog
present in Fol has a role in virulence (de Jonge et al., 2012;
Schmidt et al., 2013). Furthermore, Fol-Ave1 is not expressed
during tomato infection (Catanzariti, personal communication).
Conversely, we found that Foph-Ave1 was expressed during cape
gooseberry infection (Figure 4). This finding suggests that Ave1
might have a role in Foph pathogenicity. Therefore, functional
analyses are required by generating gene knockout strains in
Foph. In both V. dahliae and Fol, Ave1 could act as avirulence
factors since they are recognized by the tomato receptor Ve1
(de Jonge et al., 2012). The Ave1 homolog of Foph is highly
similar at the protein level to its counterparts in F. oxysporum
(Fol, Fomel, and Fogla), and less similar to V. dahliae Ave1
(Table 2; Simbaqueba et al., 2018). The presence of Ave1 in
Foph, suggests that the avirulence function of Fol Ave1 might
be conserved. This hypothesis needs further investigation e.g., by
testing for recognition of Foph Ave1 by tomato Ve1 or a homolog
in cape gooseberry.

Novel candidate effectors in F. oxysporum have been reported
for other ff. spp., including Fom, Foc_Fus2, Fonar and legume
infecting strains (Schmidt et al., 2016; Taylor et al., 2016,
2019; Williams et al., 2016; van Dam et al., 2017a; Armitage
et al., 2018), based on the analysis of their genome sequences
to identify transcripts that encode for small proteins with a
secretion signal peptide and the proximity of mimp to the start
codon. Here, we used the predicted transcripts from the genome
assembly of Foph_MAP5 to identify novel effectors, based on the
effectorome andsecretome repertoires, and the absence or low
similarity to any predicted or non-predicted protein sequences
compared to F. oxysporum genomes available in the public
databases and additional genome assemblies generated in this
study of four different Foph strains (Figure 2 and Tables 2,
3). Three highly expressed novel effectors during infection
(Foph_eff2, eff4 and eff7), are unique Foph candidate effectors,
while the other highly expressed candidate Foph_eff6, have
identical homologous proteins in the genomes of Fomel and
FoC_Fus2 (Table 2). Furthermore, the homologous counterpart
identified in FoC_Fus2 is located in a lineage specific region
(Armitage et al., 2018). These findings suggest that Foph_eff6 and
its homologous, may have a putative role in pathogenicity and
represent a subject for future functional analysis.

Presence of Effectors in Foph Compared
to Other ff. spp. of F. oxysporum
Foph pathogenic strains are responsible for the wilting disease
that affect cape gooseberry crops in Colombia. Thus, appropriate
disease management strategies are needed to be implemented
(Barrero et al., 2012). However, the development of those
strategies has been largely limited due to the lack of knowledge
of the wilting disease caused by Foph, and accurate identification
of pathogenic strains. Detection methods based on the use
of effector genes as molecular markers are highly desirable
for precise identification of pathogenic strains in disease

management programs of soilborne pathogens due to their
limited sequence diversity between members of the same f.
sp. (Rocha et al., 2016; Gordon, 2017), thus providing a solid
and sensitive identification of pathogenic strains of soilborne
pathogens including F. oxysporum (van Dam et al., 2017a;
Carvalhais et al., 2019; Taylor et al., 2019).

Comparative genomics have been performed to design
molecular markers based on candidate effector genes and
successfully tested for the identification of cucurbit and Narcissus
Infecting ff. spp. of F. oxysporum (van Dam et al., 2016; Taylor
et al., 2019). In this study, we used the highly conserved novel
candidate effectors found by comparative genomics in Foph, to
explore their usefulness as potential molecular markers specific
for pathogenic strains. The presence of homologous effectors
suggests a functional redundancy between different ff. spp.
(Taylor et al., 2019). Here, we identified that the candidate novel
effector Foph_eff1 has homologous in other ff. spp. (Table 2). We
also identified the presence of Eff1 in all tested strains, including
the non-pathogenic strain sequenced Foph_36 (Figure 2), Fol and
Foc. Thus, the role of Eff1 in pathogenicity may be dispensable
due to its presence in different F. oxysporum strains and could be
discarded for diagnostic purposes. The remaining novel effectors
showed a clear pattern of amplification in F. oxysporum strains
associated to the cape gooseberry crop, compared to the highly
pathogenic Fol and Foc in tomato and banana respectively
(Supplementary Figure S1 and Supplementary Table S2).
Although the novel effectors we predicted were only identified in
the genome sequences of Foph virulent strains (Figure 2), we did
not find an amplification pattern associated in three out of the e
four non-pathogenic strains compared in this analysis. A similar
inconsistent pattern of presence/absence between pathogenic and
non-pathogenic cucurbit infecting strains of F. oxysporum was
observed for some of the effectors-based markers developed by
van Dam et al. (2017a). These results might be supported by
the fact that effectors show limited sequence diversity between
strains of the same f. sp. (van Dam et al., 2017a; Taylor et al.,
2019). An alternative explanation could be related to the limited
number of effectors-based markers identified in this fragmented
genome assembly of Foph-MAP5. New markers associated to
Foph pathogenicity will be predicted in future studies, enlarging
effectorome repertoire by resequencing of the Foph genomes with
long reads sequencing technologies as performed for Forc and
FoC_Fus2 (van Dam et al., 2017b; Armitage et al., 2018).
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Cyclocarya paliurus is an extremely valuable and multifunctional tree species whose
leaves have traditionally been used in used in medicine or as a medicinal tea in
China. In recent years, anthracnose has been frequently observed on young leaves of
C. paliurus in several nurseries located in Jiangsu Province, resulting in great yield and
quality losses. To date, no information is available about the prevalence of C. paliurus
anthracnose in China. The main purpose of the present study was to characterize the
etiology of C. paliurus anthracnose. Phylogenetic analysis of the eight-loci concatenated
dataset revealed that all 44 single-spore Colletotrichum isolates belonged to three
species in the Colletotrichum gloeosporioides species complex, namely, Colletotrichum
aenigma, Colletotrichum fructicola, and C. gloeosporioides sensu stricto. Phenotypic
features, including the colony appearance and the morphology of conidia, appressoria,
and ascospores, were consistent with the phylogenetic grouping. Virulence tests
validated that the three Colletotrichum species could cause typical symptoms of
anthracnose on C. paliurus leaves, similar to those observed in the field. The optimum
mycelial growth temperature ranged from 25 to 30◦C for all representative isolates, while
C. gloeosporioides s. s. isolates exhibited greater tolerance to high temperature (40◦C).
Fungicide sensitivity assays indicated that all three Colletotrichum species were sensitive
to tetramycin, which may be a potential alternative for the management of C. paliurus
anthracnose. To our knowledge, this study provides the first report of C. aenigma,
C. fructicola, and C. gloeosporioides s. s. causing C. paliurus anthracnose in China
as well as in the world.

Keywords: Cyclocarya paliurus, etiology, fungicide sensitivity, Colletotrichum, anthracnose

INTRODUCTION

Cultivated for fine timber and as a medicinal plant, Cyclocarya paliurus is the sole extant species
in the genus Cyclocarya and is native to China, naturally distributed in mountainous regions in
the middle and lower reaches of the Yangtze River (Fang et al., 2011; Deng et al., 2015; Xie et al.,
2015; Zheng et al., 2020). In Chinese folklore, C. paliurus is commonly called the “sweet tea tree,”
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and its leaves have traditionally been used as drug formulations
for the treatment of obesity or diabetes mellitus (Fang et al., 2011;
Cao et al., 2017; Xie et al., 2018). In recent years, increasing
attention has been paid to C. paliurus because phytochemical
studies have demonstrated that the extracts of its leaves possess
a wide range of biological activities beneficial to human beings,
such as antihypertensive (Xie et al., 2006), hypoglycemic (Wang
et al., 2013), anti-HIV-1 (Zhang et al., 2010), antioxidant (Xie
et al., 2010; Wang et al., 2013; Liu et al., 2018a,b), antitumor (Liu
et al., 2018b), and anticancer (Xie et al., 2013) activities. Current
focal studies of C. paliurus have concentrated on producing or
identifying the bioactive components in its leaves. Unfortunately,
to date, no information about C. paliurus anthracnose is available,
and this disease could become a limiting factor affecting the
C. paliurus tea industry.

The Coelomycetous genus Colletotrichum Corda includes
plant pathogens responsible for anthracnose diseases with
a global distribution (Hyde et al., 2009; Wikee et al.,
2011; Cannon et al., 2012; Dean et al., 2012; He et al.,
2019). From the perspective of economic and scientific
importance, Colletotrichum was denoted the eighth most
significant fungal phytopathogen group worldwide (Dean et al.,
2012), attacking over 3200 dicot and monocot plant species
(Manire et al., 2002; O’Connell et al., 2012). The morphological
taxonomy of Colletotrichum species has historically been arduous
owing to overlapping characteristics, and the morphology
sometimes varies with environmental factors (e.g., temperature,
illumination, etc.) in culture (Freeman et al., 1998; Cannon
et al., 2012; Damm et al., 2019). Molecular tools have been
widely applied to effectively identify and define fungi at the
species level. In recent years, the majority of studies regarding
anthracnose were conducted principally via morphology and
multigene phylogeny based on modern taxonomic concepts,
which provides a more precise and robust solution (Damm et al.,
2012; Liu et al., 2014, 2015; De Silva et al., 2017a; Diao et al., 2017;
Guarnaccia et al., 2017; Fu et al., 2019).

Colletotrichum spp. infections initially occur via the
attachment of spores to the host plant surface, followed by
spore germination and the formation of an appressorium,
which penetrates the plant cuticle. This process suggests that
appressoria and spores play a critical role in the infection cycle
and that certain highly inhibitory substances against spore
germination and appressorium production would be potential
alternatives to control anthracnose (De Silva et al., 2017b; Gao
et al., 2020; Konsue et al., 2020). Currently, chemical pesticides
are identified as the principal agents used for anthracnose
management (Bi et al., 2011). However, excessive use of such
chemicals has also brought a series of challenges over time (Lu
et al., 2010; Hu et al., 2015; Duan et al., 2018), including pathogen
resistance and residual toxicity that affects human health and
the environment (Kim et al., 2015; Alijani et al., 2019). The
selection of environmentally safe, high-efficacy and relatively
new fungicides is therefore imperative.

The application of antibiotic fungicides derived from
metabolites of beneficial microbes to control phytopathogens
has recently attracted increased attention since these compounds
have been found to be environmentally friendly and may

help to overcome pesticide resistance due to their low toxicity
to non-target organisms and structural versatility (Moreira
and May De Mio, 2015; Simionato et al., 2017; Han et al.,
2020), offering a safe and effective way to circumvent the
drawbacks of chemically synthesized pesticides and decreasing
the environmental risks associated with their contamination (Ma
et al., 2018a; Zhu et al., 2018).

Tetramycin, the fermentation metabolite of Streptomyces
ahygroscopicus, exhibits excellent inhibitory activity against many
plant pathogens, including Botrytis cinera, Passalora fulva,
Phytophthora capsici, and Pyricularia oryzae (Zhong et al., 2010;
Ren et al., 2014; Song et al., 2016; Chen L. L. et al., 2017; Ma
et al., 2018a), which has been registered to manage rice and fruit
crop diseases in China (Zhao et al., 2010). On the other hand,
a previous study reported that tetramycin has the potential to
elicit disease resistance by activating plant defensive enzymes,
including polyphenol oxidase (PPO), peroxidase (POD), and
phenylalanine ammonia lyase (PAL) (Zhong et al., 2010).
Owing to its environmental friendliness and high efficiency,
tetramycin has become the preferred fungicide in recent years
(Song et al., 2016; Ma et al., 2018a,b).

Phenazine-1-carboxylic acid (PCA) is an important
N-containing heterocyclic secondary metabolite (Zhu
et al., 2019), which has been proved having antimicrobial
(Palchykovska et al., 2012; Udumula et al., 2017), antitumorigenic
(Gupta et al., 2014), antiviral, and antitubercular effects (Logua
et al., 2009; Palchykovska et al., 2012), widely existed in
microbial metabolites of Pseudomonads and Streptomycetes (Zhu
et al., 2019). Particularly, in recent years, PCA received much
attention due to outstanding inhibition effects against several
phytopathogenic fungi in agricultural application (Zhu et al.,
2019; Han et al., 2020). In China, PCA has been registered as the
biofungicide “Shenqinbactin” for its environmental friendliness,
low toxicity to human and animals, and the enhancement of crop
production (Zhu et al., 2018, 2019; Han et al., 2020).

Kasugamycin, the fermentation product of Streptomyces
kasugaensis, is a member of the aminoglycoside antibiotic
(Uppala and Zhou, 2018). It was originally developed as a
biofungicide for the management of rice blast caused by P. oryzae.
Kasugamycin inhibits protein biosynthesis, with both fungicidal
and bactericidal activities (McGhee and Sundin, 2011). Due to
it is high efficiency and friendliness to environment, the use of
Kasugamycin in United States has been approved by EPA for
controlling diseases of several pome fruits in the past decade1.

In 2018, during an investigation of C. paliurus, serious
anthracnose symptoms (Figure 1A) were observed in several
nurseries located in the scientific research base of Nanjing
Forestry University in Baima town (Baima), Nanjing. Over
a half of the leaves were infected in Baima based on
our observation. This anthracnose has been considered an
emerging disease, but it is becoming endemic; nevertheless,
the etiology, epidemiology, and management of this disease
are uncertain. Hence, the objectives of the present study
were to (1) accurately identify the Colletotrichum spp. causing

1https://www.federalregister.gov/documents/2014/08/29/2014-20502/
kasugamycin-pesticide-tolerances
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FIGURE 1 | Cyclocarya paliurus leaves with typical necrosis symptoms of anthracnose. (A) Diseased leaves in the field. (B,C) Initial and later symptoms of
Cyclocarya paliurus anthracnose. (D) Gelatinous orange spore masses oozed and arranged in concentric rings; bar = 2 mm. (E) Longitudinal section of acervuli
developed on leaf lesion; co indicates conidia; bar = 10 µm. (F) Scanning electron photomicrograph of acervuli formed on leaf lesion; co and cp indicate conidia and
conidiophores, respectively; bar = 10 µm.

C. paliurus anthracnose in Jiangsu Province, China, combining
morphological and biological characteristics with molecular
phylogenetic analyses; (2) examine the virulence of these
fungi on C. paliurus leaves in vitro; and (3) characterize and
compare the inhibitory effects of biofungicides against different
Colletotrichum spp. in vitro.

MATERIALS AND METHODS

Field Survey and Sampling
A field survey of C. paliurus anthracnose was carried out
in Nanjing (five nurseries), Changzhou (four nurseries), and
Yancheng (four nurseries) in September and October 2018 during
the late growing season. Disease incidence was calculated as
the percentage of trees displaying anthracnose symptoms out of
the total number of evaluated trees (Bautista-Cruz et al., 2019).
Three leaves exhibiting typical symptoms of anthracnose were

randomly sampled per plant, and at least 10 symptomatic plants
were sampled per nursery. All samples were then packaged in
self-sealing bags and transported in an ice chest to the laboratory
and then stored at 5◦C prior to isolation.

Colletotrichum Isolation
To isolate the fungus, small sections (4-by-4 mm pieces) were
removed from the margin of leaf lesions, surface disinfected in
1% (vol/vol) NaClO3 for 45 s and 75% ethanol for 30 s, rinsed
in sterile distilled water three times, and air-dried on sterilized
paper. The sections were then cultured onto 2% potato dextrose
agar (PDA) (five sections per plate) amended with 100 µg/mL
ampicillin to inhibit bacterial growth and incubated at 25◦C
in the dark. The emerging edges of the fungal mycelium were
observed daily and transferred aseptically onto new PDA plates.
Colonies similar in morphology to Colletotrichum spp. were
purified using the monosporic isolation procedure described by
Cai et al. (2009), and single-spore cultures were preserved in
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PDA slant test tubes at 4◦C for follow-up studies. All isolates
used in this study were deposit in State Key Laboratory of Forest
Protection in Nanjing Forestry University.

Molecular Identification and
Phylogenetic Analysis
For further characterization of the Colletotrichum spp., total
genomic DNA (gDNA) of all single-spore isolates was extracted
following the CTAB method described by Than et al. (2008). The
concentrations of gDNA extracts were adjusted to 100 ng/µL with
autoclaved double distilled water (ddH2O) using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Madison, WI,
United States) and stored at−20◦C before use. Polymerase chain
reaction (PCR) amplification was performed for the following
loci: the ITS region, calmodulin (CAL), β-tubulin (TUB), actin
(ACT), chitin synthase 1 (CHS-1), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), glutamine synthetase (GS), and Apn2-
Mat1-2 intergenic spacer (ApMat) genes. PCR amplifications
were conducted in a 25 µL volume, mixed with 8.5 µL of ddH2O,
1 µL of each primer (10 µM), 2 µL of template DNA, and 12.5 µL
of 2 × PCR Taq Master Mix (Applied Biological Materials Inc.,
Canada), using an Eppendorf Nexus Thermal Cycler (Germany).
A negative control was added in all amplifications, where an equal
volume of ddH2O replaced the template DNA. The primers and
PCR settings for each locus are shown in Table 1. Amplification
products were purified and sequenced by Jie Li Biotech Company
(Shanghai, China). Forward and reverse DNA sequences were
assembled and manually edited where necessary using Bioedit
software (version 7.0.52), and the consensus sequences were
deposited in GenBank (Table 2). Reference sequences from ex-
type or other authoritative specimens of Colletotrichum spp. were
retrieved from GenBank and aligned with sequences generated
herein for constructing phylogenetic trees, with C. boninense
(MAFF 305972) used as an outgroup (Tables 2, 3).

The phylogenetic analysis for each individual locus and the
concatenated matrix were inferred under the Bayesian inference
(BI) and maximum-likelihood (ML) criteria in MrBayes 3.2.6
(Ronquist et al., 2012) and MEGA 7 (Kumar et al., 2016),
respectively. For BI analysis, the best nucleotide substitution
model of each locus was ascertained by MrModeltest 2.3
according to AICc, with K2 + I identified for CHS, TN93
identified for GADPH, K2 + G identified for ACT and ApMat,
GTR + G identified for CAL and GS, and TN93 + G identified
for ITS and TUB. Four Markov chains were run for 30
million generations simultaneously, with trees sampled every
1000 generations. The first 25% of trees were discarded as the
burn-in phase of the analyses, while the remaining trees were
used for calculating posterior probabilities (PPs) in the majority
rule consensus tree. ML analysis was performed based on the
GTR + G + I model, and clade support was determined by 1000
bootstrap replicates, with gaps treated as missing data.

Morphological and Biological
Characterization
Fourteen representative isolates were selected for further
studies according to BI/ML phylogenetic analysis (Table 1).

2http://www.mbio.ncsu.edu/bioedit/page2.html

Mycelial blocks (2 mm in side length) aseptically taken from
actively growing cultures were transferred to new PDA plates
and incubated at 25◦C in darkness. Colony characteristics,
including conidiomata or ascomata production, were determined
up to 30 days post-inoculation (dpi). Conidia, appressoria,
ascospores, and asci for microscopy were obtained and examined
according to the procedure described by Weir et al. (2012). At
least 30 measurements per structure were recorded at ×100
magnification using a ZEISS Axio Imager A2m microscope
(Carl Zeiss, Göttingen, Germany) equipped with differential
interference contrast (DIC) optics. To observe fungal structures
developed on infected tissue, leaves showing typical symptoms
of anthracnose were collected and prepared using the method
of Huang et al. (2018), with photomicrographs taken by a
Regulus 8100 field emission scanning electron microscope
(FE-SEM, Japan).

To determine the optimal temperature for colony growth,
mycelial blocks (2 mm in side length) of 14 representative
isolates were cultured as described above and incubated at
temperatures of 5–40◦C with 5◦C intervals. The colony diameter
was measured at two perpendicular angles, and the average was
taken at 4 dpi. Five replicates per isolate were examined at all
eight temperatures, and the experiment was conducted twice.
Differences in the morphological and biological characteristics
of the isolates were determined by one-way analysis of variance
(ANOVA) using IBM SPSS Statistics 24.0 software (SPSS, Inc.,
Chicago, IL, United States).

Virulence Tests of Colletotrichum
Isolates
Virulence tests were conducted with reference to previous reports
with minor modifications (Huang et al., 2016; Chen Y. et al., 2017;
Xue et al., 2019). Fourteen representative Colletotrichum isolates
were selected and cultured on PDA and used for virulence tests on
detached C. paliurus leaves under controlled conditions (Table 2).
Conidial suspensions of each isolate were prepared as previously
described and adjusted to two concentrations of 1 × 106 and
1× 108 conidia/mL with ddH2O.

Asymptomatic C. paliurus leaves were surface disinfected and
air-dried as mentioned above, and then one piercing wound was
made on the right side of each leaf using a sterile needle (insect
pin, 0.71 mm in diameter), or the leaves were left unwounded.
Wound inoculation was performed by placing an 8 µL conidial
suspension (1 × 106 conidia/mL) or mycelial blocks (5 mm in
length) from margins of actively growing colonies onto each
stab wound. Non-wound inoculation was conducted by placing
an 8 µL spore suspension (1 × 108 conidia/mL) or mycelial
blocks onto the mid-right region of the leaves without pin
pricking. Leaves inoculated with ddH2O or non-colonized PDA
blocks were treated as negative controls. The experiment was
conducted in triplicate for each treatment and control, involving
five leaves per replicate. All treatments and controls were placed
into transparent containers (334 × 215 × 87 mm) lined with
moist sterile filter paper and sealed by plastic wrap to maintain
a high relative humidity and then incubated at 25◦C under a 12 h
photoperiod in a growth chamber. The whole experiment was
carried out twice.
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TABLE 1 | Descriptions and sequence accession numbers obtained from GenBank of the Colletotrichum spp. used in the phylogenetic study.

Species Culture/Isolatea Host City/Country GenBank accession numberb

ITS GAPDH CAL ACT CHS-1 TUB GS ApMat

C. aenigma ICMP 18608 Persea americana Israel JX010244 JX010044 JX009683 JX009443 JX009774 JX010389 JX010078 KM360143

HC3c Cyclocarya paliurus Changzhou, China MT476807 MT501007 MT500919 MT500875 MT500963 MT501051 MW344671 MW344720

JS2 C. paliurus Changzhou, China MT476808 MT501008 MT500920 MT500876 MT500964 MT501052 MW344672 MW344721

JS7 C. paliurus Changzhou, China MT476809 MT501009 MT500921 MT500877 MT500965 MT501053 MW344673 MW344722

SC7c C. paliurus Nanjing, China MT476810 MT501010 MT500922 MT500878 MT500966 MT501054 MW344674 MW344723

YM8c C. paliurus Yancheng, China MT476811 MT501011 MT500923 MT500879 MT500967 MT501055 MW344675 MW344724

ZH2 C. paliurus Yancheng, China MT476812 MT501012 MT500924 MT500880 MT500968 MT501056 MW344676 MW344725

C. aeschynomenes ICMP 17673 Aeschynomene
virginica

United States JX010176 JX009930 JX009721 JX009483 JX009799 JX010392 JX010081 KM360145

C. alatae CBS 304.67, ICMP 17919 Dioscorea alata India JX010190 JX009990 JX009738 JX009471 JX009837 JX010383 JX010065 KC888932

C. alienum ICMP 12071 Malus domestica New Zealand JX010251 JX010028 JX009654 JX009572 JX009882 JX010411 JX010101 KM360144

C. aotearoa ICMP 18537 Coprosma sp. New Zealand JX010205 JX010005 JX009611 JX009564 JX009853 JX010420 JX010113 KC888930

C. arecicola CGMCC 3.19667, HNBL5 Areca catechu Wenchang, China MK914635 MK935455 MK935374 MK935541 MK935498 MK935413

C. asianum ICMP 18580, CBS 130418 Coffea arabica Thailand FJ972612 JX010053 FJ917506 JX009584 JX009867 JX010406 JX010096 FR718814

C. boninense MAFF 305972 Crinum asiaticum
var. sinicum

Japan JX010292 JX009905 JQ005674 JX009583 JX009827 JQ005588

C. clidemiae ICMP 18658 Clidemia hirta United States, Hawaii JX010265 JX009989 JX009645 JX009537 JX009877 JX010438 JX010129 KC888929

C. cordylinicola MFLUCC 090551, ICMP 18579 Cordyline fruticosa Thailand JX010226 JX009975 HM470238 HM470235 JX009864 JX010440 JX010122 JQ899274

C. fructicola ICMP 18581, CBS 130416 Coffea arabica Thailand JX010165 JX010033 FJ917508 FJ907426 JX009866 JX010405 JX010095 JQ807838

BM5c C. paliurus Nanjing, China MT476813 MT501013 MT500925 MT500881 MT500969 MT501057 MW344677 MW344726

BX1 C. paliurus Nanjing, China MT476814 MT501014 MT500926 MT500882 MT500970 MT501058 MW344678 MW344727

F5 C. paliurus Changzhou, China MT476815 MT501015 MT500927 MT500883 MT500971 MT501059 MW344679 MW344728

GX1c C. paliurus Changzhou, China MT476816 MT501016 MT500928 MT500884 MT500972 MT501060 MW344680 MW344729

GT7 C. paliurus Changzhou, China MT476817 MT501017 MT500929 MT500885 MT500973 MT501061 MW344681 MW344730

HC2c C. paliurus Changzhou, China MT476818 MT501018 MT500930 MT500886 MT500974 MT501062 MW344682 MW344731

HC6 C. paliurus Changzhou, China MT476819 MT501019 MT500931 MT500887 MT500975 MT501063 MW344683 MW344732

JS3 C. paliurus Changzhou, China MT476820 MT501020 MT500932 MT500888 MT500976 MT501064 MW344684 MW344733

JS9 C. paliurus Changzhou, China MT476821 MT501021 MT500933 MT500889 MT500977 MT501065 MW344685 MW344734

LC7c C. paliurus Nanjing, China MT476822 MT501022 MT500934 MT500890 MT500978 MT501066 MW344686 MW344735

LG2 C. paliurus Nanjing, China MT476823 MT501023 MT500935 MT500891 MT500979 MT501067 MW344687 MW344736

LG4 C. paliurus Nanjing, China MT476824 MT501024 MT500936 MT500892 MT500980 MT501068 MW344688 MW344737

LV2 C. paliurus Nanjing, China MT476825 MT501025 MT500937 MT500893 MT500981 MT501069 MW344689 MW344738

NC25c C. paliurus Nanjing, China MT476826 MT501026 MT500938 MT500894 MT500982 MT501070 MW344690 MW344739

NC26 C. paliurus Nanjing, China MT476827 MT501027 MT500939 MT500895 MT500983 MT501071 MW344691 MW344740

PL2 C. paliurus Changzhou, China MT476828 MT501028 MT500940 MT500896 MT500984 MT501072 MW344692 MW344741

PX3 C. paliurus Changzhou, China MT476829 MT501029 MT500941 MT500897 MT500985 MT501073 MW344693 MW344742

SC6c C. paliurus Nanjing, China MT476830 MT501030 MT500942 MT500898 MT500986 MT501074 MW344694 MW344743

SC9 C. paliurus Nanjing, China MT476831 MT501031 MT500943 MT500899 MT500987 MT501075 MW344695 MW344744

T5 C. paliurus Nanjing, China MT476832 MT501032 MT500944 MT500900 MT500988 MT501076 MW344696 MW344745

T9 C. paliurus Nanjing, China MT476833 MT501033 MT500945 MT500901 MT500989 MT501077 MW344697 MW344746

H3 C. paliurus Nanjing, China MT476834 MT501034 MT500946 MT500902 MT500990 MT501078 MW344698 MW344747

H4 C. paliurus Nanjing, China MT476835 MT501035 MT500947 MT500903 MT500991 MT501079 MW344699 MW344748

YH6c C. paliurus Yancheng, China MT476836 MT501036 MT500948 MT500904 MT500992 MT501080 MW344700 MW344749

(Continued)
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TABLE 1 | Continued

Species Culture/Isolatea Host City/Country GenBank accession numberb

ITS GAPDH CAL ACT CHS-1 TUB GS ApMat

YH7 C. paliurus Yancheng, China MT476837 MT501037 MT500949 MT500905 MT500993 MT501081 MW344701 MW344750

YM2 C. paliurus Yancheng, China MT476838 MT501038 MT500950 MT500906 MT500994 MT501082 MW344702 MW344751

YM7 C. paliurus Yancheng, China MT476839 MT501039 MT500951 MT500907 MT500995 MT501083 MW344703 MW344752

ZH6 C. paliurus Yancheng, China MT476840 MT501040 MT500952 MT500908 MT500996 MT501084 MW344704 MW344753

C. gloeosporioides IMI 356878, ICMP 17821,
CBS 112999

Citrus sinensis Italy JX010152 JX010056 JX009731 JX009531 JX009818 JX010445 JX010085 JQ807843

BM6c C. paliurus Nanjing, China MT476841 MT501041 MT500953 MT500909 MT500997 MT501085 MW344705 MW344754

F8 C. paliurus Changzhou, China MT476842 MT501042 MT500954 MT500910 MT500998 MT501086 MW344706 MW344755

GX3c C. paliurus Changzhou, China MT476843 MT501043 MT500955 MT500911 MT500999 MT501087 MW344707 MW344756

JS1 C. paliurus Changzhou, China MT476844 MT501044 MT500956 MT500912 MT501000 MT501088 MW344708 MW344757

JS5 C. paliurus Changzhou, China MT476845 MT501045 MT500957 MT500913 MT501001 MT501089 MW344709 MW344758

LC2c C. paliurus Nanjing, China MT476846 MT501046 MT500958 MT500914 MT501002 MT501090 MW344710 MW344759

LC6 C. paliurus Nanjing, China MT476847 MT501047 MT500959 MT500915 MT501003 MT501091 MW344711 MW344760

YM4c C. paliurus Yancheng, China MT476848 MT501048 MT500960 MT500916 MT501004 MT501092 MW344712 MW344761

YM5 C. paliurus Yancheng, China MT476849 MT501049 MT500961 MT500917 MT501005 MT501093 MW344713 MW344762

ZH3 C. paliurus Yancheng, China MT476850 MT501050 MT500962 MT500918 MT501006 MT501094 MW344714 MW344763

C. horii NBRC 7478, ICMP 10492 Diospyros kaki Japan GQ329690 GQ329681 JX009604 JX009438 JX009752 JX010450 JX010137 JQ807840

C. kahawae subsp.
ciggaro

ICMP 18539 Olea europaea Australia JX010230 JX009966 JX009635 JX009523 JX009800 JX010434 JX010132

C. kahawae subsp.
kahawae

IMI 319418, ICMP 17816 Coffea arabica Kenya JX010231 JX010012 JX009642 JX009452 JX009813 JX010444 JX010130 JQ894579

C. ledongense LD1683, CGMCC 3.18888 Hevea brasiliensis Hainan, China MG242009 MG242017 MG242013 MG242015 MG242019 MG242011 MG242021

C. musae CBS 116870, ICMP 19119 Musa sp. United States JX010146 JX010050 JX009742 JX009433 JX009896 HQ596280 JX010103 KC888926

C. noveboracense AFKH109, CBS 146410 Malus domestica United States MN646685 MN640567 MN640566 MN640565 MN640569 MN640568 MN640564

C. nupharicola ICMP 18187, CBS:470.96 Nuphar lutea subsp.
polysepala

United States JX010187 JX009972 JX009663 JX009437 JX009835 JX010398 JX010088 JX145319

C. perseae GA100, CBS 141365 Persea americana Israel KX620308 KX620242 KX620206 KX620145 KX620341 KX620275 KX620177

C. psidii CBS 145.29, ICMP 19120 Psidium sp. Italy JX010219 JX009967 JX009743 JX009515 JX009901 JX010443 JX010133 KC888931

C. queenslandicum ICMP 1778 Carica papaya Australia JX010276 JX009934 JX009691 JX009447 JX009899 JX010414 JX010104 KC888928

C. salsolae ICMP 19051 Salsola tragus Hungary JX010242 JX009916 JX009696 JX009562 JX009863 JX010403 JX010093 KC888925

C. siamense ICMP 18578, CBS 130417 Coffea arabica Thailand JX010171 JX009924 FJ917505 FJ907423 JX009865 JX010404 JX010094 JQ899289

C. siamense (syn.
C. hymenocallidis)

CBS 125378, ICMP 18642 Hymenocallis
americana

China JX010278 JX010019 JX009709 GQ856775 GQ856730 JX010410 JX010100 JQ899283

C. theobromicola CBS 124945, ICMP 18649 Theobroma cacao Panama JX010294 JX010006 JX009591 JX009444 JX009869 JX010447 JX010139 KC790726

C. ti ICMP 4832 Cordyline sp. New Zealand JX010269 JX009952 JX009649 JX009520 JX009898 JX010442 JX010123 KM360146

C. tropicale CBS 124949, ICMP 18653 Theobroma cacao Panama JX010264 JX010007 JX009719 JX009489 JX009870 JX010407 JX010097 KC790728

C. xanthorrhoeae BRIP 45094, ICMP 17903, CBS
127831

Xanthorrhoea preissii Australia JX010261 JX009927 JX009653 JX009478 JX009823 JX010448 JX010138 KC790689

aCulture numbers in bold type represent ex-type or other authentic specimens.
BRIP, Plant Pathology Herbarium, Department of Employment, Economic, Development and Innovation, Queensland, Australia; CBS, Culture collection of the Centraalbureau voor Schimmelcultures, Fungal Biodiversity
Centre, Utrecht, Netherlands; ICMP, International Collection of Microorganisms from Plants, Auckland, New Zealand; IMI, Culture collection of CABI Europe UK Centre, Egham, United Kingdom; MAFF, MAFF Genebank
Project, Ministry of Agriculture, Forestry and Fisheries, Tsukuba, Japan; MFLUCC, Mae Fah Luang University Culture Collection, ChiangRai, Thailand; NBRC, NITE Biological Resource Centre, Japan. MAFF 305972
(C. boninense) was added as an outgroup.
bSequences in italics were generated in this study. ITS, internal transcribed spacers 1 and 2 together with 5.8S nrDNA; GAPDH, partial glyceraldehyde-3-phosphate dehydrogenase gene; CAL, partial calmodulin gene;
ACT, partial actin gene; CHS-1, partial chitin synthase 1 gene; TUB2, partial beta-tubulin gene.
c Isolates used for morphological and biological analysis, virulence tests, and biofungicide sensitivity assays.
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TABLE 2 | Primers used in this study, with sequences, conditions and sources.

Gene Product name Primer Direction Sequence (5′-3′) PCR conditions References

ITS Internal
transcribed

spacer

ITS1 Forward CTTGGTCATTTAGAGGAAGTAA Denaturation for 4 min at 94◦C, followed by 30
cycles; 30 s at 94◦C, 30 s at 55◦C, 30 s at
72◦C, and a final extension of 10 min at 72◦C

Gardes and
Bruns, 1993

ITS4 Reverse TCCTCCGCTTATTGATATGC White et al., 1990

GAPDH Glyceraldehyde-
3-phosphate

dehydrogenase

GDF1 Forward GCCGTCAACGACCCCTTCATTGA Denaturation for 4 min at 94◦C, followed by 30
cycles; 30 s at 94◦C, 30 s at 60◦C, 30 s at
72◦C, and a final extension of 10 min at 72◦C

Guerber et al.,
2003

GDR1 Reverse GGGTGGAGTCGTACTTGAGCATGT Guerber et al.,
2003

ACT Actin ACT-512F Forward ATGTGCAAGGCCGGTTTCGC Denaturation for 4 min at 94◦C, followed by 30
cycles; 30 s at 94◦C, 30 s at 57◦C, 30 s at
72◦C, and a final extension of 10 min at 72◦C

Carbone and
Kohn, 1999

ACT-783R Reverse TACGAGTCCTTCTGGCCCAT Carbone and
Kohn, 1999

TUB β-tubulin T1 Forward AACATGCGTGAGATTGTAAGT Denaturation for 4 min at 94◦C, followed by 30
cycles; 30 s at 94◦C, 30 s at 61◦C, 30 s at
72◦C, and a final extension of 10 min at 72◦C

O’Donnell and
Cigelnik, 1997

Bt-2b Reverse ACCCTCAGTGTAGTGACCCTTGGC Glass and
Donaldson, 1995

CAL Calmodulin CL1A Forward GATCAAGGAGGCCTTCTC Denaturation for 4 min at 94◦C, followed by 30
cycles; 30 s at 94◦C, 30 s at 58◦C, 30 s at
72◦C, and a final extension of 10 min at 72◦C

O’Donnell et al.,
2000

CL2A Reverse TTTTTGCATCATGAGTTGGAC O’Donnell et al.,
2000

CHS-1 Chitin synthase 1 CHS-79F Forward TGGGGCAAGGATGCTTGGAAGAAG Denaturation for 4 min at 94◦C, followed by 30
cycles; 30 s at 94◦C, 30 s at 58◦C, 30 s at
72◦C, and a final extension of 10 min at 72◦C

Carbone and
Kohn, 1999

CHS-354R Reverse TGGAAGAACCATCTGTGAGAGTTG Carbone and
Kohn, 1999

GS Glutamine
synthetase

GSLF2 Forward TACACGAGSAAAAGGATACGC Denaturation for 4 min at 94◦C, followed by 30
cycles; 30 s at 94◦C, 30 s at 54◦C, 30 s at
72◦C, and a final extension of 10 min at 72◦C

Liu et al., 2016

GSLR1 Reverse AGRCGCACATTGTCAGTATCG Liu et al., 2016

ApMat Apn2-Mat1-2 AM-F Forward TCATTCTACGTATGTGCCCG Denaturation for 3 min at 94◦C, followed by 30
cycles; 45 s at 94◦C, 45 s at 62◦C, 1 min at
72◦C, and a final extension of 7 min at 72◦C

Silva et al., 2012

AM-R Reverse CCAGAAATACACCGAACTTGC Silva et al., 2012

Disease incidence was determined at 10 dpi, while the
incubated leaves were monitored for the onset of anthracnose
lesions for up to 20 dpi. Virulence was determined by measuring
the diameter of the necrotic lesions in two perpendicular
directions at 7 and 10 dpi for the wounded and non-wounded
leaves, respectively. Differences in the virulence of the isolates
were determined by ANOVA, and mean values were compared by
Tukey’s test (P < 0.05) using SPSS as previously described. Each
Colletotrichum isolate involved in the virulence test was reisolated
from the inoculated leaves, and their identity was confirmed by
morphological and molecular approaches as previously described
to fulfill Koch’s postulates.

Biofungicide Sensitivity Assessments
in vitro
Effects on Mycelial Growth
Phenazine-1-carboxylic acid [1% active ingredient (a.i.);
Shanghai Non-gle Biological Products Co., Ltd., Shanghai,

China], tetramycin (0.3% a.i.; Liaoning Wkioc Bioengineering
Co., Ltd., Liaoning, China), and kasugamycin (4% a.i.; Shaanxi
Microbe Biotechnology Co., Ltd., Shaanxi, China) were
used. Fourteen representative isolates were selected based on
the above studies. The fungicide sensitivity of each isolate
was tested on complete medium (CM) plates (Yeast extract
10 g/L, Casamino-acid 5 g/L, Agar 15 g/L, 1% sterile glucose
after autoclaving) amended with fungicides. Mycelial blocks
(2 mm in side length) aseptically taken from actively growing
cultures were placed onto CM with or without (control)
fungicide amendments. The final concentrations of each
a.i. in the amended media were 0.1, 0.25, 0.5, 1, 2.5, and
5 µg/mL for tetramycin and 1, 2.5, 5, 10, 25, and 50 µg/mL
for PCA and kasugamycin. Each treatment was tested in
triplicate, and the entire experiment was repeated twice.
The mean colony diameter was measured at 4 dpi, and the
formula for percent inhibition was [(radial growth of the
control – radial growth at fungicide concentration)/radial
growth of the control] × 100%. Half of the maximal effective
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TABLE 3 | Morphological characteristics of Colletotrichum isolates from Cyclocarya paliurus.

Species/Isolate Conidia Appressoria Ascospore

Length (µm) Width (µm) Length (µm) Width (µm) Length (µm) Width (µm) Shape

C. aenigma

HC3 18.58 ± 0.51ab
(14.79–26.09)

7.44 ± 0.17b
(5.56–10.2)

10.71 ± 0.25ab
(8.35–13.68)

7.48 ± 0.18f
(5.85–9.56)

18.4 ± 0.3bc
(16.04–22.36)

7.32 ± 0.14a
(6.11–9.06)

Cylindrical

SC7 18.82 ± 0.45ab
(15.74–26.64)

8.17 ± 0.23a
(5.73–11.13)

11.46 ± 0.42a
(8.61–16.92)

7.96 ± 0.25abcde
(5.87–11.73)

18.7 ± 0.24abc
(16.91–21.94)

7.44 ± 0.14a
(6.01–8.85)

Cylindrical

YM8 19.29 ± 0.43a
(14.3–24.64)

8.29 ± 0.17a
(6.44–10.97)

11.2 ± 0.24ab
(9.6–14.34)

7.53 ± 0.14ab
(5.87–9.06)

17.77 ± 0.16c
(15.94–19.52)

6.75 ± 0.15b
(5.56–9.17)

Cylindrical

C. fructicola

BM5 16.24 ± 0.24d
(12–18.68)

6.52 ± 0.17d
(4.79–8.28)

10.7 ± 0.21ab
(8.35–13.84)

7.79 ± 0.12bcdef
(6.45–9.4)

19.55 ± 0.33a
(16.67–23.75)

4.63 ± 0.08c
(3.85–5.44)

Curved fusoid

GX1 16.52 ± 0.38d
(13.64–23.14)

6.9 ± 0.19bcd
(5.1–9.79)

10.75 ± 0.25ab
(8.67–14.15)

7.88 ± 0.13bcdef
(6.53–9.56)

19.3 ± 0.38ab
(15.41–25.35)

4.68 ± 0.11c
(3.59–5.81)

Curved fusoid

HC2 17.11 ± 0.42cd
(12.39–22.34)

7.35 ± 0.16b
(5.63–9.59)

10.87 ± 0.23ab
(9.02–13.49)

7.83 ± 0.13bcdef
(6.56–9.25)

18.82 ± 0.36ab
(13.23–21.34)

4.72 ± 0.12c
(3.4–5.84)

Curved fusoid

LC7 17.07 ± 0.24cd
(14.44–19.92)

7.03 ± 0.17bcd
(5.47–8.77)

10.97 ± 0.2ab
(9.24–12.94)

7.69 ± 0.14def
(6.55–8.97)

19.2 ± 0.34ab
(14.32–24.04)

4.67 ± 0.11c
(3.79–6.13)

Curved fusoid

NC25 16.38 ± 0.4d
(12.89–22.79)

6.72 ± 0.18d
(4.89–8.66)

11.17 ± 0.19ab
(9.33–12.91)

7.77 ± 0.14cdef
(6.54–9.26)

19.05 ± 0.37ab
(16.53–23.89)

4.55 ± 0.09c
(3.2–5.65)

Curved fusoid

SC6 16.68 ± 0.29cd
(13.49–20.71)

6.58 ± 0.16d
(4.5–8.25)

10.42 ± 0.23b
(8.49–12.86)

7.86 ± 0.11bcdef
(6.61–8.95)

19.06 ± 0.39ab
(13.64–24.69)

4.68 ± 0.12c
(3.1–6.19)

Curved fusoid

YH6 16.61 ± 0.38cd
(14.36–22.58)

6.68 ± 0.17d
(4.95–8.83)

10.68 ± 0.25ab
(8.04–12.95)

7.99 ± 0.14abcde
(6.76–9.97)

18.8 ± 0.31ab
(15.41–21.99)

4.72 ± 0.12c
(3.7–6.13)

Curved fusoid

C. gloeosporioides

BM6 17.07 ± 0.28cd
(14.72–19.84)

6.76 ± 0.16cd
(5.15–8.45)

11.05 ± 0.2ab
(9.55–13.48)

8.27 ± 0.15ab
(6.94–10.39)

13.24 ± 0.3d
(10.66–16.8)

4.83 ± 0.09c
(3.91–5.98)

Cylindrical

GX3 17.25 ± 0.37cd
(13.44–23.81)

6.93 ± 0.12bcd
(5.87–8.1)

11.12 ± 0.18ab
(9.13–13.01)

8.1 ± 0.16abcd
(6.06–10.61)

13.14 ± 0.32d
(9.86–17.07)

4.81 ± 0.09c
(3.62–5.84)

Cylindrical

LC2 16.96 ± 0.26cd
(15.06–21.22)

7.04 ± 0.16bcd
(4.95–9.69)

11.18 ± 0.18ab
(9.48–13.12)

8.24 ± 0.14abc
(6.94–10.11)

12.9 ± 0.33d
(9.02–16.54)

4.89 ± 0.09c
(3.79–5.84)

Cylindrical

YM4 17.76 ± 0.33bc
(15.69–24.82)

7.26 ± 0.13bc
(5.96–8.67)

11.1 ± 0.21ab
(9.63–13.91)

8.38 ± 0.12a
(6.99–10.16)

13.23 ± 0.29d
(10.73–16.06)

4.85 ± 0.08c
(4.19–5.98)

Cylindrical

Data are mean ± standard error, with ranges in parentheses.
Columns with the same letter do not differ significantly according to Duncan’s test (P < 0.05).

concentration (EC50) was estimated by regression to the log10
probability conversion of the percentage of inhibition of the
fungicide concentrations.

Effects on Spore Germination
Tetramycin was selected to test its ability to inhibit conidia
germination. Spore suspensions and fungicide solutions were
mixed with sterilized water to 10 mL volume. The final
fungicide concentrations were 0.005, 0.01, 0.05, 0.1, 0.5, and
1 µg/mL, while spore suspension was adjusted to 1 × 105

spores/mL for each treatment. A 20 µL droplet of each
suspension was placed on a hydrophobic cover slip and
incubated at 25◦C for 18–20 h in a humidity chamber according
to Fang et al. (2018). Each treatment was conducted in
triplicate, and the entire experiment was repeated twice. Conidia
were then observed at ×100 magnification using a ZEISS
microscope and scored as germinated if the length of the
germ tube was longer than half of the conidial length. The
conidial germination inhibition rate was calculated as previously
described (Munir et al., 2016).

RESULTS

Field Symptoms and Colletotrichum
Isolates
In May 2018, typical symptoms of anthracnose were first
observed on newly emerged leaves of C. paliurus in a commercial
nursery in Baima (Figure 1A), and the infection quickly spread
to all C. paliurus nurseries within the growing season, with
the infection rate reaching 64% (150 trees were investigated).
Similar symptoms were observed in plant bases at Changzhou
and Yancheng, with infection rates over 35 and 45% (100
trees were investigated), respectively. The initial symptoms
appeared in the form of subcircular or irregular pale-brown
spots scattered on the leaves (Figure 1C). Gradually, the lesions
enlarged and coalesced to form large necrotic areas, which turned
off-white surrounded by a dark-brown border as symptoms
progressed (Figure 1B). The dead tissue withered, resulting in
premature defoliation of the plant in severe cases (Figure 1A).
Under high-moisture conditions, a number of acervuli were
formed in concentric rings and oozed gelatinous orange spore
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masses (Figure 1D). Photomicrographs further corroborated the
presence of conidiophores and conidia on the surfaces of leaf
lesions under optical or SEM microscopy (Figures 1E,F).

A total of 44 monosporic Colletotrichum isolates were
recovered from symptomatic tissues and used for further
molecular identification (Table 1). The shapes and sizes of
conidia of these cultures were basically concordant with the
sporulation on the lesions (Figures 2C, 3C, 4C). The general
morphological characteristics of all isolates resembled those of
Colletotrichum species.

Molecular Identification and
Phylogenetic Analysis
In the present study, the ITS, CAL, ACT, GPDH, TUB, CHS-
1, GS, and ApMat region/genes of all 44 monosporic isolates
were successfully amplified and sequenced (Table 1). Sequences
generated herein along with reference sequences from ex-type or
other authoritative specimens were concatenated for phylogeny
construction, composing a dataset of 3192 characters, with 1828
constant characters, 574 parsimony-uninformative characters,
and 790 parsimony-informative characters.

The topological structure of the phylogenetic trees constructed
using BI and ML criteria was basically consistent, demonstrating
that the evolutionary relationships of the experimental strains
were statistically supported. A consensus tree with clade
support from bootstrap proportions (BPs) and PP values was
generated (Figure 5). The phylogenetic tree revealed that all
44 Colletotrichum isolates belonged to three well-separated
clades and nested within the C. gloeosporioides species complex.

Six Colletotrichum isolates composed a highly supported clade
(100% BP/1.00 PP) with the Colletotrichum aenigma type strain
ICMP 18608. Twenty-eight isolates belonged to the other highly
supported clade (100% BP/1.00 PP) along with the Colletotrichum
fructicola type strain ICMP 18581. Ten isolates clustered in
another highly supported clade (100% BP/1.00 PP) with the
C. gloeosporioides s. s. type strain IMI 356878 (Figure 5).

Morphological and Biological Analyses
Fourteen representative isolates clustered in three clades in the
ML/BI phylogenetic analysis, including three of C. aenigma,
seven of C. fructicola, and four of C. gloeosporioides s. s., were
selected for further studies (Table 1).

Colonies of C. fructicola isolates produced abundant
grayish-green aerial hyphae with white halo edges, and the
back of the colony was grayish-green with concentric rings
(Figures 3A,B). Isolates of C. aenigma and C. gloeosporioides
s. s. exhibited white or gray mycelia, and the back of the
colony was densely arranged with a grayish-green color in
the center (Figures 2A,B, 4A,B). There were few differences
in the shapes of conidia, conidiophores, and appressoria
among the three species. Conidia were all one-celled, hyaline,
smooth-walled, mostly cylindrical with broadly rounded
ends, and sometimes slightly and gradually acute to the end
(Figures 2C, 3C, 4C). The average conidial sizes for isolates
were as follows: C. aenigma, 14.3–26.6 × 5.56–11.13 µm;
C. fructicola, 12–23.14 × 4.5–9.79 µm; and C. gloeosporioides
s. s., 13.44–24.82 × 4.95–9.69 µm (Table 3). Conidiophores
were smooth-walled, septate, and hyaline to pale brown

FIGURE 2 | Morphological characters of Colletotrichum aenigma. (A,B) Front and back view, respectively, of 6-days-old PDA culture. (C) Conidia. (D) Appressoria.
(E) Conidiophores. (F) Ascomata developed on PDA plates. (G) Asci. (H) Ascospores. Scale bars: (C–E,G,H) = 10 µm; (F) = 500 µm.
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FIGURE 3 | Morphological characters of Colletotrichum fructicola. (A,B) Front and back view, respectively, of 6-days-old PDA culture. (C) Conidia. (D) Appressoria.
(E) Ascomata developed on PDA plates. (F) Conidiophores. (G) Asci. (H) Ascospores. Scale bars: (C,D,F–H) = 10 µm; (E) = 200 µm.

FIGURE 4 | Morphological characters of Colletotrichum gloeosporioides sensu stricto. (A,B) Front and back view, respectively, of 6-days-old PDA culture.
(C) Conidia. (D) Appressoria. (E) Conidiophores. (F) Ascomata developed on PDA plates. (G) Ascospores. Scale bars: (C–E,G) = 10 µm; (F) = 500 µm.
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FIGURE 5 | Maximum-likelihood phylogenetic tree of 66 isolates of the Colletotrichum gloeosporioides species complex. The tree was built using concatenated
sequences of the ITS, GAPDH, CAL, ACT, CHS-1, TUB, GS, and ApMat region or genes, each with a separate model of DNA evolution. The tree generated by
Bayesian inference had a similar topology. Bootstrap support values above 85% and Bayesian posterior probability values above 0.95 are shown at the nodes.
Ex-type or other authoritative cultures are emphasized in bold font. C. boninense (MAFF 305972) was used as an outgroup. The scale bar indicates the average
number of substitutions per site.

(Figures 2E, 3F, 4E). Appressoria were dark brown, subglobose
or ellipsoid, and rarely irregular (Figures 2D, 3D, 4D). The
average appressorium sizes for the isolates were as follows:
C. aenigma, 8.35–16.92 × 5.87–11.73 µm; C. fructicola,

8.04–14.15 × 6.45–9.97 µm; and C. gloeosporioides s. s.,
9.13–13.91 × 6.06–10.61 µm (Table 3). Ascomata of three
Colletotrichum species formed on PDA at 20 dpi and were
semi-immersed in agar medium, dark-brown, and subglobose
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to pyriform (Figures 2F, 3E, 4F). Asci were clavate, fasciculate,
and eight-spored in most cases, while asci of C. gloeosporioides
s. s. were not observed (Figures 2G, 3G). Ascospores of
C. aenigma isolates were hyaline, smooth-walled, aseptate,
cylindrical, and 15.94–22.36 × 5.56–9.17 µm in size (Table 3
and Figure 2H). Ascospores of C. gloeosporioides s. s. isolates
were hyaline, smooth-walled, aseptate, cylindrical, and 9.02–
17.07 × 3.62–5.98 µm in size (Table 3 and Figure 4G).
Ascospores of C. fructicola were hyaline, aseptate, smooth-
walled, fusoid, slightly curved, straight with round ends, and
13.23–25.35× 3.1–6.19 µm in size (Table 3 and Figure 3H).

All 14 representative isolates tested exhibited a similar growth
pattern on PDA at the different treatment temperatures. No
mycelial growth of any tested isolates was observed in vitro at
5◦C. The optimum mycelial growth temperature of the three
Colletotrichum species was 25–30◦C, but the high temperature
tolerance of the three species was different. Isolates of C. aenigma
and C. fructicola were more sensitive to high temperature and
grew very slowly (or could not grow) at 40◦C, with mean growth
rates lower than those of C. gloeosporioides s. s. isolates.

Virulence Tests of Colletotrichum
Isolates
All 14 selected isolates were pathogenic on leaves of C. paliurus
and reproduced typical symptoms of anthracnose. Seven days
after wounded or non-wounded inoculation, distinct brown
or off-white necrotic lesions with dark-brown boundaries
developed (Figure 6), while no symptoms developed on the
corresponding mock controls.

The severity of disease caused by these isolates showed
significant differences (Table 4). Isolates of C. gloeosporioides s. s.

generally showed strong virulence, with mean lesion diameters
ranging from 17.88 to 23.16 and 17.52 to 22.11 mm with
wounded and non-wounded inoculation using mycelial plugs
as inocula, respectively. There was no significant difference in
virulence among C. fructicola isolates in C. paliurus leaves,
with mean lesion diameters ranging from 16.65 to 20.52 and
17.41 to 21.09 mm with wounded and non-wounded inoculation
using mycelial plugs as inocula, respectively. C. aenigma isolates
showed much weaker virulence, with mean lesion diameters
ranging from 12.38 to 14.89 and 11.78 to 14.12 mm with
wounded and non-wounded inoculation using mycelial plugs
as inocula, respectively. The lesions produced by mycelial
inoculation were generally larger than those produced by spore
suspension inoculation among the three Colletotrichum species
(Table 4). Colletotrichum gloeosporioides s. s. isolate BM6 and
C. fructicola isolate BM5 produced reproductive structures of
the fungus on the necrotic lesions (Figure 6). C. fructicola
isolate YH6 produced lesions with a wheel-shaped pattern
on C. paliurus leaves (Figure 6). The Colletotrichum species
were reisolated from all inoculated symptomatic leaves and
were found to be morphologically and molecularly identical to
the original isolates using the aforementioned methods, thus
fulfilling Koch’s postulates.

Sensitivity of Colletotrichum Isolates to
Biofungicides
Fourteen representative isolates evaluated showed similar
biological responses to all tested biofungicides. Kasugamycin at
50 mg/mL showed no suppressive activity against the mycelial
growth of the three Colletotrichum spp. on CM medium
(EC50 > 100 µg/mL). PCA showed moderate inhibition of the

FIGURE 6 | Typical symptoms induced by mycelial discs of representative isolates of C. gloeosporioides sensu stricto, C. fructicola, and C. aenigma on wounded
(upper) and unwounded (lower) detached leaves of Cyclocarya paliurus.
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TABLE 4 | Pathogenicity of Colletotrichum isolates on detached leaves of Cyclocarya paliurus.

Species/
Isolates

Infected leaves (%)a Lesion diameter (mm)b

Conidial suspension Mycelial plug Conidial suspension Mycelial plug

Wounded Non-wounded Wounded Non-wounded Wounded Non-wounded Wounded Non-wounded

CK – – – – – – – –

C. aenigma

HC3 80.00 ± 11.55 60.00 ± 0.00 100.00 ± 0.00 86.67 ± 6.67 9.63 ± 0.9b 5.79 ± 0.56b 12.38 ± 1.10f 14.12 ± 1.28cd

SC7 93.33 ± 6.67 60.00 ± 0.00 100.00 ± 0.00 93.33 ± 6.67 9.58 ± 0.96b 5.77 ± 0.48b 13.10 ± 0.82ef 14.44 ± 0.92cd

YM8 73.33 ± 6.67 66.67 ± 6.67 100.00 ± 0.00 86.67 ± 6.67 8.9 ± 0.81b 5.41 ± 0.39b 14.89 ± 1.07def 11.78 ± 1.02d

C. fructicola

BM5 93.33 ± 6.67 80.00 ± 11.55 100.00 ± 0.00 100.00 ± 0.00 17.69 ± 0.99a 15.85 ± 1.26a 20.52 ± 0.61abc 20.37 ± 0.91ab

GX1 93.33 ± 6.67 73.33 ± 6.67 100.00 ± 0.00 93.33 ± 6.67 16.44 ± 1.07a 13.85 ± 1.26a 18.75 ± 0.76bcd 20.16 ± 0.98ab

HC2 86.67 ± 6.67 80.00 ± 11.55 100.00 ± 0.00 100.00 ± 0.00 16.41 ± 1.16a 13.86 ± 1.27a 18.18 ± 1.06bcd 19.75 ± 1.03abc

LC7 86.67 ± 6.67 86.67 ± 6.67 100.00 ± 0.00 93.33 ± 6.67 16.21 ± 1.03a 14.73 ± 1.49a 20.51 ± 0.94abc 18.59 ± 1.76abc

NC25 93.33 ± 6.67 86.67 ± 13.33 100.00 ± 0.00 93.33 ± 6.67 16.34 ± 0.88a 13.41 ± 1.03a 18.93 ± 1.07bcd 21.09 ± 0.95a

SC6 93.33 ± 6.67 73.33 ± 6.67 100.00 ± 0.00 93.33 ± 6.67 15.45 ± 1.16a 12.93 ± 1.52a 16.90 ± 0.94cde 18.06 ± 1.54abc

YH6 93.33 ± 6.67 80.00 ± 11.55 100.00 ± 0.00 100.00 ± 0.00 15.56 ± 1.04a 13.87 ± 1.12a 16.65 ± 0.87cde 17.41 ± 1.14abc

C. gloeosporioides

BM6 86.67 ± 6.67 80.00 ± 11.55 100.00 ± 0.00 100.00 ± 0.00 18.43 ± 0.93a 15.92 ± 1.14a 23.16 ± 0.80a 22.11 ± 0.66a

GX3 86.67 ± 6.67 86.67 ± 6.67 100.00 ± 0.00 100.00 ± 0.00 17.24 ± 0.91a 16.35 ± 0.87a 20.29 ± 0.81abc 19.03 ± 1.03abc

LC2 86.67 ± 6.67 80.00 ± 11.55 100.00 ± 0.00 100.00 ± 0.00 17.27 ± 0.97a 12.98 ± 0.86a 17.88 ± 0.61bcd 17.52 ± 1.68abc

YM4 93.33 ± 6.67 80.00 ± 11.55 100.00 ± 0.00 100.00 ± 0.00 17.44 ± 0.63a 15.21 ± 1.49a 20.40 ± 0.58abc 21.39 ± 1.03a

a,bValues were means ± standard error of three replications.
Means with different letters indicate mean lesion lengths that are significantly different (P < 0.05). Data were calculated using disease incidence of 15 inoculated leaves.
– represents no symptom developed on inoculated site.
CKDetached C. paliurus leaves were inoculated with sterile water or PDA plugs without the pathogens (as controls).

mycelial growth of the three Colletotrichum spp., with isolates
of C. fructicola exhibiting more sensitivity to this biofungicide.
The EC50 of tetramycin against the mycelial growth of all
representative isolates was lower than that of any of the other
biofungicides, including the low EC50 of tetramycin against
spore germination, indicating that tetramycin was the most
effective biofungicide against the three Colletotrichum spp.
used in this study.

DISCUSSION

In recent years, the cultivation of C. paliurus has undergone a
major expansion to meet the increasing demand for young leaves
of this species for medical use or C. paliurus tea production
in China, which may have caused the high incidence of foliar
diseases in these newly established plantations. Therefore, it
is of great importance to diagnose and control these fungal
diseases of C. paliurus. Unfortunately, little information was
available about these diseases, i.e., C. paliurus anthracnose.
Hitherto, this study is first comprehensive analysis demonstrating
the etiology of C. paliurus anthracnose in China, providing
valuable information about the phenotypic and molecular
characteristics, virulence, and fungicide sensitivity of the causal
agents associated with this disease. Moreover, this study provides
the first report of C. aenigma, C. fructicola, and C. gloeosporioides
s. s. causing C. paliurus anthracnose in China as well as in
the world.

Colletotrichum gloeosporioides species complex is regarded
as the most challenging taxa within the Colletotrichum genus
(Silva et al., 2012). Although polyphasic method is recommended
for characterizing Colletotrichum species, there is still lack of
consensus among taxonomists on the selection of markers for
phylogenetic studies (Cao et al., 2020; Vieira et al., 2020). Recent
studies revealed that concatenated GS and ApMat alignment
can achieve a satisfactory Colletotrichum species identification
(Liu et al., 2015; Sharma et al., 2017). Conservative region/genes
(ITS, GAPDH, CAL, CHS-1, ACT, and TUB) have been
previously accepted for delimiting species in this species complex
(Weir et al., 2012). Therefore, in the present study, eight loci
(ITS, GAPDH, CAL, CHS-1, ACT, TUB, including GS and
ApMat) were selected in phylogenetic analysis for Colletotrichum
isolates classification. Based on BI/ML multilocus concatenated
phylogenetic analyses, including sequences from 28 authentic
specimens in the C. gloeosporioides species complex, the 44
isolates were categorized into three well-separated clades: six
isolates clustered in the C. aenigma clade (14%), 28 isolates
clustered in the C. fructicola clade (64%), and 10 isolates
clustered in the C. gloeosporioides s. s. clade (22%). With respect
to phenotypic characterization based on colony morphology,
characteristics of conidia, appressoria, ascospores, and asci were
entirely in line with the results of the molecular data.

Colletotrichum fructicola was first described by Prihastuti
et al. (2009), causing coffee berry disease in Thailand. The
species is geographically diverse and threatens a wide range
of hosts, which has been reported on Fragaria × ananassa
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TABLE 5 | Growth rate (mm/4d) of Colletotrichum isolates from Cyclocarya paliurus cultured on PDA at different temperatures.

Species/Isolates 5◦C 10◦C 15◦C 20◦C 25◦C 30◦C 35◦C 40◦C

C. aenigma

HC3 0a 2.01 ± 0.1ab 3.92 ± 0.09abc 7.67 ± 0.01abc 12.43 ± 0.14b 12.39 ± 0.14a 7.6 ± 0.57a 2.4 ± 1.22ab

SC7 0a 2.26 ± 0.2a 3.77 ± 0.12abc 7.66 ± 0.04abc 12.66 ± 0.19b 12.62 ± 0.09a 7.69 ± 0.08a 2.13 ± 1.11ab

YM8 0a 2.24 ± 0.17a 3.79 ± 0.15abc 7.96 ± 0.05abc 12.28 ± 0.31b 12.19 ± 0.08a 7.72 ± 0.56a 0b

C. fructicola

BM5 0a 1.11 ± 0.56ab 3.54 ± 0.22abc 8.81 ± 0.09ab 15.49 ± 0.04a 12.93 ± 0.28a 5.64 ± 0.48b 2.71 ± 1.36ab

GX1 0a 1.79 ± 0.12ab 3.61 ± 0.09abc 8.32 ± 0.28abc 15.81 ± 0.04a 13.56 ± 0.25a 5.17 ± 0.42b 2.71 ± 1.35ab

HC2 0a 1.62 ± 0.18ab 3.2 ± 0.19abc 8.46 ± 0.49abc 15.42 ± 0.12a 13.33 ± 0.27a 4.91 ± 0.08b 0b

LC7 0a 1.36 ± 0.14ab 3.72 ± 0.16abc 8.96 ± 0.07a 15.84 ± 0.07a 12.99 ± 0.45a 5.59 ± 0.11b 1.99 ± 0.05ab

NC25 0a 0.91 ± 0.46b 3.35 ± 0.19abc 8.56 ± 0.35abc 15.68 ± 0.13a 12.93 ± 0.34a 5.36 ± 0.46b 2.66 ± 1.33ab

SC6 0a 1.68 ± 0.28ab 3.27 ± 0.35bc 8.12 ± 0.17abc 15.74 ± 0.17a 13.45 ± 0.45a 5.44 ± 0.34b 0b

YH6 0a 1.61 ± 0.21ab 3.64 ± 0.24abc 8.28 ± 0.35abc 15.9 ± 0.15a 13.42 ± 0.14a 5.7 ± 0.47b 2.08 ± 0.13ab

C. gloeosporioides

BM6 0a 1.84 ± 0.07ab 4.27 ± 0.13a 7.37 ± 0.38c 11.54 ± 0.36bc 12.37 ± 0.65a 8.12 ± 0.21a 3.36 ± 0.99ab

GX3 0a 1.89 ± 0.17ab 4.21 ± 0.2ab 7.62 ± 0.13bc 11.62 ± 0.46bc 12.66 ± 0.17a 8.35 ± 0.2a 5.25 ± 1.13a

LC2 0a 1.76 ± 0.19ab 4.24 ± 0.13a 7.57 ± 0.29bc 10.88 ± 0.26c 11.75 ± 0.18a 8.1 ± 0.12a 3.2 ± 0.76ab

YM4 0a 1.93 ± 0.19ab 4.26 ± 0.17a 7.73 ± 0.38abc 12.04 ± 0.43bc 12.42 ± 0.8a 8.01 ± 0.15a 2.43 ± 0.74ab

Columns with the same letter do not differ significantly according to Tukey’s test (P < 0.05).

and Malus sp. (United States), Ficus sp. (Germany), Persea
americana (Australia), Pyrus pyrifolia (Japan), Limonium sp.
(Israel), Tetragastris sp. and Theobroma sp. (Panama), Dioscorea
sp. (Nigeria), Malus sp. (Brazil) (Weir et al., 2012), and
Mangifera indica (China) (Mo et al., 2018). In the current study,
C. fructicola was the most predominant species and exhibited
strong pathogenicity (Table 4), which seems to be the most
economically harmful species of C. paliurus anthracnose in
Jiangsu Province, China.

Colletotrichum gloeosporioides s. s., a genetically and
biologically diverse species, previously reported to infect fruits
in tropical area (Sangeetha and Rawal, 2008; Udayanga et al.,
2013), which is probably related to its ability to tolerate high
temperatures (Table 5). However, this species was recently
reported increasingly prevalent in the temperate region, such as
Hebei, Shandong, and Shanxi Provinces of China (Jayawardena
et al., 2016; Wang et al., 2020). Results in the present study
demonstrated that C. gloeosporioides showed the strongest
pathogenicity to C. paliurus (Table 4). The prevalence and
ecological adaptation zone of C. gloeosporioides on C. paliurus in
China would be further studied.

Interestingly, multiple Colletotrichum species were isolated
and identified from the same leaf and even within the same lesion
of single C. paliurus trees. As reported in previous studies, several
Colletotrichum species can cause anthracnose on the same host
(Munir et al., 2016; Chen Y. et al., 2017; De Silva et al., 2017a;
Diao et al., 2017; Guarnaccia et al., 2017; Fu et al., 2019; Xue et al.,
2019). It is reasonable to believe that C. paliurus anthracnose may
be a complex disease. With more samples collected, it is possible
that even more Colletotrichum species, or even novel species, will
be characterized as responsible for this disease. Consequently,
future attention should be given to probe Colletotrichum species
collected from C. paliurus anthracnose in different geographical
areas with different latitudes or elevations in China.

Temperature is an indispensable factor that affects epidemics
of anthracnose or other plant diseases (Dubrulle et al., 2020).
High temperatures and their frequency may be the factors leading
to the delay or non-occurrence of plant diseases (Han et al.,
2016; Xue et al., 2019). In the present study, no significant
differences occurred in the optimum and minimum mycelial

TABLE 6 | Mean half-maximal effective concentration (EC50) of
Colletotrichum spp.

Species/
Isolate

EC50 (mg/liter)z

Mycelial growth Spore
germination

Tetramycin PCA Kasugamycin Tetramycin

C. aenigma

HC3 2.5 ± 0.01 22.95 ± 6.39 >100 0.02 ± 0.00

SC7 2.59 ± 0.11 42.05 ± 12.64 >100 0.15 ± 0.01

YM8 2.51 ± 0.01 39.5 ± 14.03 >100 0.02 ± 0.01

C. fructicola

BM5 2.61 ± 0.12 19.54 ± 2.18 >100 0.02 ± 0.01

GX1 2.41 ± 0.08 24.67 ± 4.42 >100 0.02 ± 0.01

HC2 2.65 ± 0.22 24.67 ± 5.3 >100 0.02 ± 0.01

LC7 2.46 ± 0.11 32.24 ± 5.03 >100 0.03 ± 0.02

NC25 2.44 ± 0.01 20.14 ± 0.93 >100 0.01 ± 0.00

SC6 2.45 ± 0.13 26.16 ± 4.85 >100 0.02 ± 0.00

YH6 2.59 ± 0.07 15.61 ± 1.49 >100 0.02 ± 0.00

C. gloeosporioides

BM6 3.15 ± 0.46 40.71 ± 9.07 >100 0.04 ± 0.01

GX3 2.6 ± 0.19 40.47 ± 9.56 >100 0.02 ± 0.00

LC2 3.1 ± 0.46 40.21 ± 7.54 >100 0.02 ± 0.00

YM4 3.03 ± 0.35 38.03 ± 9.7 >100 0.01 ± 0.00

zData are mean ± standard error.
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growth temperatures of C. aenigma and C. fructicola, while
C. gloeosporioides s. s. isolates exhibited more tolerance to
high temperature, which was in concordance with previous
study results (Han et al., 2016). These data may provide
useful information for C. paliurus anthracnose control strategies:
fungicide applications should be timed before the optimum
growth temperature is reached.

Once infection occurs, the suppression of spore germination
and mycelial growth within the plant tissue plays a crucial role
in anthracnose management. In the present study, tetramycin
showed excellent inhibitory effect on the mycelial growth and
spore germination of the three Colletotrichum species (Table 6).
The satisfactory inhibitory activity against different life stages
of Colletotrichum species indicates that tetramycin may be
a potential alternative for the management of C. paliurus
anthracnose. In previous studies, the excellent curative and
protective activity of tetramycin has been widely reported in
Phytophthora blight, rice blast, tomato leaf mold, Corynespora
leaf spot, and cucumber gray mold (Zhao et al., 2010; Miao et al.,
2015; Song et al., 2016; Chen L. L. et al., 2017; Ma et al., 2018a,b),
demonstrating that tetramycin would be helpful to prevent the
occurrence and spread of plant diseases throughout the field.
Accordingly, protective and curative activity of tetramycin on
C. paliurus anthracnose in the field trials would be further studied
before it is put into use.
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Ypt1 is a small Rab GTPase in yeast, Gyp1 functions at the Golgi as a negative
regulator of Ypt1. Gyp1 homologs are conserved in filamentous fungi. However, the
roles of Gyp1 in phytopathogenic fungi are still unclear. Herein, we investigated the
functions of FgGyp1 in the wheat pathogen Fusarium graminearum by live-cell imaging,
genetic, and pathological analyses. Targeted gene replacement method was used to
delete FgGYP1 in F. graminearum. Phenotypic analyses showed that FgGyp1 is critically
important not only for the vegetative growth of F. graminearum but also its conidiation.
The mutant’s vegetative growth was significantly reduced by 70% compared to the
wild type PH-1. The virulence of FgGYP1 deletion mutant was significantly decreased
when compared with the wild type PH-1. We further found that FgGyp1 negatively
regulates DON production of the fungus. Live-cell imaging clearly demonstrated that
FgGyp1 mainly localizes to the Golgi apparatus. Moreover, the TBC domain, C-terminal,
and N-terminal regions of FgGyp1 are found to be indispensable for its biological
functions and normal localization. The Arg357 residue of FgGyp1 is essential for its
functions but dispensable for the normal localization of the protein, while the Arg284
residue is not required for both the functions and normal localization of the protein.
Furthermore, we showed that FgGyp1 essentially hydrolyzes the GTP-bound FgRab1
(activated form) to its corresponding GDP-bound (inactive) form in vitro, suggesting
that FgGyp1 is a GTPase-activating protein (GAP) for FgRab1. Finally, FgGyp1 was
found to be important for FgSnc1-mediated fusion of secretory vesicles from the Golgi
with the plasma membrane in F. graminearum. Put together, these data demonstrate
that FgGyp1 functions as a GAP for FgRab1 and is important for vegetative growth,
conidiation and virulence, and negatively regulates DON biosynthesis in F. graminearum.
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INTRODUCTION

Fusarium graminearum causes the Fusarium head blight (FHB)
of wheat, barley and other cereals, globally (McMullen et al.,
1997; Bushnell et al., 2003). FHB epidemics have been prevalent
in China since 2010 and caused enormous yield losses so far
(Chen et al., 2019). Furthermore, F. graminearum infestation has
serious negative impacts on human and animal health as the
pathogen renders the crops contaminated with mycotoxins, such
as zearalenone (ZEA) and trichothecenes, which when consumed
cause serious food poisoning (Bushnell et al., 2003; Chen et al.,
2019). In recent years, a number of studies demonstrated
that vesicles trafficking is indispensable for the fungal normal
development, pathogenicity, and DON production (Zheng et al.,
2015, 2018b,c; Zhang et al., 2016; Li et al., 2017, 2018, 2019; Xie
et al., 2019; Adnan et al., 2020).

Small Rab GTPases regulate vesicle trafficking processes in
eukaryotic cells, including endocytosis and exocytosis (Li and
Marlin, 2015). GTPase-activating proteins (GAPs) are negative
regulators of Rab GTPases, they do so by inactivating Rab
GTPases via promoting their GTPase activity (Mizuno-Yamasaki
et al., 2012). As regulators of Rab-dependent pathways, RabGAPs
regulate many diseases including bacterial and viral infections,
development of cancer, and onset of obesity in mammalian cells
(Mizuno-Yamasaki et al., 2012). So far, most identified RabGAPs
contain Tre2-Bub2-Cdc16 (TBC) domains (Fukuda, 2011). Gyp1
was previously shown to regulate the trafficking of vesicles from
the ER (endoplasmic reticulum) to the plasma membrane (Huang
et al., 2014). Gyp1 interacts in vitro with Ypt1, Ypt7, Ypt51, and
Sec4 (Du et al., 1998; Albert and Gallwitz, 1999). As a GAP of the
small GTPase Ypt1, Gyp1 negatively regulates Ypt1 on the Golgi
membrane (Du and Novick, 2001). The protein is also a GAP
for Sec4p, a protein involved in the secretion pathway (Du et al.,
1998). It has an arginine residue in its motif B sequence and such
residue is essential for its catalytic function (Albert and Gallwitz,
1999). Furthermore, the crystal structure of Gyp1 GAP domain
reveals important insights into the mechanism of its interaction
with Ypt/Rab proteins, showing that in the GAP reaction Gyp1
uses an arginine finger similar the interactions of Cdc42-GAP and
Ras-GAP (Rak et al., 2000).

In budding yeast, Gyp1 is dispensable for cell viability when
grown on nutrient-rich media at different temperatures (Du
et al., 1998) while 1gyp1 mutant shows defect in growth on a
medium at 37◦C (Du and Novick, 2001). In addition, the gyp1
deletion mutant showed minimal medium-specific growth defect
(Winzeler et al., 1999). A study in Candida albicans demonstrates
that Gyp1 is required for hyphal growth and Golgi polarization,
and it localizes to Golgi apparatus (Huang et al., 2014). However,
the functions of Gyp1 in other filamentous fungi particularly in
F. graminearum remain obscured.

In our previous study, we systematically characterized all the
11 putative Rab proteins in F. graminearum and found that
they are essentially required for growth and pathogenicity of
F. graminearum (Zheng et al., 2015). FgMon1, FgSec2A, and
FgVps9 proteins are GEFs (Guanine nucleotide exchange factors)
for FgRab7, FgRab8, and FgRab5, respectively (Li et al., 2015;
Zheng et al., 2018a; Yang et al., 2020). They are all required

for pathogenicity and development of F. graminearum. Recently,
we demonstrated that FgMsb3 protein is a GAP for FgRab8
and regulates hyphal tip expansion, polarized trafficking and
pathogenicity in F. graminearum (Zheng et al., 2020).

FgRab1 is critically important for F. graminearum normal
development (Zheng et al., 2015), but the upstream regulators of
FgRab1 are still unknown. The fact that Gyp1 serves as a GAP
of Ypt1/Rab1 in yeast prompted us to dissect the relationship
between FgGyp1 and FgRab1, as well as the function(s) of
FgGyp1 in F. graminearum. Our in vitro analyses indicate that
FgGyp1 is a GAP of FgRab1 and is important for growth,
conidiation, virulence, and DON biosynthesis of F. graminearum.

MATERIALS AND METHODS

Strains Used and Culture Conditions
The Supplementary Table 1 presents all the strains used
in this study. The culture media used in the study include
complete medium (CM) consisting (all in w/v) 0.6% casein acid
hydrolysate, 0.6% yeast extract, 1% sucrose, 2% agar (for solid
media) or starch yeast medium (SYM) consisting (all in w/v)
1% starch, 0.2% yeast extract, 0.3% sucrose, and 2% agar (Zheng
et al., 2015). The incubations were done at 28 ◦C for 3 days.
Previous protocols (Cappellini and Peterson, 1965; Zheng et al.,
2015; Fan et al., 2020) were used to assay for conidiation and
sexual reproduction.

FgGYP1 Gene Disruption and
Complementation
Previously reported protocols (Hou et al., 2002) were used for
the preparation of F. graminearum protoplasts and subsequent
transformations. The split-marker approach was used to generate
gene replacement constructs for the FgGYP1 (FGSG_17336)
deletion mutants. The Supplementary Table 2 presents all the
primers used for this purpose. Two gene deletion mutants
(1Fggyp1) were successfully generated and further confirmed
by Southern blotting. To reintroduce this gene into the mutant
(complementation), a vector harboring FgGyp1-GFP fusion
protein was generated by amplifying the coding sequence and
native promoter of FgGyp1 using FgGyp1CF and FgGyp1CR
primer pair (Supplementary Table 2). A Cloning Kit (Vazyme
Biotech Co., Ltd., China) was then used to insert the
amplicon into a pKNTG2 vector and the product was
sequenced for verification. The vector (pFgGyp1-GFP) was
then transformed into the protoplast of 1Fggyp1 mutant and
a complemented strain was successfully generated which has
similar phenotypes to the PH-1.

Constructions of pFgBet3-mCherry,
pFgGyp11N-GFP, pFgGyp11TBC-GFP,
pFgGyp11C-GFP, pFgGyp1R357K (R357K),
and pFgGyp1R284K (R284K) Point
Mutation Vectors
The pFgBet3-mCherry vector was constructed by amplification
of the 2,573-bp FgBet3 sequence (including its native promoter
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and coding sequence) using FgBet3CF and FgBet3CR primer pair
(Supplementary Table 2). The previously stated cloning kit was
used to clone the PCR product into a pKNT-mCherry plasmid
and the insertion was confirmed by sequencing. pFgGyp11N-
GFP, pFgGyp11TBC-GFP, pFgGyp11C-GFP and pR357K,
pR284K constructs were generated by PCR amplification of the
sequences using their respective primer pairs (Supplementary
Table 2) and pKNTG2 vector was used for the cloning and
verified by sequencing.

Pathogenicity and Deoxynivalenol
Production Assays
Flowering wheat heads were used to test for the pathogenicity of
the various strains as previously reported (Zheng et al., 2015).
Wheat coleoptiles were also used for this assy. Briefly, 2 µl of
100 × 104 cells/ml conidial suspension was inoculated in each
coleoptile and the observed symptoms were recorded after 7 days
of inoculation. To investigate their DON production abilities, the
various strains were cultured in TBI (trichothecene biosynthesis
induction) liquid media and incubated for 7 days in the dark at
28◦C without shaking, after which the mycelia were separated
from the liquid (Gardiner et al., 2009). An ELISA (enzyme linked
immunosorbent assay)-based DON assay kit (Beacon Analytical
Systems, Saco, ME, United States) was used to check for DON
levels in the liquids while the mycelia were quantified after drying.
The experiment was repeated three times.

GTPase Activity Assay
The sequences of FgRab1 cDNA, FgGyp1 cDNA, TBC domain
and R357K point mutant of FgGyp1 were cloned into the
MBP (Maltose-binding protein) vector pMAL-c2X, using their
respective primers listed in Supplementary Table 2, and
expressed. The protein products were isolated and purified for
GAP activity assay using a GTPase assay kit (Sigma-Aldrich,
Catalog Number MAK113) according to the manufacturer’s
protocols. GTP hydrolysis was assayed based on previous
reports (Xiong et al., 2012; Zheng et al., 2020). Briefly, the
recombinant proteins MBP–FgGyp1, MBP–FgGyp1TBC (TBC),
MBP–FgGyp1R357K (R357), and MBP–FgRab1 were expressed
in BL21 Escherichia coli strain and isolated by Amylose resin
(Sangon Biotech, NO.C500096) as per the instructions of the
manufacturer. A colorimetry-based kit was used (Sigma-Aldrich,
Catalog Number MAK113) to assay for the GTPase activity
of Gyp1, and FgRab1 was incubated with FgGyp1, FgGyp1TBC
(TBC), FgGyp1R357K (R357K), and MBP control, respectively,
following the instructions of the manufacturer. The experiment
was repeated three times.

Accession Numbers
Aspergillus fumigatus (AfGyp1-XP_749737.1), Candida albicans
(CaGyp1-XP_717292.1), Fusarium graminearum (FgGyp1-
PCD18761.1), Fusarium oxysporum (FoGyp1-EMT63394.1),
Fusarium verticillioides (FvGyp1-EWG40605.1), Magnaporthe
oryzae (MoGyp1-ELQ43659.1), Neurospora crassa (NcGyp1-
CAC18313.2), Saccharomyces cerevisiae (ScGyp1-NP_014713.1),

Schizosaccharomyces pombe (SpGyp1-NP_595314.1), and
Ustilago maydis (UmGyp1-XP_011391412.1).

Live Cell Imaging of Fusarium
graminearum
The live cell imaging of F. graminearum mycelia and conidia
was performed using an Olympus BX51 (Olympus, Japan)
microscope and a laser confocal microscope (Nikon, Japan).
The following settings were used. GFP excitation: 488 nm
light (Em.525/40 nm); mCherry excitation: 561 nm light
(Em. 607/36 nm).

RESULTS

FgGYP1 Gene Deletion and Confirmation
To identify the FgGYP1 gene in F. graminearum genome,
we used the budding yeast Gyp1 amino acid sequences as a
reference to carry out a BLAST search against the available
fungal genomes. We were able to identify a homolog of
Gyp1 at the FGSG_17336 locus of F. graminearum genome.
FGSG_17336 encodes a protein of 601 amino acid residues
and it is 40.53% similar to the yeast Gyp1, and it covers
61.00% of the total length of FgGyp1 and ScGyp1. The
phylogenetic relationship of Gyp1 homologs suggest that
Gyp1 is conserved in plant pathogenic fungi, especially
in Fusarium oxysporum, Fusarium verticillioides, Neurospora
crassa, and Magnaporthe oryzae (Supplementary Figure 1).
Furthermore, targeted gene replacement strategy was used to
delete FgGYP1 gene in PH-1 (wild type) where many positive
mutants were identified by PCR screening (Supplementary
Figure 2A). Two of these mutants (1Fggyp1-2 and 1Fggyp1-
5) were subjected to Southern blotting for confirmation
(Supplementary Figure 2B).

FgGyp1 Plays an Important Role in
Vegetative Growth and Conidiation
To determine whether FgGyp1 is required for the fungal
vegetative growth, we cultured the 1Fggyp1 mutant on
CM (complete media) and monitored its growth rate after
3 days. Compared to the PH-1 and 1Fggyp1-C (complemented
strain) strains, the 1Fggyp1 growth rate was critically reduced
(Figures 1A,B and Table 1). Close microscopic examinations
indicated numerous branching in the 1Fggyp1 mutant hyphae
which was not observed in PH-1 and 1Fggyp1-C strains
(Figure 1A). These results suggest that FgGyp1 is important for
F. graminearum vegetative growth and hyphal polarity.

The major F. graminearum inoculums that infect flowering
wheat heads are the conidia (Francl et al., 1999). As such,
we inoculated the wild type PH-1, 1Fggyp1, and 1Fggyp1-
C strains on carboxymethylcellulose (CMC) media at 28◦C
for 3 days for conidia production. As shown in Table 1,
the conidiation of 1Fggyp1 mutant decreased significantly
when compared to those produced by PH-1 and 1Fggyp1-C
strains, suggesting that FgGyp1 plays an important role in the
fungal conidiogenesis. In addition to conidia, the ascospores
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FIGURE 1 | FgGyp1 is required for vegetative growth and virulence of Fusarium graminearum. (A) Colonies morphology of the wild type (PH-1), 1Fggyp1 mutant,
and 1Fggyp1-C (the complemented strain) after growth on CM agar for 3 days. (B) Statistical analysis of the colony diameters of the PH-1, 1Fggyp1, and
1Fggyp1-C strains on CM medium after 3 days. Error bars represent the standard deviation from three replicates and Two-tailed Student’s t-test was used for paired
comparison of the colony diameters between 1Fggyp1 mutant and the wild type PH-1 strain (**P < 0.01). (C) Pathogenicity test of PH-1, 1Fggyp1, and
1Fggyp1-C strains inoculated on wheat heads for 14 days. The virulence of 1Fggyp1 mutant is significantly reduced. (D) Pathogenicity of PH-1, 1Fggyp1, and
1Fggyp1-C strains on wheat coleoptiles after 7 days of inoculation. The virulence of 1Fggyp1 mutant is significantly decreased.

of F. graminearum are also an important inoculum in its
infection cycle. However, sexual reproduction and ascospore
formation are not significantly affected by FgGYP1 deletion
(Supplementary Figures 3A,B).

FgGyp1 Is Required for Virulence and
Negatively Regulates the Biosynthesis of
DON
To investigate the effect of FgGYP1 deletion on the pathogenicity
of the fungus, the mutant and the controls were inoculated on
flowering wheat heads under moist condition for 14 days. As
shown in Figure 1C, deletion of FgGYP1 gene caused significantly

decreased infection capability to wheat heads. The average disease
index (diseased spikelets per head) for 1Fggyp1 mutant is less
than six while the disease index of PH-1 and 1Fggyp1-C strains
are more than 13 (Table 1). Furthermore, infection assays on
wheat coleoptiles yielded similar results (Figure 1D). Taken
together, our data here demonstrate that FgGyp1 is important for
F. graminearum virulence.

In F. graminearum, deoxynivalenol (DON) has been widely
studied as an important mycotoxin and virulence factor (Proctor
et al., 1995). To investigate whether FgGyp1 is required for
DON production, we checked and compared the levels of DON
in the PH-1, 1Fggyp1, and 1Fggyp1-C strains cultured in
liquid TBI media for 7 days at 28◦C in the dark. We found
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that 1Fggyp1 mutant showed strikingly higher level of DON
production than the wild type PH-1 (Table 1, the standard curves
for quantification of the DON were showed in Supplementary
Figure 4), suggesting that FgGyp1 negatively regulates DON
biosynthesis in F. graminearum. However, we found that the
trichothecene biosynthesis proteins FgTri1-GFP and FgTri4-
GFP retain their normal localizations at the toxisomes of
both strains, meaning that FgGyp1 is dispensable for their
localizations (Figure 2).

FgGyp1 Localizes to the Trans-Golgi
Network in Fusarium graminearum
To establish the sub-cellular localization of FgGyp1, we
generated and transformed a FgGyp1-GFP-expressing vector
into the 1Fggyp1 mutant protoplasts. The positive transformants
were then subjected to live cell confocal microscopy. As
shown in Figure 3, FgGyp1-GFP fluorescence were clearly

TABLE 1 | Phenotypic characterization of 1Fggyp1 mutant.

Strain Colony diameter Conidiation Disease DON

(cm)1 (× 104/ml)2 index3 (mg/g)4

PH-1 5.87 ± 0.06 192.63 ± 3.94 13.22 ± 2.76 29.45 ± 7.61

1Fggyp1 1.38 ± 0.13** 50.13 ± 5.32** 5.88 ± 1.85** 68.34 ± 4.61*

1Fggyp1-C 5.81 ± 0.20 184.88 ± 27.28 13.33 ± 2.68 32.34 ± 8.45

1Colony diameter was measured after incubating on CM agar plates for 3 days.
2Conidiation was measured by counting the number of conidia in CMC
media for 3 days.
3Disease index was rated by the number of symptomatic spikelet after inoculation
in field for 2 weeks.
4DON was determined in liquid TBI media at 28◦C for 7 days.
Mean and standard error were calculated from three independent measurements.
Two-tailed Student’s t-test was used for paired comparison between 1Fggyp1
mutant vs. wild type PH-1 (**P < 0.01; *P < 0.05).

FIGURE 2 | FgGyp1 is dispensable for FgTri1/FgTri4-mediated toxisome
formation. (A) Localization of FgTri1-GFP protein in the PH-1 and 1Fggyp1
mutant. Deletion of FgGYP1 did not affect the formation of
FgTri1-GFP-labeled toxisome. (B) Localization of FgTri4-GFP protein in PH-1
and 1Fggyp1 mutant. Deletion of FgGYP1 did not affect the formation of
FgTri4-GFP-labeled toxisome.

FIGURE 3 | The localization of FgGyp1-GFP fusion protein in non-germinating
and germinating conidia (0.5 and 2 h), mycelia (18 h), and conidiophore of
Fusarium graminearum.

visible as puncted structures distributed through the conidia
and conidiophores of the fungus at all developmental stages
(0.5, 2, and 18 h). In yeast, Gyp1 localizes to the Golgi
apparatus (Du and Novick, 2001). To check whether the
observed puncta are localized to the Golgi apparatus,
several Golgi markers were generated, including the trans-
Golgi network (TGN) marker, FgKex2-mCherry, cis-Golgi
marker, FgBet3-mCherry, and the medial Golgi marker,
mCherry-FgGos1 (Thomas et al., 2018). These constructs
were co-transformed with FgGyp1-GFP, respectively, into the
1Fggyp1 mutant and their intracellular localization examined
by confocal microscopy. As shown in Figure 4, we found
that FgGyp1-GFP partially colocalizes with FgKex2-positive
TGN (61.72 ± 4.67% colocalization), FgBet3-positive cis-
Golgi (28.79 ± 12.03% colocalization) and FgGos1-positive
medial Golgi (14.71 ± 6.48% colocalization) in CM medium.
We therefore conclude here that FgGyp1 mainly localizes
to the TGN.

FgGyp1 Functions as a GAP for FgRab1
Ypt1/Rab1 is a substrate for Gyp1 in yeast (Albert and Gallwitz,
1999). This prompted us to check if FgGyp1 is a GTPase-
activating protein (GAP) for Rabs in F. graminearum. To
achieve this, we investigated its Rab GAP activity in vitro
by cloning and expressing its full-length and FgRab1
in BL21 cells, respectively. We then analyzed FgGyp1
GTP-hydrolyzing potential by quantifying the amount
of phosphate moiety released by activated (GTP-bound)
FgRab1. As shown in Figure 5, we found that FgGyp1
has higher efficiency in hydrolyzing GTP-bound FgRab1
than the control. Furthermore, we equally found that
the TBC domain of FgGyp1 more efficiently hydrolyzes
GTP-bound FgRab1 than the control. The arginine 343
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FIGURE 4 | The co-localization of FgGyp1 with trans-Golgi network (TGN, FgKex2-mCherry), cis-Golgi marker (FgBet3-mCherry), and medial Golgi marker
(mCherry-FgGos1) in Fusarium graminearum. (A) FgGyp1 partially co-localized with FgKex2-positive TGN (61.72 ± 4.67% co-localization). Arrows show
co-localization. (B) FgGyp1 partially co-localized with FgBet3-positive cis-Golgi (28.79 ± 12.03% co-localization). Arrows show co-localization. (C) FgGyp1 partially
co-localized with FgGos1-positive medial Golgi (14.71 ± 6.48% co-localization). Arrows show co-localization.

residue (Arg343) of the TBC domain of Gyp1 in yeast was
shown to be essential for the Gyp1 GAP activity (Du and
Novick, 2001). For this reason, we identified the conserved
Arginine residue in FgGyp1 (Arg357) and analyzed its role
in FgGyp1 GAP activity. We observed that the FgGyp1
GAP activity was significantly decreased when Arg357
residue of FgGyp1 was mutated to lysine (R357K), as
shown in Figure 5. Considering these data, we conclude
that FgGyp1 catalytically converts an active (GTP-bound)
FgRab1 to its inactive (GDP-bound) form through its TBC

FIGURE 5 | FgGyp1 functions in vitro as a FgRab1 GAP in Fusarium
graminearum. In vitro GAP activity assay of FgGyp1. Control: MBP protein.
One unit represents the amount of FgGyp1 catalyzing the release of 1 µM free
phosphate/min under the experimental conditions. 1.6 µg MBP, 1.6 µg
MBP-FgGyp1, 1.6 µg MBP-TBC, 1.6 µg MBP-R357K, and 0.4 µg
MBP-FgRab1 proteins were used in the GAP activity assay, respectively.
Two-tailed Student’s t-test was used for paired comparison of the GAP activity
between MBP control and the full lengths of FgGyp1, TBC domain and
R357K, respectively (*P < 0.05). ns, ‘no significant difference’.

domain, and Arg357 residue is an important GTP-hydrolyzing
residue of FgGyp1.

Functional Characterizations of TBC
Domain, Arg357/284 Residues and the
N/C-Terminal Regions of FgGyp1
Since the TBC domain (with its Arg357 residue) is required
for FgGyp1 GAP activity, we set to find out to the roles of
this domain as well as its Arg357 residue in the biological
functions of FgGyp1 in F. graminearum. To unveil this, we
generated the following forms of FgGyp1-GFP fusion constructs:
Fggyp11TBC-GFP (lacking the TBC domain), Fggyp1R357K-
GFP (mutation of the arginine 357 residue with lysine),
Fggyp1R284K-GFP (having arginine 284 replaced with lysine,
control), Fggyp11N-GFP (lacking the N-terminal aa 1–280),
and Fggyp11C-GFP (lacking the C-terminal aa 543–601)
(Figure 6A). We transformed these constructs into separate
protoplasts of 1Fggyp1 mutant and analyzed the phenotypes
of each of these mutants and further examined their respective
intracellular localizations by confocal microscopy. Figures 6B–
F shows that 1TBC, 1N, 1C, and R357K mutants exhibit
phenotypes similar to the defects observed in the 1Fggyp1
mutant, including impaired vegetative growth, conidiation,
virulence, and DON production. In contrast, the phenotypes
of R284K mutant remain similar to those of the controls
(Figures 6B–F), suggesting that Arg284 is not required for the
function of FgGyp1.

Moreover, the aforementioned mutants were further analyzed
for their roles in the subcellular localization of FgGyp1
protein. Figure 7 depicts that Arg284 and Arg357 residues
are expendable with respect to FgGyp1 localization since their
deletions do not significantly affect the localization of the
protein. However, deletions of TBC domain, N-terminal, and
C-terminal regions of the FgGyp1 displayed diffused GFP signals
in the cytoplasm instead of the normal puncted appearance,
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FIGURE 6 | Functional characterization of TBC domain, Arg357/284 residues and the N/C-terminal regions of FgGyp1. (A) Schematic diagram of FgGyp1-full
length, TBC domain mutant, Arg357/284 residues mutants, N-terminal, and C-terminal mutants. (B,C) Colony morphologies and diameters of PH-1, 1Fggyp1,
1TBC,1N, 1C, R284K, R357K, and 1Fggyp1-C strains on CM after 3 days. (D,E) Pathogenicity and disease indexes of the indicated strains on wheat heads.
(F) DON production of the indicated strains in liquid TBI media. Two-tailed Student’s t-test was used for paired comparison of the diameter, disease index, and DON
production between wild type PH-1 and the indicated strains, respectively (*P < 0.05; **P < 0.01).

suggesting that these domains play an important role to
the subcellular localization of FgGyp1. Taken together, we
conclude that the TBC domain, N-terminal, and C-terminal
regions are all required for FgGyp1 functions and normal
localization in F. graminearum. Arg357 residue is equally
important for the functions of FgGyp1 but not for its
correct localization.

FgGyp1 Is Important for Plasma
Membrane Localization of the v-SNARE
FgSnc1
Membranes fusion and scission are known to be regulated by
SNARE (soluble N-ethylmaleimide-sensitive factor attachment
receptor) proteins during vesicle fission and delivery, respectively
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FIGURE 7 | The normal localization of FgGyp1 requires its TBC domain, C-, and N-terminal regions. Mutations of Arg284 and Arg357 residues did not significantly
affect the localization of FgGyp1. However, deletion of the TBC domain, N-terminal, and C-terminal regions of the protein caused the GFP signals to diffuse
throughout the cytoplasm.

(Hong, 2005). In yeast, Snc1 (a SNARE protein) mediates
the fusion of vesicles from the Golgi with the plasma
membrane (Lewis et al., 2000). We previously demonstrated
in F. graminearum that FgSnc1 mediates polarized secretion
and fusion of vesicles (Zheng et al., 2018c). To unveil the
role of FgGyp1 in vesicles fusion with the plasma membrane,
we transformed GFP-FgSnc1 construct into the PH-1 and
1Fggyp1 protoplasts and subsequently observed their cellular
localizations. Figure 8 clearly shows that in PH-1, GFP-FgSnc1
is localized on the cell membrane and accumulates at the
spitzenkörper (SPK) of the growing hyphal tip (Figures 8A,B
and Supplementary Video 1). In the 1Fggyp1 mutant, the
fluorescence of GFP-FgSnc1 was similarly detected at the SPK of
the growing hyphae but its plasma membrane localization was
almost completely abolished (Figures 8A,B and Supplementary
Video 2). These results suggest that FgGyp1 is important for
FgSnc1-mediated fusion of vesicles with the plasma membrane
in F. graminearum.

DISCUSSION

Rab GTPases serve as primary regulators of intracellular
membrane trafficking processes (Stenmark, 2009). GTPase-
activating proteins (GAPs) inactivate Rabs as when needed
by hydrolyzing their GTP to GDPs (Mizuno-Yamasaki et al.,
2012). Most identified RabGAPs contain Tre2-Bub2-Cdc16
(TBC) domains in mammals (Fukuda, 2011). In this study,

we investigated the role of a TBC domain-containing protein
FgGyp1 in the wheat pathogen F. graminearum and found
that FgGyp1 acts as a GAP for FgRab1 in vitro and is
importantly required for conidiation, virulence, vegetative
growth and DON production in F. graminearum. Furthermore,
FgGyp1 is found to regulate the FgSnc1-mediated fusion of
secretory vesicles emerging from the Golgi compartment with
the cell membrane.

Previously, De Antoni et al. (2002) demonstrated in vivo
that GYP genes in yeast are redundant in their functions
as mutants of a single GYP gene remain viable. In this
study, we found that a FgRab1-GAP is critical for the
development of F. graminearum and its mutants are severely
impaired in intracellular vesicle trafficking processes. There
are 12 TBC domain-containing proteins in F. graminearum
genome, and recently, the TBC domain-containing protein
FgMsb3 was shown to act as a GAP for FgRab8 and
is also important for F. graminearum pathogenicity and
development (Zheng et al., 2020). When compared to the
observed roles in yeast, these findings imply more elaborate
biological roles of GAPs during fungal evolution. Interestingly,
1Fggyp1 mutant is observed to grow even slower than the
1Fgmsb3 mutant (Zheng et al., 2020) but the latter is
more impaired in virulence than the former, suggesting a
less important role of FgGyp1 in virulence than FgMsb3 in
F. graminearum.

Gyp1 has dual functions, as a GAP for Ypt1 and as
an interacting partner of Atg8 in selective autophagy
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FIGURE 8 | FgGyp1 is important for plasma membrane localization of the SNARE protein FgSnc1. (A) GFP-FgSnc1 localization in the various strains. GFP-FgSnc1
localizes to the plasma membrane of the wild type, while the membrane localization is abolished in the 1Fggyp1 mutant. (B) Line scans for GFP-FgSnc1 localization
in the wild type and 1Fggyp1 mutant.

(Mitter et al., 2019). For its stability and normal subcellular
localization, Gyp1 (a GAP for Ypt1) needs to interact with
Ypt32 (Rivera-Molina and Novick, 2009). Gyp1 localizes
to the Golgi apparatus in yeast and C. albicans (Du and
Novick, 2001; Huang et al., 2014). Moreover, Gyp1 is
critically required for Golgi polarization in C. albicans
(Huang et al., 2014). Here, we found that FgGyp1 mainly
localizes to the FgKex2-positive TGN, FgBet3-positive
cis-Golgi and FgGos1-positive medial Golgi, suggesting
that FgGyp1 could be involved in various Golgi-related
physiological process.

Effective vesicle trafficking of a cell depends on normal
localization of Rab GTPases (Thomas et al., 2019). The targeting
signal for these proteins is HVD (hypervariable domain), located
at their C-termini. In this study, the C- and N-terminal
regions of FgGyp1 are both required for its functions and
localization in F. graminearum. A previous study indicated
that the polarization of Gyp1 to the growth site is regulated
through its phosphorylation by PKA (protein kinase A) in
C. albicans (Huang et al., 2014); four serine residues are
present at the N-terminal regulatory domain of Gyp1 and are
phosphorylated by PKA. These serine residues and the Arg292
residue inside the catalytic domain of CaGyp1 are required
for the polarization of CaGyp1. Here, we showed that the
Arg357 residue close to the N-terminus of FgGyp1 is required
for its hydrolyzing activity and functions in F. graminearum
but not for its correct localization. We showed previously in
F. graminearum that FgMsb3 TBC domain has an Arg681 residue
that is indispensable for FgMsb3 functions, but not for the
normal localization of the protein (Zheng et al., 2020). The
Sec2 domain and N-terminal region of FgSec2A are dispensable
for its polarized localization but required for its functions
(Zheng et al., 2018a).

The role of SNAREs and Rab/Ypt GTPases in targeting
vesicles to their right compartments ensures trafficking pathways
specificity (Segev, 2001). In yeast, recycling of Snc1 protein

ensures the continuity of the secretion pathway and Gyp1 GAP
activity is needed for Snc1 recycling (Lewis et al., 2000). In
yeast, Ypt6 and Ric1/Rgp1 (guanine-nucleotide exchange factor
for Ypt6) are also crucial for recycling of Snc1 (Siniossoglou
et al., 2000). FgRab8 and its GAP FgMsb3 are required for
vesicle secretion and trafficking during exocytosis mediated by
FgSnc1 (Zheng et al., 2020). We found that FgGyp1 regulates
the fusion of secreted vesicles from the Golgi with the cell
membrane, suggesting a conserved role of Rab/Ypt GAP in
vesicle transport.

In this study, DON production is significantly increased
in the 1Fggyp1 mutant, suggesting that FgGyp1 negatively
regulates DON metabolism. The 1Fggyp1 mutant grows very
slowly while its disease index to flowering wheat heads
reaches 5.88 likely due to the increasing production of DON
in this mutant. In summary, the present research identified
FgGyp1 as a FgRab1 GAP that is indispensable for conidiation,
virulence, growth, and DON biosynthesis in F. graminearum.
Furthermore, FgGyp1 is critical for the regulation of FgSnc1-
mediated fusion of secreted vesicles from the Golgi with
the cell membrane.
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Fusarium species have been identified as pathogens causing many different plant
diseases, and here we report an emerging banana leaf blight (BLB) caused by F. sacchari
(Fs) discovered in Guangdong, China. From the symptomatic tissues collected in the
field, a fungal isolate was obtained, which induced similar symptoms on healthy banana
seedlings after inoculation. Koch’s postulates were fulfilled after the re-isolation of
the pathogen. Phylogenetic analysis on two gene segments and the whole genome
sequence identified the pathogen belonging to Fs and named as Fs str. FS66.
A 45.74 Mb genome of FS66 was acquired through de novo assembly using long-
read sequencing data, and its contig N50 (1.97 Mb) is more than 10-fold larger than
the previously available genome in the species. Based on transcriptome sequencing
and ab initio gene annotation, a total of 14,486 protein-encoding genes and 418
non-coding RNAs were predicted. A total of 48 metabolite biosynthetic gene clusters
including the fusaric acid biosynthesis gene cluster were predicted in silico in the FS66
genome. Comparison between FS66 and other 11 Fusarium genomes identified tens
to hundreds of genes specifically gained and lost in FS66, including some previously
correlated with Fusarium pathogenicity. The FS66 genome also harbors widespread
gene transfer on the core chromosomes putatively from F. oxysporum species complex
(FOSC), including 30 involved in Fusarium pathogenicity/virulence. This study not only
reports the BLB caused by Fs, but also provides important information and clues for
further understanding of the genome evolution among pathogenic Fusarium species.

Keywords: banana leaf blight, Fusarium sacchari, de novo assembly, comparative genomics, gene transfer

INTRODUCTION

Bananas (Musa spp.) are one of the most important crops in the world that has been widely
planted as staple food or fruit in many tropical and subtropical regions. China is one of the largest
banana production countries, and most banana cultivars planted in China belong to the Cavendish
subgroup of the AAA banana cultivar group (Musa acuminata). In recent years, the production
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of banana in China has been affected by several diseases,
especially the catastrophic Panama disease (or Fusarium wilt)
caused by Fusarium oxysporum f. sp. cubense (Foc) tropical race
4 (Ploetz, 2006; Dong et al., 2013), and new diseases have been
keeping emerging (Fan et al., 2016; Du et al., 2017; Zhou et al.,
2017). Immediate report of new diseases and understanding of
their characteristics are essential for controlling their damage to
the banana industry.

The genus Fusarium includes more than 20 monophyletic
species complexes and several monotypic lineages involving
many destructive plant pathogens (O’Donnell et al., 2015). In
this study, the pathogen Fusarium sacchari (Fs) of the reported
banana leaf blight (BLB) disease belongs to the Fusarium fujikuroi
species complex (FFSC) which includes approximately 50 species
(O’Donnell et al., 2015). FFSC is phylogenetically close to
Fusarium oxysporum species complex (FOSC) which includes
Foc (Maryani et al., 2019). Fs could cause growth disease on
sugarcane (Bao et al., 2020; Yao et al., 2020) and oil palm
(Suwandi et al., 2018), and postharvest fruit rot on lady finger
banana (Riolo et al., 2020). Several other studies suggested that
different Fs strains could harbor distinct pathogenicity toward
bananas. An Fs isolate was isolated from banana fruit in 2013,
but its pathogenicity was untested (Zeng et al., 2013). In another
study, Fs and 10 other species were isolated from rot banana
fruit, and only Fs isolates could not induce fruit rot after
inoculation on healthy fruit (Abd Murad et al., 2017). Two
FFSC isolates, F. verticillioides str. M108 and Fs str. M7, were
isolated from pseudo-stem and leaves of Musa spp. ABB plants
with Panama disease in Southern Mexico, respectively, but no
evidence robustly supported they could cause symptoms through
root inoculation (Maldonado-Bonilla et al., 2019). Overall, to our
knowledge, Fs has not been related to any banana growth disease
yet. Except for Foc and Fs, at least seven other Fusarium species
have been linked to distinct banana diseases (Jones, 1997; Du
et al., 2017). The large number of pathogenic Fusarium species
and frequently identified new pathogenic strains toward bananas
suggest that many Fusarium species have the potential to develop
pathogenicity toward bananas.

Gene transfer through horizontal gene transfer (HGT) or
introgression might have contributed to the development of
new pathogenicity in the Fusarium genus. In recent years,
more and more knowledge has been achieved on the impact
of HGT on eukaryotic evolution, especially for unicellular
organisms (Fitzpatrick, 2012), which refers to the non-sexual
transmission of genetic material between organisms in nature
(Keeling and Palmer, 2008). HGT could confer nutrition-related
fitness (Milner et al., 2019) and modify the pathogenicity and
host range (Alexander et al., 2016; Zhang et al., 2019) of fungi.
In Fusarium, HGT of genetic materials has been observed in
multiple species from divergent organisms (Ma et al., 2013; Sieber
et al., 2014; Gao et al., 2019; Kim et al., 2020) and between
close relatives within the genus (Liu et al., 2019; Bredeweg and
Baker, 2020). Because no sexual cycle has been observed in FOSC,
the homologous recombination events were all considered as
HGT events in the group (Liu et al., 2019), but the possibility
of introgression through rare inter-population or inter-species
hybridization followed by multiple backcrossings could not be

completely excluded. In FOSC, HGT of effector genes on the
lineage-specific accessory or chromosomes has been related to
pathogenicity gain and host range alteration (Ma et al., 2010;
Laurence et al., 2015; van Dam et al., 2017; Czislowski et al.,
2018). Recently, HGT has also been observed on multiple genes
located on the core chromosomes within FOSC and between
FOSC and FFSC (Liu et al., 2019; Bredeweg and Baker, 2020),
suggesting that HGT in the genus could be more widespread
than previously expected. HGT and introgression occur through
different mechanisms and both cause gene transfer (Schmickl
et al., 2017), and HGT could occur among more divergent
organisms. When happening between phylogenetically close
populations or species, the outcome of HGT and introgression
could converge and be indistinguishable. Introgression was even
considered as a path of HGT in some literature (Choudhuri,
2014; Bredeweg and Baker, 2020), which is controversial since it
conflicts with the definition of HGT. In FFSC, teleomorphs have
been observed in only about one-fifth of the species in the group
including Fs (Leslie et al., 2005; Montoya-Martínez et al., 2019),
suggesting that introgression could also have played a role in gene
transfer from other species in Fs genomes.

In this study, we reported the BLB disease caused by Fs
str. FS66 for the first time. The pathogen of the disease was
confirmed by fulfilling Koch’s postulates. We acquired a high-
quality genome assembly and the whole-genome gene annotation
for Fs. Through comparative genomics and phylogenetic analysis,
we also revealed the lineage-specific gene gain and loss and gene
transfer at the whole-genome scale in the FS66 genome.

MATERIALS AND METHODS

Plant Materials and Pathogen Isolation
Banana leaves showing leaf blight symptoms were collected from
three different ‘Baxi’ banana plants in a banana orchard (113◦58′
E, 23◦34′ N) located in Longmen, Guangdong, in July 2016.
Pieces (0.5 × 0.5 cm) were cut from the margin of the infected
lesions, surface sterilized with 70% ethanol for 30 s, followed by
0.3% NaClO solution for 1–2 min, and then rinsed three times in
sterile water. Three to five pieces from each original plant were
placed on potato dextrose agar (PDA) medium and incubated in
darkness at 25◦C. Single spore cultures were obtained from each
growing colony and subjected to morphological characterization.

Inoculation of Candidate Pathogen on
Banana Seedlings
Only one type of fungal colony was obtained from the last step.
One isolate from each plant was subjected to a pathogenicity
test. Two different inoculation methods were used to inoculate
the isolates on 1-month ‘Baxi’ banana seedling leaves. In the
first method, we dipped the leaves of three replicate seedlings
in conidial suspensions (1.0 × 106 CFU/ml) of each isolate for
10 s, and another three seedlings were dipped in distilled water
as a control. In the second method, five puncture wounds were
made on both sides of the leaves of banana seedlings using
sterilized needles. On three replicate seedlings for each isolate,
one side of each wounded leaf was inoculated with three conidial
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suspensions (1.0× 106 CFU/ml) drops (5 µl) of the isolate while
the other half were treated with distilled water as a control. The
plants from different treatment groups were grown in separate
growth chambers at 25◦C with a 16 h photoperiod each day. After
leaf blight symptoms were observed on the inoculated leaves,
the fungus was re-isolated using the same method described
in the previous section. The isolates from different plants were
later confirmed to be identical and named FS66, which was also
inoculated onto five pseudo-stems of 1-month old ‘Baxi’ banana
seedling using both the methods applied on the leaves. The same
number of negative controls were inoculated with water. To test
if the isolate could invade through banana roots, we applied
root inoculation on five 1-month old ‘Baxi’ banana seedlings as
described in the study of Araújo et al. (2017). A pathogenic Foc
tropical race 4 isolate was inoculated as the positive control, and
distilled sterile water was used as the negative control on an equal
amount of seedlings. The plants were kept in the greenhouse, and
the symptom development was recorded over 2 months.

Extraction of DNA and RNA
DNA mixture of the host plant and the pathogen was
extracted from symptomatic banana leaf tissues was carried
out using the modified CTAB method (Gawel and Jarret,
1991). Total genomic DNA was extracted from three single
conidium cultures from different plants grown on PDA
using the AxyPrep Multisource Genomic Miniprep DNA
kit (Axygen, New York, NY, United States) following the
instruction. RNA for transcriptome sequencing was extracted
from one single conidium fungal culture using the AxyPrep
Multisource Genomic Miniprep RNA kit (Axygen, New York,
NY, United States). The quality of the DNA and RNA
were checked using both Nanodrop 2000c Spectrophotometers
(Thermo Fisher Scientific, Waltham, MA, United States) and
agarose gel electrophoresis.

Detection of Putatively Existing Foc in
Symptomatic Tissues
We applied the Foc detection method described by Li et al.
(2012) on both DNA extracted from the symptomatic leaf tissues
and that from the fungal culture, except that primers in the
multiplex PCR for amplifying the race 1 and race 4 were run
in separate tubes. The Foc race 1 specific primers are W1805F:
5′-GTTGAGTCTCGATAAACAGCAAT-3′, and W1805R: 5′-
GACGAGGGGAGATATGGTC-3′. The Foc race 4 specific
primers are W2987F: 5′-GCCGATGTCTTCGTCAGGTA-3′ and
W2987R: 5′-CTGAGACTCGTGCTGCATGA-3′. The amplicons
were subjected to agarose gel electrophoresis, and PCR amplicons
using DNA of our previously obtained Foc race 1 and race
4 isolates FOC1 and FOC4 as templates were added as the
positive control.

Identification of the Pathogen by
Molecular Phylogeny
To determine the taxon of the pathogen, we sequenced a segment
of the internal transcribed spacer (ITS) and partial coding
sequence of the second-largest subunit of RNA polymerase II

(RPB2) of three isolates from three different plants. The primers
used for ITS amplification were ITS1 and ITS4 (White et al.,
1990), and RPB2-7cR and RPB2-5F (Reeb et al., 2004) were
applied in amplification of the RPB2 segment. Each amplification
reaction included 25 µl of 2 × EasyTaq PCR SuperMix
(TransGen Biotech, China), 2 µl (10 mM) of each primer, and
17 µl of double-distilled water in a final volume of 50 µl. The
amplification program was set as follows: an initial denaturation
step at 94◦C for 5 min, followed by 36 cycles consisting of 30 s at
94◦C, 1 min at 54◦C, and 5 min at 72◦C, and a final elongation
step of 10 min at 72◦C. PCR reactions were performed on a BIO-
RAD T100TM PCR machine (Bio-Rad Laboratories, Hercules,
CA, United States). Sanger sequencing of the amplicons was
carried out by Sangon Biotech (Shanghai, China).

We searched the sequences of both the segments against the
NCBI nt (non-redundant nucleotide) database using BLASTN
algorithm (Boratyn et al., 2013), and sequences of a few isolates
from Fs and several close Fusarium species were downloaded for
phylogenetic analysis. Multiple sequence alignment was carried
out using Clustal X v2.1 (Larkin et al., 2007), and phylogenetic
trees were constructed using both Neighbor-joining (NJ) and
Maximum likelihood (ML) methods implemented with 1000
rounds of bootstrap tests in MEGA X v10.1 (Kumar et al., 2018).

Optimal Temperature and pH for the
Pathogen Growth on PDA
We carried out three replicates for each culture condition in this
section. To find the optimal temperature for the growth of FS66,
we inoculated it on PDA (pH = 7.0) plates and kept them in
incubators set at 5, 10, 20, 25, 30, 35, and 40◦C under darkness. To
study its tolerance to different pH values, we inoculated it on PDA
mediums adjusted to pH 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 with
NaOH and HCl solutions, which were incubated in darkness at
25◦C. The diameters of the colonies were measured and recorded
for a week after inoculation.

Whole-Genome Sequencing and de novo
Assembly
The whole genome of FS66 was sequenced using both PacBio
sequencing and next-generation sequencing (NGS) by NovoGene
(Beijing, China). PacBio sequencing libraries were constructed
following the 20 kb SMRTbellTM (Pacific Biosciences, CA,
United States) protocol and subjected to sequencing on the
PacBio Sequel System (Pacific biosciences, CA, United States).
We acquired 1,682,281 PacBio sequencing reads totaling
13.39 Gb, with an average length of 7,959 bp and an N50 of
10,432 bp. For NGS, a library with on average 350 bp insertion
size was constructed, and 2 × 150 bp pair-end sequencing
was implemented on an Illumina HiSeq 4000 instrument
(Illumina, CA, United States). We acquired a total of 2.18 Gb
clean reads by NGS.

De novo assembly using Pacbio reads was carried out with
Miniasm v0.3 (Li, 2016). Polishing of the assembly was carried
out using Racon v1.4.3 (Vaser et al., 2017) and Pilon v1.23
(Walker et al., 2014) with Pacbio reads and NGS sequencing reads
respectively. The mitochondrial genome was manually corrected
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by integrating contigs and removing redundant regions caused
by the circular topology at the ends. The assembly parameters,
including N50, L50, et al., were evaluated using QUAST v5.0.2
(Gurevich et al., 2013).

Transcriptome Sequencing and
Assembly
The RNA extracted from the fungal culture was subjected to
RNA-seq by NovoGene (Beijing, China). mRNAs were enriched
with oligo(dT) before the 350 bp insertion-size pair-end RNA-
seq library was constructed. High-throughput sequencing was
carried out on an Illumina HiSeq 4000 instrument and a total
of 7.35 Gb pair-end reads (2 × 150 bp) were acquired. The
RNA-seq data were mapped to the FS66 assembly by HISAT2
v2.2.1 (Kim et al., 2019) and assembled using both StringTie
v2.1.4 (Pertea et al., 2015) and Class2 (Song et al., 2016). Then
we picked up the high-quality assembled transcripts with intact
coding regions from transcriptome sequencing using Mikado
v1.5 (Venturini et al., 2018).

Gene Structure Annotation
Mitochondrial and nuclear genomes were annotated separately
for FS66. We predicted the repetitive elements in the genome
with the Extensive de novo TE Annotator (EDTA) pipeline (Ou
et al., 2019) and soft masked the assembly before ab initio
gene structure annotation. Nuclear protein-encoding genes were
predicted using both ab initio prediction and evidence-based
inference methods. First, the high-quality transcripts assembled
in the last step were mapped to FS66 via minimap2 v2.17
(Li, 2018) in long mRNA read mode. Based on the transcript
assembly and Fusarium protein sequences downloaded from
NCBI database, Augustus v3.2.3 (Stanke et al., 2006) was
trained in ab initio gene prediction for FS66 following the
protocol of Hoff and Stanke (2019). Homology based annotation
was carried out by GeMoMa v1.7.1 (Keilwagen et al., 2019)
using F. fujikuroi genome (GCA_900079805.1) as reference.
We merged the annotation files from RNA-seq data assembly,
homology-based annotation, and ab initio prediction, which were
further subjected to redundancy removal using GffRead v0.12.3
and GffCompare v0.12.1 (Pertea and Pertea, 2020). Coding
regions were inferred from all transcripts using TransDecoder
v5.5.01. The completeness of the gene structure annotation was
assessed with BUSCO v4.0.5 (Simão et al., 2015). The function
of the whole-genome genes was annotated by searching against
the InterPro database (Hunter et al., 2009) and KEGG database
(Kanehisa et al., 2017) through BLAST. GO annotation of all
protein-encoding genes was carried out using BLAST2GO v5.2.5
(Götz et al., 2008).

We applied both RNAmmer v1.2 (Lagesen et al., 2007) and
Barrnap v0.92 in predicting 5S, 5.8S, 18S, and 28S rRNAs in
the genome. The tRNAs were predicted using tRNAscan-SE
v2.06 (Chan and Lowe, 2019). Other non-coding RNAs including
small nuclear RNA (snRNA), small nucleolar RNAs (snoRNAs),
spliceosome RNAs, et al. were annotated via homology analysis

1https://github.com/TransDecoder/TransDecoder
2https://github.com/tseemann/barrnap

on both sequence and secondary structure by Rfam 14.3
(Kalvari et al., 2018) and Infernal v1.1.2 (Nawrocki and Eddy,
2013). Genes encoding proteins and non-coding RNAs in the
mitochondria genome were predicted using MITOS2 web server3

(accessed on 10/03/2020) with the reference set as ‘RefSeq 63
Fungi’ and genetic code as ‘4 mold’ (Bernt et al., 2013).

All F. fujikuroi mating-type proteins (Martin et al., 2011)
including MAT 1-1 (G3G2C1, G3G2C2, G3G2C3, O93924,
O93924, O93925, Q9C461, Q9URK7) and MAT 1-2 (G3G2C4,
G3G2C5, O93926, O94158) types were downloaded from the
UniProt database. A local blast database was created using
all the annotated proteins in FS66 genome, and all the MAT
proteins were used as query sequences to search for their
orthologs in FS66.

All pathogenicity or virulence-related Fusarium genes in the
Pathogen Host Interactions (PHI) database (Urban et al., 2017)
were searched against the acquired orthogroups using MMseqs2
v12.113e3 (Steinegger and Söding, 2017), and the best hits were
considered as the orthologous groups to the query genes.

Identification of Gene Orthogroups From
Multiple Fusarium Genomes and Species
Tree Construction
The genome sequences of several Fusarium species (Ma et al.,
2010; Wiemann et al., 2013; Niehaus et al., 2016, 2017; King et al.,
2018; Asai et al., 2019; Warmington et al., 2019; Wang et al., 2020)
close to FS66 were downloaded from GenBank assembly database
(Supplementary Table 1). We assessed the completeness of their
gene structure annotations with BUSCO v4.0.5. We required
the genomes to have no less than 98% tested genes classified as
complete to include them in the further analysis except for the
Fs str. NRRL 66326 (GCA_013759005.1), which was an isolate
derived from the mating of two isolates collected from sugarcanes
in Taiwan and the only available Fs genome in the public database.
The genome of F. venenatum str. A3/5 (GCF_900007375.1) was
selected as an outgroup. No gene structure annotation was
available for Fs str. NRRL 66326, so we predicted the protein-
encoding genes in the genome using GeMoMa v1.7.1 with FS66
as reference. Whole-genome alignment between FS66 and NRRL
66326 or FO4287 (GCA_000149955.2) and genetic variation
identification were carried out using Mummer v4.0.0.beta5
(Marçais et al., 2018).

Whole-genome protein sequences were obtained for the
12 analyzed genomes either through downloading from NCBI
GenBank database or output by GffRead v0.12.3. For genes
annotated with more than one alternatively spliced transcripts,
only proteins encoded by the main transcripts were used. To
identify the orthologous and paralogous (duplicated) relationship
among the genes, the OrthoFinder v2.4.0 pipeline (Emms and
Kelly, 2019) was then applied to all the proteins. The pipeline
includes the following step: (1) the proteins were clustered
into orthogroups based on normalized genetic distance. An
orthogroup has been defined as homologous genes from extant
species which were descended from a single gene in the last

3http://mitos2.bioinf.uni-leipzig.de/index.py
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common ancestor of the species; (2) multiple alignments and
maximum likelihood tree construction were carried out for each
orthogroup; (3) A species tree was constructed by STAG v1.0.0
(Emms and Kelly, 2018) based on all the individual gene trees.
The supporting rate of each bipartition was calculated as the
proportion of gene trees with the bipartition, which has been
supposed to be a more stringent measure than standard bootstrap
support (Emms and Kelly, 2018); (4) Gene duplication events
were inferred based on the species tree and gene trees.

Gene Gain and Loss
We obtained the number of gene copies in each orthogroup
for each genome from the results of the OrthoFinder pipeline.
A t-test was carried out to check if there was a significant
(p< 0.01) difference in the gene copy number in each orthogroup
between FSCC and FOSC genomes. Gene gain and loss in FS66
compared with other FSCC genomes were analyzed using the
following approach. In each orthogroup, the mean value(m)
and the standard deviation(s) of gene number in the six FSCC
genomes (not including FS66 and NRRL 66326) were calculated.
If the number of genes of FS66 in an orthogroup is smaller than
(m – 2× s) or larger than (m+ 2× s), gene loss or gene gain was
inferred in FS66, respectively.

Gene Cluster Prediction and Comparison
Putative gene clusters involved in secondary metabolites
biosynthesis were predicted using antiSmash v5.1.2 (Blin et al.,
2019) locally, and the borders of the gene clusters were inferred
using the implemented cassis algorithm. The gene clusters
from the 12 genomes were merged and formatted into a
MultiGeneBlast database, and each predicted gene cluster was
searched against the database using MultiGeneBlast v1.1.14 as
done by Hoogendoorn et al. (2018).

Inference of Genomic Regions
Transferred From Other Species
The FS66 assembly was split into 1 kbp sliding windows
with 500 bp overlap across the genome using Bedtools v2.29.2
(Quinlan, 2014). The genomic segments in these windows
were aligned using BLASTN to the previously compared 11
Fusarium genomes and another three outgroup Fusarium
genomes, F. tricinctum (GCA_900382705.2) (Ponts et al., 2018),
F. graminearum (GCA_900044135.1) (King et al., 2015), and
F. avenaceum (GCA_000769295.1) (Lysøe et al., 2014). These
genomes except for FS66 were classified into FFSC (seven
genomes), FOSC (three genomes), and the outgroup (four
genomes). When the best BLASTN hit segment in a genome is
longer than 500 bp and shares >50% nucleotide similarity with
the query FS66 segment, it was identified as an ortholog of the
query. Each query segment from FS66 and all its orthologs found
in the 14 genomes were output in an individual fasta file. When
at least one ortholog of a segment was available in each of the
FFSC, FOSC, phylogenetic incongruence test was carried out
to check if there was gene transfer from other groups. Because
the FFSC species were phylogenetically close and incomplete
lineage sorting could also result in many incongruent gene trees

(Maddison and Knowles, 2006), only gene transfer from FOSC
was inferred by this test. To reduce the impact of gene transfer
in the other genomes on our analysis, the test was carried out on
all the possible ortholog combinations among FS66 and the three
groups. The test includes the following steps: (1) one ortholog
was randomly selected from each of the three groups and output
together with the corresponding FS66 segment into a FASTA file,
and all the available combinations were output in separate files
for each FS66 window; (2) all the FASTA files were subjected to
multiple alignments with MUSCLE v3.8.1551 (Edgar, 2004) and
ML tree search using RAXML v8.2.12 (Stamatakis, 2014), and
the best tree in 100 iterations of ML tree search was acquired
for each FASTA file; (3) the DendroPy v4.4.0 (Sukumaran and
Holder, 2010) python phylogenetic package was applied to check
if the best ML tree inferred from each FASTA file supported local
gene transfer from FOSC in FS66; (4) FS66 genome windows
with more than 50% FASTA files supporting gene transfer were
considered as genomic regions putatively transferred from FOSC.
All the circular graphs in this study were drawn using Circos
v0.69-5 (Krzywinski et al., 2009).

RESULTS

Banana Leaf Blight Disease Observed in
Guangdong, China
In July 2016, leaf blight was observed on about 20% ‘Baxi’ (Musa
spp. AAA Cavendish) plants in a 2 ha banana plantation located
in Longmen, Guangdong. Yellow to brown lesions expanded
from the leaf blade edge to the inner area were observed on
the symptomatic tree (Figure 1A). The symptoms were more
often observed on the young leaves than older leaves. A few
trees (∼5% of the infected trees) developed very severe symptoms
and stopped growing months after the symptom first appeared.
The disease was continuously observed in the following 3 years,
and it was more severe and widespread between early May and
late September when the amount of rainfall was relatively high
within a year in the region. We dissected the roots and pseudo-
stems of five diseased trees with the most severe symptoms,
and no discoloration of vessels was observed, showing it was
not a wilt disease.

Isolation of a Fungal Pathogen of the
Disease
The same type of reddish-brown colonies with abundant white
wooly mycelia was obtained ∼2 days after the inoculation of
the symptomatic tissues from three different trees on PDA
(Figures 1B,C). The mycelia were straight, septate, and only
a few branches were observed. There were two different types
of conidia (Figure 1D): the large conidia were falcate, septal,
hyaline, and 11.88 ∼ 63.5 µm × 2.5 ∼ 6.2 µm in size; the
small conidia were elliptical, hyaline, and 5 ∼ 10.5 µm × 2.0
∼ 4.8 µm in size. We also observed some ascospores, which
were finger-shaped, containing at least one septum, and 11.5
∼ 95 µm × 3.5 ∼ 7.5 µm in size (Figure 1D). As shown in
Supplementary Figure 1, the optimal temperature and pH of the
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FIGURE 1 | Banana leaf blight disease and pathogen isolation. (A) Symptoms of the BLB disease in the field. (B,C) The appearances of the fungal colony at 7 days
after single-spore inoculation on PDA plates from the front (B) and the back (C). (D) Morphology of the fungal conidia and spores under the optical microscope.
Blue, black, and red arrows denote large conidia, small conidia, and ascospores, respectively. (E) Symptoms on leaves inoculated with both the candidate pathogen
and sterile water after the puncture. The white and black arrows pointed to the area punctured with needles and inoculated with water and FS66, respectively. (F)
Symptoms on a banana seedling treated with leaf non-wound inoculation. Pictures (E,F) were taken at 30 days after inoculation.

isolates were identified to be around 25◦C and 7.0, respectively
(Supplementary Figure 1).

Three isolates from different trees were inoculated on banana
leaves and pseudo-stems through both non-wound and wound
inoculations. Both types of tissues with puncture wounds started
developing blight symptoms as early as 4 days after inoculation
with the candidate pathogen, and the symptoms on leaves and
pseudo-stems at 30 days and 45 days after inoculation were
shown in Figure 1E and Supplementary Figure 2, respectively.
No symptom was observed on any of the negative controls

inoculated with water. When non-wound inoculation of the
isolates was applied to the leaves, only two of the nine
seedlings developed leaf blight symptoms (Figure 1F). None
of the five pseudo-stems subjected to non-wound inoculation
developed any symptom. Five banana seedlings were subjected
to root inoculation of the candidate pathogen, and no symptom
was observed on any of them, while all positive controls
inoculated with a pathogenic Foc tropical race 4 isolate
developed symptoms of the Panama disease as early as 15 days
after inoculation.
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FIGURE 2 | Phylogenetic tree based on the partial coding sequence of RPB2. The strain names and NCBI accession IDs (in brackets) are shown at the tips. The
phylogenetic trees constructed by neighbor-joining (NJ) and maximum likelihood (MX) have the same topology, and the bootstrap support rates (percentage) from NJ
and MX are shown before and after the slash next to the bipartition nodes, respectively. Branches corresponding to partitions reproduced in less than 50% bootstrap
replicates have been collapsed.

Identification of the Taxonomy of the
Pathogen
Considering Panama disease had been detected in adjacent
orchards, we suspected there could be Foc involved in the disease
at the beginning and carried out PCR test using both Foc race 1
and race 4 specific primers. With either the DNA extracted from
symptomatic plant tissues or the fungal isolates as templates, no

TABLE 1 | Statistics on two Fusarium sacharri genome assemblies.

Fs strain name FS66 NRRL 66326

GenBank ID JADANP000000000 GCA_013759005.1

Number of contigs 48 479

Largest contig (bp) 4,434,236 997,752

Total length (bp) 45,739,938 42,740,848

N50 (bp) 1,965,716 187,816

N75 (bp) 1,048,338 96,836

L50 8 63

L75 16 142

GC (%) 46.3 49.03

Foc target amplicon was obtained using either Foc race 1 or race
4 specific primers. Instead, a >1000 bp amplicon was amplified
by the race 1 primers, and no (symptomatic plant tissues DNA
as templates) or only a very weak amplicon band (fungal culture
DNA as templates) shorter than the target amplicon was observed
for race 4 primers (Supplementary Figure 3).

We sequenced the internal transcribed spacer (ITS,
KY075940.1) and segment the second-largest subunit of
RNA polymerase II (RPB2, KY075941.1) segments of the
three isolates from different trees. The results showed that
the two segments shared 100% nucleotide similarity among
them. Considering the three isolates had nearly the same
colony phenotypes and pathogenicity, they were supposed to
be the same fungal strain which we named FS66. Through
searching in the NCBI nt database, we found that the ITS
and RPB2 segments of FS66 shared the highest nucleotide
similarity (both 100%) with Fs isolates. Phylogenetic analysis
based on ITS showed that FS66 should belong to FFSC, and
RPB2 supported that FS66 was clustered with the Fs strains
(Figure 2). Based on the two segments and the whole-genome
assembly in the following section, we concluded that FS66
belongs to Fs.
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FIGURE 3 | Distribution of genes, RNA-seq reads, and genetic variations across the FS66 genome. The data shown in this graph were calculated in 10 kbp
continuous non-overlapping windows across the genome. From outer to inner: the GC content (GC%) panel (black); the ideogram (sky blue) of the 47 non-organelle
contigs arranged by contig size; the gene count panel (red) showing the number of annotated genes; the RNA-seq panel (light blue) in which the log2 (read count
mapped in each window) was shown; the unaligned region panel (yellow) which depicted the unaligned length between FS66 and Fs str. NRRL 66326 in each
window; the SNP count panel showing the number of SNPs (including small indels) between FS66 and Fs str. NRRL 66326.

De novo Assembly and Gene Structure
Annotation of FS66 Genome
We sequenced Fs strain FS66 using both PacBio long-read
sequencing (∼290×) and NGS (≥40×), based on which de novo
assembly was carried out. The acquired genome consisted of 47
nuclear contigs and a complete 59,755 bp circular mitochondrial
genome, totaling 45.74 Mb with an average GC content of
46.30% (Table 1 and Figure 3). The FS66 assembly has high

completeness, and both high mapping rates of whole-genome
sequencing reads (97.96%) and RNA-seq reads (93.61%) were
achieved. The FS66 assembly is about 2.99 Mb larger than Fs
str. NRRL 66326 (GCA_013759005.1) (Table 1), and its contig
N50 size (1,965,716 bp) is more than 10-fold larger than that
of NRRL 66326 (N50 = 187,816 bp). The largest contig of
our FS66 assembly is 4,434,236 bp long, and a minimum of 8
and 16 contigs could cover >50% and >75% of the genome,
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FIGURE 4 | The best supported phylogenetic tree based on whole-genome proteins of FS66 and several adjacent Fusarium species. The species tree has been
constructed based on the 9050 orthogroups, which include members from all the analyzed genomes. The lengths of the branches are proportional to genetic
distance. The number on top of the branches denote the bipartition’s support rate at their right ends, which is the proportion of orthogroups supporting the
bipartition. The number below each branch indicates the number of identified gene duplication events.

respectively. The whole-genome alignment showed an overall
nucleotide similarity of 96.74% between FS66 and NRRL 66326.
Only 85.53% of the entire FS66 genome and 91.42% of the
NRRL 66326 genome could be aligned with each other, and the
single nucleotide variations (SNV) between the two genomes
were distributed heterogeneously across the genome (Figure 3).
The FS66 assembly was also aligned to the genome F. oxysporum
f. sp. lycopersici 4287 (FO4287), and the four lineage-specific
accessory chromosomes in FO4287 (Ma et al., 2010) were almost
completely absent (99.7%) in FS66.

We carried out gene structure annotation for FS66 based on
transcriptome sequencing and ab initio gene prediction. A total
of 14,486 protein-encoding genes were predicted in the genome
(Figure 3). Assessment by BUSCO showed that 99.5% of tested
Hypocreales core genes (4,494) were successfully annotated as
complete BUSCOs in our annotation, which is as high as the best
genome assemblies in several other Fusarium species. Besides
protein-encoding genes, 418 non-coding RNAs, including 309
tRNAs, 67 rRNAs, and 42 other non-coding RNAs were predicted

in the genome. The mitochondrial genome was annotated
separately, in which 29 protein-encoding genes, 3 rRNAs, and
27 tRNAs were predicted. Gene functional annotation including
Gene Ontology (GO), InterPro annotation, and KEGG pathway
annotation were obtained for all the nuclear and mitochondrial
protein-encoding genes.

Gene Gain and Loss in FS66 Compared
With Close Fusarium Species
Orthologous gene groups (orthogroup) were inferred among
FS66 and 11 other Fusarium genomes, including seven from
FFSC, three from FOSC, and one from F. venenatum as outgroup
(Supplementary Table 1). A total of 18,151 orthogroups
were detected (Supplementary Table 2), 14,126 (77.8%) of
which included genes from no less than six of the genomes
(Supplementary Figure 4). There were 9050 orthogroups with all
species present and 7725 of these consisted entirely of single-copy
genes. A species tree for FS66 and six other Fusarium species was
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FIGURE 5 | Orthogroup sharing relationships among six Fusarium genomes. The first two characters in the isolate names denote the species and the rest
characters were the strain names listed in Supplementary Table 1. For some isolates, alphabet characters such as ‘NRRL’ were omitted for convenience. FM,
F. mangiferae; FP, F. proliferatum; FF, F. fujikuroi; FV, F. verticillioides; FO, F. oxysporum.

obtained based on the orthogroups, which confirmed that FS66 is
the closest to Fs str. NRRL 66326 and belongs to FFSC (Figure 4).

FS66 has at least one gene in 13,866 orthogroups, and it
generally shares more (on average 823.3) orthogroups with
FFSC genomes than with FOSC genomes (Figure 5 and
Supplementary Table 3). In 347 and 246 orthogroups, FFSC
genomes have significantly (p < 0.01) fewer and more gene
copies than the FOSC genomes, respectively. In comparison
to other FFSC genomes, FS66 had gene copy gain in 539
orthogroups and gene copy loss in 778 orthogroups. Through
phylogenetic analysis on all individual genes a total of 40 lineage-
specific gene duplications were detected in FS66 (Figure 4).
Four of the orthogroups with gene gain and nine with gene
loss in FS66 have been correlated with phytopathogenicity in
other Fusarium species in the Pathogen Host Interactions (PHI)
database (Supplementary Table 4). The lost genes included
three genes involved in the biosynthesis of fumonisins, FUM6,
8, and 21. No ortholog of mating-type MAT1-1 protein-
encoding gene was found in FS66, and two MAT 1-2 type

protein genes, MAT 1-2-1 and MAT 1-2-9, were identified
in the genome, indicating that FS66 belongs to the MAT1-
2 mating type.

All secondary metabolite biosynthesis gene clusters were
predicted in the 12 Fusarium genomes. As a result, a total
of 67 putative secondary metabolite biosynthesis gene clusters
were detected, of which 48 were detected in the FS66 genome
(Figure 6A and Supplementary Table 5). Among the 67 gene
clusters, 21 are homologous to previously annotated gene clusters
in the Minimum Information about a Biosynthetic Gene cluster
(MIBiG) database (Figure 6B), including 18 existing in the FS66
genome. Three gene clusters present in Fs str. NRRL 66326
and at least one other FFSC genome were absent in FS66,
including the annotated fujikurins biosynthesis gene clusters
(BGC0001305). As shown in Figures 6A,B, at least three gene
clusters were putatively transferred from FOSC or more divergent
species to Fs (black arrow) or FS66 (red arrows), including the
previously annotated hexadehydroastechrome biosynthetic gene
cluster (BGC0000372).
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FIGURE 6 | Secondary metabolite gene cluster distribution in 12 Fusarium genomes. The isolates were named in the same way as in Figure 5 except for FVA3/5 in
which ‘FV’ denotes F. venenatum. (A) Distribution of gene cluster sharing patterns among the 12 genomes in a total of 67 gene clusters. In the bottom panel, gray
dots indicate absence, while colored dots (yellow, blue, red, and green) show the presence of the gene clusters in the corresponding genomes. The patterns in
green color denote specific gene cluster loss in FS66, red denotes gene clusters putatively transferred from FOSC in FS66, yellow patterns include gene clusters
present in more than 50% genomes, and blue pattern gene clusters were present in less than 50% genomes. (B) Availability of previously annotated gene clusters in
the genomes. Green rectangles indicate the presence of the biosynthetic gene clusters in the corresponding genomes.

FS66 Genomic Regions Putatively
Transferred From Other Species
Genomic regions putatively transferred from FOSC or other non-
FFSC species in the FS66 were investigated. The whole-genome
of FS66 was divided into 1 kbp windows and searched against the
above 11 Fusarium genomes and 3 additional outgroup Fusarium
genomes. Homologous regions of 92.3% (84,341/91,383) of the
segments were detected in at least one genome. FS66 shared
65,399 to 78,302 homologous segments with the FFSC genomes,
64,732 to 64,996 segments with the FOSC genomes, and only
11,522 to 15,505 segments with the outgroup genomes. A total
of 56 homologous segments (38 regions) involving 11 genes

(three fully covered and eight partially covered) were only present
in the outgroup.

On 351 segments (221 regions), the homologs were only
detected in the FOSC group but not in any of the other FFSC
genomes or the four outgroup genomes, suggesting they could be
derived from FOSC or its close relatives. In Figure 7B, 207 of the
351 segments have been shown as green links. On 21,827 FS66
genomic segments on which homologs were identified, genomic
segments in FS66 putatively introduced from FOSC were further
inferred based on phylogenetic incongruence between the species
tree and the molecular trees (Figure 7A). Incongruence was
detected on additional 555 segments (497 discontinuous regions),
of which 546 have been shown as red links in Figure 7B. All
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FIGURE 7 | Putative genomic regions transferred from FOSC in the FS66 genome identified by phylogenetic incongruence analysis. (A) Species tree (left) and the
incongruent molecular tree (right) suggesting gene transfer from FOSC in FS66. (B) Genomic regions putatively transferred from FOSC across the FS66 genome.
Red links were inferred by phylogenetic incongruence analysis and green links were inferred based on that they were shared between FS66 and FOSC but not found
in other tested FFSC genomes.

these 960 segments which were putatively introduced from FOSC
accounted for 814,500 bp in the genome, covering 27 genes
entirely and 529 genes partially. Orthologs of 30 of the overlapped
genes have been associated with pathogenicity and/or virulence in
at least one Fusarium species (Supplementary Table 6), including
two genes FoSlt2 and CHS2 reported to be related to the virulence
of F. oxysporum. Considering only 23.9% (21827/91383) of
genomic segments were subjected to the phylogenetic analysis
due to lack of enough outgroup segments, there still could be
many un-detected transferred regions in FS66.

DISCUSSION

In this study, we reported the BLB disease caused by Fs str.
FS66 in the world for the first time, which is another disease on
banana caused by a Fusarium pathogen. Previously, Fs strains
were isolated from banana fruit and leaves in Asia, but they
either had no (Abd Murad et al., 2017) or untested (Zeng
et al., 2013) pathogenicity, suggesting the FS66 strain could
have evolved the pathogenicity toward banana only recently. We
not only completed the de novo assembly of the FS66 genome,
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which is more superior on contig N50 than the previously
available genome of Fs str. NRRL 66326 from sugarcane, but also
acquired gene structure annotation for the species for the first
time. Through comparative genomic analysis among FS66 and
closely related Fusarium genomes, lineage-specific characteristics
were identified in FS66 including gene gain and loss and gene
transfer from other species. The discovery and analysis of this
study should have provided important information and clues for
further understanding of the molecular mechanism underlying
the development of phytopathogenicity in Fusarium species.

The BLB disease caused by Fs str. FS66, which mostly caused
only growth retard of plants in the field, is much less destructive
than the deadly Panama disease caused by Foc (Dita et al., 2018).
Fs has been reported to be transmitted by air currents and easily
dispersed by rain splash (Nordahliawate et al., 2008), and it
has also been reported to cause leaf diseases on Rhynchostylis
gigantea (Dekham and Kanchanawatee, 2020) and sugarcane
(Yao et al., 2020). It has also been reported to cause wilt on
sugarcane (Viswanathan et al., 2017; Bao et al., 2020), indicating
it has the potential to become a soil-borne disease. A most
notorious soil-borne banana pathogen is Foc, which first invades
the roots and then climbs up the pseudo-stems through the
vessels of the plant’s vascular system (Czislowski et al., 2018).
Thus in the Panama disease, discolorations of root and pseudo-
stem vascular vessels are generally observed, and the leaf wilt
symptoms usually first appear on older leaves. No root or pseudo-
stem lesion has been observed on banana plants with BLB
disease in the field but only on the leaves, and no symptom
was observed on plants subjected to root inoculation, showing
that FS66 is not a soil-borne pathogen like Foc. Another banana
disease caused by an FFSC species (F. verticillioides) is the
pseudo-stem heart rot disease, which also could not invade
through the roots and requires inoculation with a wound in
the pseudo-stem above the corm for the symptoms to develop
(Shalaby et al., 2006). The low successful rate of non-wound
inoculation and high successful rate of wound inoculation of
FS66 suggests that wounds facilitate or are even necessary in
the BLB disease.

Widespread gene transfer signals have been detected in
the genome of FS66, suggesting the scale of gene transfer in
Fusarium genomes could have been underestimated previously.
Gene transfer studies in Fusarium have mainly been focused
on specific genomic regions or a limited number of genes.
A review on Fusarium pathognomics suggested that the transfer
of an entire plasmid or non-core chromosome was the more
common type of HGT in Fusarium (Ma et al., 2013). Recent
studies showed that gene transfer not only occurred on lineage-
specific supernumerary chromosomes (Ma et al., 2010; Rocha
et al., 2016; van Dam and Rep, 2017; van Dam et al., 2017; Yang
et al., 2020) but also on genes located on the core chromosomes
(Gardiner et al., 2012; Sieber et al., 2014; Vlaardingerbroek et al.,
2016; Hoogendoorn et al., 2018; Liu et al., 2019; Tralamazza
et al., 2019) or mitochondrial genomic regions (Brankovics
et al., 2020). Most of these studies focused on effectors such
as several SIX (Secreted In Xylem) genes (van Dam and Rep,
2017; Czislowski et al., 2018) and secondary metabolite gene
clusters (Liu et al., 2019; Kim et al., 2020), which are related

to the pathogenicity or virulence of Fusarium isolates (Lanubile
et al., 2016; An et al., 2019). In this study, no homolog
of the Fo accessory chromosomes was found in FS66, but
hundreds of genes were inferred to be putatively transferred
from FOSC or other species on the core chromosomes, not
only including genes related to pathogenicity or virulence in
other Fusarium pathogens but also many genes involved in
multiple functional categories. The mechanism of gene transfer
among Fusarium isolates remains largely unknown. Considering
Fusarium harbors species both with known sexual cycle and those
without (Ma et al., 2013), both sexual (introgression) and asexual
(HGT) processes should have contributed to the observed gene
transfer events.

In conclusion, we reported the BLB disease caused by Fs
str. FS66 for the first time and obtained both a high-quality
assembly and gene structure annotation for the genome. The
genome of FS66 shares relatively high nucleotide similarity
(96.74%) with Fs str. NRRL 66326 from sugarcane, a larger
proportion (8.58% of NRRL 66326 and 14.47% of FS66) of
the genomes could not be aligned, which could probably
be explained by lineage-specific deletion and gene transfer
events. Hundreds of genes across the FS66 genome putatively
transferred from FOSC and other outgroup species were
detected in the FS66 genome, including a few involved in
pathogenicity/virulence. These results and analyses should be
valuable for further understanding of the genomic evolution
underlying new pathogenicity development in Fusarium.
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Cytospora species are widely distributed and often occur as endophytes, saprobes or

phytopathogens. They primarily cause canker and dieback diseases of woody host

plants, leading to the growth weakness or death of host plants, thereby causing

significant economic and ecological losses. In order to reveal the diversity of Cytospora

species associated with canker and dieback diseases of coniferous trees in China,

we assessed 11 Cytospora spp. represented by 28 fungal strains from symptomatic

branches or twigs of coniferous trees, i.e., Juniperus procumbens, J. przewalskii,

Picea crassifolia, Pinus armandii, P. bungeana, Platycladus orientalis in China. Through

morphological observations and multilocus phylogeny of ITS, LSU, act, rpb2, tef1-α, and

tub2 gene sequences, we focused on four novel Cytospora species (C. albodisca, C.

discostoma, C. donglingensis, and C. verrucosa) associated with Platycladus orientalis.

This study represented the first attempt to clarify the taxonomy of Cytospora species

associated with canker and dieback symptoms of coniferous trees in China.

Keywords: canker disease, coniferous trees, pathogen, phylogeny, taxonomy

INTRODUCTION

Coniferous trees are excellent landscaping species with a high ornamental and economic value.
They are widely distributed as evergreen coniferous tree species and cultivated throughout China,
except in Xinjiang and Qinghai Provinces (Ming, 2016). However, several coniferous trees are
threatened by various pathogens in the process of planting and cultivation. Fan et al. (2020)
reported five novel and one known Cytospora species causing canker and dieback diseases in
conifers, with detailed descriptions and illustrations. Armillaria spp., Heterobasidion annosum,
and Phellinus spp. have been reported to cause root and butt rot (Shaw and Kile, 1991; Hansen
and Goheen, 2000). Moreover, leaf blight and Phytophthora diseases (Tucker and Milbrath, 1942;
Phillips and Burdekin, 1992; Schlenzig et al., 2014) are also destructive to conifers.

Cytospora is one of themost important pathogenic fungi of hardwoods and coniferous trees with
a worldwide distribution and large host range (Adams et al., 2005, 2006; Fan et al., 2014a,b, 2015a,b;
Ariyawansa et al., 2015; Liu et al., 2015; Maharachchikumbura et al., 2015, 2016; Hyde et al., 2016;
Li et al., 2016; Lawrence et al., 2017, 2018; Norphanphoun et al., 2017, 2018). Dieback and stem
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canker caused by Cytospora leads to the growth weakness or
death of host plants, thereby causing significant economic and
ecological losses (Adams et al., 2005). In conifers, Cytospora
canker commonly occurs in the lowermost branches of mature
trees, and stops spreading at the trunk (Adams et al., 2005). The
asexual morph of Cytospora is characterized by the pycnidial
stromata immersed in the bark with a single or multiple locule(s),
with or without conceptacle. The conidia are aseptate, hyaline,
allantoid, eguttulate, and smooth (Adams et al., 2005). The
sexual morph is characterized by the ascomata immersed in
the substrate with an erumpent pseudostroma, with or without
necks. Asci are unitunicate, clavate to cylindrical. Ascospores
are biseriate or multi-seriate, elongate-allantoid, thin-walled,
hyaline, aseptate (Adams et al., 2005).

The taxonomy of the genus Cytospora is rather confusing.
Ehrenberg (1818) established Cytospora and described four
species simultaneously. Eighteen Cytospora species were
proposed by Fries (1823), but the genus was recorded as
Cytispora due to a misspelling. Thereafter, Saccardo (1884)
revised the name to Cytospora and introduced 144 species. Due
to the controversy in the corresponding relationship between
sexual and asexual morphs, there were several synonyms,
which had caused difficulties in the identification of Cytospora
(Adams et al., 2005). Adams et al. (2005) officially reported
that the sexual genera Leucocytospora, Leucostoma, Valsella,
and Valseutypella are synonyms of Valsa. The traditional
identification of Cytospora species is based heavily on their
host affiliations. Nevertheless, the species occurrence may be
related to geographical and environmental factors rather than
host specificity (Fan et al., 2014a,b; Fan et al., 2015a,b). To more
accurately identify Cytospora species, several species have been
described based on morphological observations and multilocus
phylogeny in recent studies (Yang et al., 2015; Lawrence et al.,
2017, 2018; Zhu et al., 2018, 2020; Fan et al., 2020; Jiang et al.,
2020; Shang et al., 2020). Norphanphoun et al. (2017) used four
loci to describe 14 new species isolated from Rosa, Salix, and
Sorbus. Lawrence et al. (2018) reported 15 Cytospora species that
infected fruit trees and crops using a multiphasic approach. Pan
et al. (2020) assessed 23 species of Cytospora associated with
canker and dieback disease of Rosaceae members in China by
six-locus phylogeny.

There are only a few relative taxonomic studies of Cytospora
canker or dieback disease of conifers. Thus, there is an
urgent need for studies to clarify the pathogens causing
dieback and stem canker in coniferous trees. In this study, we
aimed to reveal the diversity of Cytospora species associated
with canker and dieback diseases of coniferous trees in
China. As a part of an investigation of pathogens that cause
canker or dieback disease in China, 28 Cytospora strains
in coniferous trees with obvious symptoms were evaluated.
Morphological characters in conjunction with multilocus
phylogenetic analyses provided valuable information to
identify the phylogenetic position of these isolates. Herein,
we also introduced Cytospora albodisca, C. discostoma, C.
donglingensis, and C. verrucosa as four new species with
descriptions and illustrations, and compared them with other
species in the genus.

MATERIALS AND METHODS

Sample Collection and Isolation
Fresh specimens with typical Cytospora fruiting bodies were
collected from the infected twigs and branches of coniferous
trees during collecting trips in China. A total of 12 isolates were
obtained by removing a mucoid spore mass from conidiomata
on the twigs and branches, spreading the suspension over the
surface with standard potato dextrose agar (PDA) in a Petri dish,
and incubating at 25◦C for up to 24 h. Single germinating conidia
were transferred on to fresh PDA plates. All specimens and
isolates were deposited in the Beijing Museum of Natural History
(BJM) and the working Collection of X.L. Fan (CF) housed in
Beijing Forestry University (BJFU). Axenic living cultures were
deposited at China Forestry Culture Collection Centre (CFCC).

Morphological Analyses
Species identification was based on morphological characteristics
of the ascomata or conidiomata produced on infected host
materials. The macro-morphological characteristics including
structure and size of stromata; the size, color, and shape of discs;
number and diameter of ostioles per disc; presence and absence
of conceptacle were determined under a Leica stereomicroscope
(M205). The micro-morphological characteristics including 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 color camera with differential
interference contrast (DIC). Over 10 ascomata/conidiomata were
sectioned, and 10 asci and 30 ascospores/conidia were selected
randomly for measurement. Colony morphology and growth
rates were recorded and colony colors were described after 1
or 2 weeks according to the color charts of Rayner (1970).
Adobe Bridge CS v.6 and Adobe Photoshop CS v.5 were used for
the manual editing. Taxonomic novelties and descriptions were
deposited in MycoBank (Crous et al., 2004).

DNA Extraction and PCR Amplification
Genomic DNA was extracted using the modified CTAB method
(Doyle and Doyle, 1990) from mycelium which was cultured
on PDA with cellophane and obtained from the surface of
cellophane by scraping. The extracted DNA were estimated
visually by electrophoresis in 1% agarose gels by comparing
band intensity with a DNA marker 1 kbp (Takara Biotech).
The qualities of DNA were measured with a NanoDropTM 2000
(Thermo, USA). Six loci including the internal transcribed spacer
(ITS), the large nuclear ribosomal RNA subunit (LSU), the partial
actin (act), the RNA polymerase II subunit (rpb2), the translation
elongation factor 1-α (tef1-α), and the beta-tubulin (tub2) genes
were amplified and sequenced using the primer pairs ITS1 and
ITS4 (White et al., 1990), LROR and LR7 (Vilgalys and Hester,
1990), ACT-512F and ACT-783R (Carbone and Kohn, 1999),
RPB2-5F and fRPB2-7cR (Liu et al., 1999), EF-688F and EF-
1251R (Alves et al., 2008), and Bt-2a and Bt-2b (Glass and
Donaldson, 1995). The PCR amplicons were electrophoresed
in 2% agarose gels. DNA sequencing was carried out using an
ABI PRISM R© 3730XL DNA Analyzer with BigDye R© Terminater
Kit v.3.1 (Invitrogen) at the Shanghai Invitrogen Biological
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Technology Company Limited (Beijing, China). DNA sequences
generated by the forward and reverse primers were used to
obtain consensus sequences using Seqman v.9.0.4 (DNASTAR
Inc., Madison, WI, USA).

Phylogenetic Analyses
The sequences generated from this study were analyzed with
related Cytospora taxa which were obtained from GenBank
and recent publications (Supplementary Table 1). To infer their
phylogenetic relationship for the new sequences, the alignment
based on ITS, LSU, act, rpb2, tef1-α, and tub2 sequence data was
performed using MAFFT v.6 (Katoh and Standley, 2013) and
edited manually using MEGA v.6.0 (Tamura et al., 2013). For
individual sequences, some characters were excluded from both
ends of the alignments to approximate the size of our sequences.
The sequences ofDiaporthe vaccinii (CBS 160.32) was included as
outgroup in all analyses. Phylogenetic analyses were performed
with PAUP v.4.0b10 for maximum parsimony (MP) (Swofford,
2003), MrBayes v.3.1.2 for Bayesian Inference (BI) (Ronquist and
Huelsenbeck, 2003), and PhyML v.3.0 for maximum likelihood
(ML) (Guindon et al., 2010).

MP analysis in PAUP v.4.0b10 was conducted using a heuristic
search option of 1,000 random-addition sequences with tree-
bisection-reconnection (TBR) as the branch-swapping algorithm
(Swofford, 2003). The branches of zero length were collapsed
using the command minbrlen, and all equally parsimonious
trees were saved. Clade stability was assessed using a bootstrap
(BT) analysis of 1,000 replicates (Hillis and Bull, 1993). Tree
length (TL), consistency index (CI), retention index (RI),
and rescaled consistency (RC) were calculated for all equally
parsimonious trees. ML analysis in PhyML v.3.0 was performed
with a general time reversible model (GTR) of site substitution
following previous studies (Fan et al., 2020), including estimation
of gamma-distributed rate heterogeneity and a proportion of
invariant sites (Guindon et al., 2010). An evolutionary model
for BI was estimated independently for each locus using
MrModeltest v.2.3. The best-fit model was selected under the
Akaike Information Criterion (AIC) (Posada and Crandall,
1998). BI analysis in MrBayes v.3.1.2 was done by a Markov
Chain Monte Carlo (MCMC) algorithm with Bayesian posterior
probabilities (BPP) (Rannala and Yang, 1996). Two MCMC
chains started from random trees for 10 million generations,
and trees were sampled each 100th generations. The first 25% of
trees were discarded as the burn-in phase of each analysis, BPP
were calculated to assess the remaining 7,500 trees (Rannala and
Yang, 1996). Phylogram was viewed in Figtree v.1.3.1 (Rambaut
and Drummond, 2010). All novel sequences derived from this
study data were deposited in GenBank. The multigene sequence
alignment files were deposited in TreeBASE (www.treebase.org;
accession number: S27070).

RESULTS

A total of 12 Cytospora specimens were collected from
symptomatic coniferous trees in China. The combined
alignments matrix (ITS, LSU, act, rpb2, tef1-α, and tub2)
was used to clarify the phylogenetic position of these Cytospora

species. Following alignment, the sequences for six loci
comprised 231 Cytospora strains with Diaporthe vaccinii CBS
160.32 as the outgroup strain. The aligned matrix comprised
3,761 characters including gaps, of which 2,011 characters were
constant, 258 variable characters were parsimony-uninformative,
and 1,492 characters were variable and parsimony-informative.
MP analysis generated 200 equally parsimonious trees with
similar clade topologies, and one of which is presented in
Figure 1 (TL = 10402, CI = 0.300, RI = 0.799, RC = 0.239).
For BI analyses, the best-fit model of nucleotide evolution
was deduced on the AIC (ITS and act: GTR+I+G; LSU:
TrN+I+G; rpb2 and tef1-α: TrN+I+G; tub2: HKY+I+G). ML
and Bayesian analyses did not significantly differ from MP tree.
The MP bootstrap supports (MP-BS) and ML bootstrap (ML-BS)
equal to or above 50% were shown in branches in Figure 1. The
branches with significant Bayesian posterior probabilities (BPP)
equal to or above 0.95 were thickened in the phylogram. Based
on the multigene phylogeny and morphology, the current 12
strains clustered in four clades were equivalent to four Cytospora
species, were herein described as C. albodisca, C. discostoma, C.
donglingensis, and C. verrucosa. All detailed descriptions and
notes are below.

Taxonomy
Cytospora albodiscaM. Pan & X.L. Fan, sp. nov. Figure 2

MycoBank MB 837629
Typification: CHINA. Beijing City: Mentougou District,

Mount Dongling, Xiaolongmen Forestry Centre, 115◦28′28.52′′E,
39◦55′49.42′′N, from branches of Platycladus orientalis, 17
August 2017, H.Y. Zhu & X.L. Fan (holotype BJFC CF2019908,
isotype BJM 240516), ex-type living culture CFCC 53161.

Etymology: Named after the white disc of ascostromata.
Descriptions: Sexual morph: Ascostromata immersed in the

bark, erumpent through the surface of bark, scattered, immature,
580–910µm in diam. Conceptacle present. Ectostromatic disc
beige to orange, circular, surrounded by dark ectostromatic
tissue, with single ostiole in a disc, 220–375µm in diam. Ostioles
single, white to pale yellow, at the same or below level as the
disc, 90–150µm in diam. Perithecia beige with a little black
when mature, flask-shaped to spherical, arranged irrugularly,
340–550µm in diam. Asci free, clavate to elongate-obovoid,
30–35 × 6.5–8µm, 8-spored. Ascospores uniserial, elongate-
allantoid, thin-walled, hyaline, aseptate, slightly rough, 8–14 ×

2–3.5 (av. = 11.1 ± 2.6 × 2.6 ± 0.3, n = 30) µm. Asexual
morph: On PDA, pycnidial stromata covered by abundant aerial
mycelium, globose, solitary or aggregated deeply embedded in
the medium, erumpent, dark green, 780–1,170µm in diam.
Conidiophores cylindrical, thinner in the middle than the two
ends, hyaline, unbranched, straight to slightly sinuous, 10.5–
20.5 × 1.5–2.5µm. Conidiogenous cells enteroblastic, phialidic.
Conidia hyaline, allantoid, occasionally with little curve, rough,
aseptate, occasionally biguttulate, 5–7 × 1–2 (av. = 5.6 ± 0.5 ×

1.4± 0.2, n= 30) µm.
Culture characteristics: Cultures on PDA are initially white,

growing fast up to 7 cm in diam. after 3 days and entirely covering
the 9 cm Petri dish after 5 days, becoming dark herbage green to
dull green after 7–10 days. Colonies are sparse in the center and
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FIGURE 1 | (Continued)
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FIGURE 1 | Phylogram of Cytospora based on combined ITS, LSU, act, rpb2, tef1-α, and tub2 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 | Morphology of Cytospora albodisca (BJFC CF2019908). (A–C) Habit of ascomata on twig. (D,E) Transverse section of ascomata. (F) Longitudinal

section through ascomata. (G) Asci and ascospores. (H) Ascus. (I) Ascospores. (J) Colonies on PDA at 3 days (left) and 30 days (right). (K) Conidiomata from culture

on PDA. (L) Conidiophores. (M) Conidia. Bars: (A) = 1mm; (B–D), (F) = 250µm; (E,K) = 500µm; (F,G), (L,M) = 10µm.

compact to the margin, felt-like. Pycnidia distributed irregularly
on surface.

Additional material examined: CHINA. Beijing City:
Mentougou District, Mount Dongling, Xiaolongmen Forestry

Centre, 115◦27
′
05.00

′′
E, 39◦59

′
23.58

′′
N, from branches of

Platycladus orientalis, 17 August 2017, H.Y. Zhu & X.L. Fan
(BJFC CF20201008), living culture CFCC 54373.

Notes: Cytospora albodisca is associated with canker disease

of Platycladus orientalis in current study. It can be identified by

having ascostroma surrounded by a black conceptacle, producing
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allantoid, aseptate ascospores (8–14 × 2–3.5µm). Further, the
two strains are phylogenetically separated from all other available
strains included in this study. Based on DNA sequence data and
morphology, therefore, we describe this species as new.

Cytospora discostomaM. Pan & X.L. Fan, sp. nov. Figure 3
MycoBank MB 837632
Typification: CHINA. Beijing City: Mentougou District,

Mount Dongling, Xiaolongmen Forestry Centre, 115◦28
′
25.47

′′
E,

39◦56
′
48.57

′′
N, from branches of Platycladus orientalis, 17

August 2017, H.Y. Zhu & X.L. Fan (holotype BJFC CF2019802,
isotype BJM 240517), ex-type living culture CFCC 53137.

Etymology: Named after the distinct disc of stromata
on branches.

Descriptions: Sexual morph: not observed. Asexual morph:
Pycnidial stromata discoid, immersed in the bark, scattered,
erumpent through the surface of bark in a large area, with
multiple locules and conspicuous central column. Central
column beneath the disc more or less conical, pale gray.
Conceptacle present. Ectostromatic disc gray to black, discoid,
circular to ovoid, 210–320µm in diam., with a single ostiole

per disc. Ostiole gray to black, nearly at the same level
as the disc surface, 90–115µm in diam. Locules numerous,
subdivided frequently by invaginations with common walls,
circular to ovoid, 965–1050µm in diam. Conidiophores hyaline,
unbranched, approximately cylindrical, 14–18 × 1–1.5µm.
Conidiogenous cells enteroblastic, phialidic. Conidia hyaline,
elongate-allantoid, smooth, aseptate, 4.5–5.5 × 1–1.5 (av. = 4.9
± 0.3× 1.2± 0.1, n= 30) µm.

Culture characteristics: Cultures on PDA are initially white
with hazel in the center, growing fast up to cover the 9 cm Petri
dish after 3 days, becoming brown vinaceous after 7–10 days.
Colonies are flat with a uniform texture. Pycnidia distributed
irregularly on surface.

Additional material examined: CHINA. Beijing City:
Mentougou District, Mount Dongling, Xiaolongmen Forestry

Centre, 115◦26
′
51.27

′′
E, 39◦58

′
19.62

′′
N, from branches of

Platycladus orientalis, 17 August 2017, H.Y. Zhu & X.L. Fan
(BJFC CF20201002), living culture CFCC 54368.

Notes: This species is identified by having conidiomata
with a column lenticular tissue in the center, and having

FIGURE 3 | Morphology of Cytospora discostoma (BJFC CF2019802). (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 at 3 days (left) and 30 days (right). Bars: (A) = 1mm; (B–D)

= 500µm; (E,F) = 10µm.
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multiple locules surrounded by a black conceptacle. It can be
distinguished from its closest relative C. coryli by the discoid
pycnidial stromata with a conspicuous central column, and
smaller conidia (4.5–5.5 × 1–1.5 vs. 5–7 × 1–2µm) (Zhu et al.,
2020).

Cytospora donglingensisM. Pan & X.L. Fan, sp. nov. Figure 4
MycoBank MB 837634
Typification: CHINA. Beijing City: Mentougou District,

Mount Dongling, Xiaolongmen Forestry Centre, 115◦26
′
47.36

′′
E,

39◦56
′
06.45

′′
N, from branches of Platycladus orientalis, 17

August 2017, H.Y. Zhu & X.L. Fan (holotype BJFC CF2019884,
isotype BJM 240518), ex-type living culture CFCC 53159.

Etymology: Named after the location where it was collected,
Mount Dongling.

Descriptions: Sexual morph: Ascostromata immersed in the

bark, erumpent through the bark surface in a large area,
scattered, with 5–8 perithecia arranged irregularly. Conceptacle
absent. Ectostromatic disc buff, usually surrounded by ostiolar
necks, triangular to circular, 550–900µm in diam., with 4–10
ostioles arranged irregularly. Ostioles numerous, gray to black

FIGURE 4 | Morphology of Cytospora donglingensis (BJFC CF2019884). (A,B) Habit of ascomata on twig. (C,D) Transverse section of ascomata. (E) Longitudinal

section through ascomata. (F) Asci and ascospores. (G) Ascus. (H) Ascospores. (I) Colonies on PDA at 3 days (left) and 30 days (right). (J) Conidiomata from culture

on PDA. (K,L) Conidiophores. (M) Conidia. Bars: (A) = 1mm; (B–E), (J) = 500µm; (F–H), (K–M) = 10µm.
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when mature, at the same or above level as the disc, arranged
irregularly in a disc, 50–110µm in diam. Perithecia gray to black
when mature, flask-shaped to spherical, arranged irrugularly,
310–380µm in diam. Asci hyaline, clavate to elongate-obovoid,
37.5–46.5 × 8–9.5µm, 8-spored. Ascospores hyaline, elongate-
allantoid, thin-walled, aseptate, 11–17 × 2.5–4 (av. = 13.8 ± 1.4
× 3 ± 0.4, n = 30) µm. Asexual morph: On PDA, pycnidial
stromata covered by yellowish aerial mycelium, globose, solitary
or aggregated deeply embedded in the medium, erumpent, black,
1,340–1,700µm in diam., yellowish translucent to cream conidial
drops exuding from the ostioles. Conidiophores coniform
with the top end acute, hyaline, branched, 13–19 × 1.5–
3.5µm. Conidiogenous cells enteroblastic, phialidic. Conidia
hyaline, allantoid, occasionally with little curve, rough, aseptate,
unconspicuous biguttulate, 4.5–6× 1–2 (av.= 5.4± 0.5× 1.5±
0.2, n= 30) µm.

Culture characteristics: Cultures on PDA are initially white,

growing slowly up to 2 cm in diam. after 3 days and entirely
covering the 9 cm Petri dish after 7 days, becoming straw after
7–10 days. Colonies are flat with a uniform texture, producing
pycnidia covered by sparse aerial mycelium with cream to

yellowish conidial drops exuding from the ostioles after 30 days.
Pycnidia aggregated on surface.

Additional materials examined: CHINA. Beijing City:
Mentougou District, Mount Dongling, Xiaolongmen Forestry

Centre, 115◦26
′
47.36

′′
E, 39◦56

′
06.45

′′
N, from branches of

Platycladus orientalis, 17 August 2017, H.Y. Zhu & X.L. Fan
(BJFC CF20201084), living culture CFCC 54371. Beijing City:
Mentougou District, Mount Dongling, Xiaolongmen Forestry

Centre, 115◦23
′
39.32

′′
E, 39◦57

′
13.43

′′
N, from branches of

Platycladus orientalis, 17 August 2017, H.Y. Zhu & X.L. Fan
(BJFC CF2019885), living culture CFCC 53160; ibid. BJFC
CF20201085, living culture CFCC 54372.

Notes: In the phylogram, our new four isolates grouped in
a separate clade with high statistical support (MP/ML/BI =

94/99/1) (Figure 1). Morphologically, C. donglingensis differs
from other Cytospora species from Platycladus orientalis by the
ascostroma without conceptacle, producing allantoid ascospores
(11–17 × 2.5–4µm). Thus, C. donglingensis is considered to
represent a new species from Platycladus orientalis.

Cytospora verrucosaM. Pan & X.L. Fan, sp. nov. Figure 5
MycoBank MB 837635

FIGURE 5 | Morphology of Cytospora verrucosa (BJFC CF2019882). (A–C) Habit of conidiomata on twig. (D) Transverse section of conidioma. (E) Longitudinal

section through conidioma. (F) Conidiophores and conidiogenous cells. (G) Conidia. (H) Colonies on PDA at 3 days (left) and 30 days (right). Bars: (A) = 1mm; (B–E)

= 500µm; (F,G) = 10µm.
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Typification: CHINA. Beijing City: Mentougou District,

Mount Dongling, Xiaolongmen Forestry Centre, 115◦26
′
38.25

′′
E,

39◦57
′
18.47

′′
N, from branches of Platycladus orientalis, 17

August 2017, H.Y. Zhu & X.L. Fan (holotype BJFC CF2019882,
isotype BJM 240519), ex-type living culture CFCC 53157.

Etymology: Named after the verrucosa symptoms in branches.
Descriptions: Sexual morph: not observed. Asexual morph:

Pycnidial stromata immersed in the bark, scattered erumpent
through the surface of bark in a large area, verrucosa, with
multiple locules and conspicuous central column. Central
column beneath the disc more or less cylindrical, ochreous.
Conceptacle absent. Ectostromatic disc brown to black, circular
to ovoid, erumpent through the surface of bark in a large area,
unconspicuous when mature, 580–940µm in diam., with 5–7
ostioles per disc. Ostioles brown to black, arranged annularly on
the disc, at the same or slightly above the level as the disc surface,
30–40µm in diam. Locules numerous, subdivided frequently
by invaginations with common walls, 990–1,190µm in diam.
Conidiophores approximately cylindrical with the top end
acute, hyaline, unbranched, 10–13× 0.5–1.5µm. Conidiogenous
cells enteroblastic, phialidic. Conidia hyaline, allantoid, smooth,
aseptate, 6.5–8× 1.5–2 (av.= 7.3± 0.4× 1.7± 0.1, n= 30) µm.

Culture characteristics: Cultures on PDA are initially white,
growing up to 6 cm in diam. after 3 days and entirely covering
the 9 cmPetri dish after 5 days, becoming buff to honey after 7–10
days. Colonies are flat with a uniform texture; sterile.

Additional materials examined: CHINA. Beijing City:
Mentougou District, Mount Dongling, Xiaolongmen Forestry

Centre, 115◦26
′
38.25

′′
E, 39◦57

′
18.47

′′
N, from branches of

Platycladus orientalis, 17 August 2017, H.Y. Zhu & X.L. Fan
(BJFC CF20201082), living culture CFCC 54369. Beijing City:
Mentougou District, Mount Dongling, Xiaolongmen Forestry

Centre, 115◦27
′
23.07

′′
E, 39◦58

′
26.37

′′
N, from branches of

Platycladus orientalis, 17 August 2017, H.Y. Zhu & X.L. Fan
(BJFC CF2019883), living culture CFCC 53158; ibid. BJFC
CF20201083, living culture CFCC 54370.

Notes: Phylogenetically, our new four isolates cluster in a
separate lineage (MP/ML/BI = 100/100/1) comparing to other
strains included in this study (Figure 1). Morphologically, C.
verrucosa has similar characteristics to C. friesii, but it can
be identified by having verrucosa symptoms in branches and
pycnidia with a central column, and having numerous ostioles
on a large area of the ectostromatic disc. Moreover, C. verrucosa
differs from the closest species C. globosa by larger size of conidia
(6.5–8× 1.5–2 vs. 4–6.5× 1–2µm) (Li et al., 2020).

Other Species Recorded From Coniferous
Trees in China
Cytospora beilinensis X.L. Fan & C.M. Tian, Persoonia, 45:
14, 2020.

Notes: Cytospora beilinensis has been reported from twigs and
branches of Pinus armandii by Fan et al. (2020) in China, which
has the same host with C. pini (Saccardo, 1884). Morphologically,
C. beilinensis has larger conidia compared to C. pini (6–6.5 ×

1–1.5 vs. 4× 1µm) (Saccardo, 1884; Fan et al., 2020).

Cytospora bungeanae X.L. Fan & C.M. Tian, Persoonia, 45:
15, 2020.

Notes: In this study, Cytospora beilinensis, C. bungeanae, and
C. pini were associated with Pinus spp. Cytospora bungeanae
is characterized by conidiomata with black and inconspicuous
ostiole and numerous locules which arranged irregularly with
individual walls (Fan et al., 2020). Cytospora bungeanae differs
from C. beilinensis and C. pini by the conidia size (4–5 × 1 vs.
6–6.5× 1–1.5µm, 4× 1µm) (Saccardo, 1884; Fan et al., 2020).

Cytospora gigaspora C.M. Tian, X.L. Fan & K.D. Hyde,
Phytotaxa, 197: 232, 2015.

Notes: Cytospora gigalocus was recorded from Salix
psammophila and Juniperus procumbens (Fan et al., 2015b,
2020), which was similar with C. nivea regarded as the pathogen
for poplar and willow canker (Saccardo, 1884; Teng, 1963; Tai,
1979; Wei, 1979; Zhuang, 2005; Fan et al., 2014b). However, C.
gigalocus differs from other Cytospora species by the flat locules
and larger conidia size (10.4× 2.2µm) (Fan et al., 2015b).

Cytospora juniperina X.L. Fan & C.M. Tian, Persoonia, 45:
27, 2020.

Notes: Cytospora juniperina was described by Fan et al.
(2020) associated with canker disease of Juniperus przewalskii in
China. It is characterized by 5–12 perithecia arranged circularly
or irregularly producing biseriate, elongate-allantoid, hyaline,
aseptate ascospores (10–13.5 × 3–3.5µm), and pycnidia with
multiple locules producing allantoid, hyaline, aseptate conidia
(6–6.5 × 1–1.5µm) (Fan et al., 2020). Moreover, it has a unique
characteristic owning a prominent white ectostromatic disc in
symptomatic branches to easily diagnose.

Cytospora piceae Fan, Phytotaxa, 383: 188, 2018.
Notes: Cytospora piceae was described by Pan et al. (2018)

associated with canker disease of Picea crassifolia in Xinjiang,
China. Phylogenetically, C. piceae is closed to C. verrucosa and C.
globosa. It can be distinguished from C. verrucosa by the absent
of central column and larger conidia (5–5.5 × 1–1.5 vs. 6.5–8 ×
1.5–2µm) (Pan et al., 2018). Cytospora piceae has a similar size
of conidia with C. globosa, but C. piceae differs from C. globosa
by larger conidiomata (720–1,190 vs. 400–550µm) and smaller
ostiole (70–115 vs. 100–220µm) (Pan et al., 2018; Li et al., 2020).

Cytospora platycladi X.L. Fan & C.M. Tian, Persoonia, 45:
33, 2020.

Notes: Cytospora platycladi was isolated from infected
branches or twigs of Platycladus orientalis. Phylogenetically, C.
platycladi formed a close group with C. lumnitzericola and C.
pingbianensis. It differs from C. lumnitzericola by its disease
symptoms with buff colored bark and the size of its conidia (4.5–
5 × 1–1.5 vs. 4–5.5–1–1.3µm) (Norphanphoun et al., 2018).
It can also be distinguished from C. pingbianensis which is
only introduced as a sexual morph by the phylogenetic position
(Shang et al., 2020).

Cytospora platycladicolaX.L. Fan&C.M. Tian, Persoonia, 45:
33, 2020.

Notes: Cytospora platycladicola is associated with canker
disease of Platycladus orientalis in China, which has same host
with C. platycladi. Cytospora platycladicola can be distinguished
from C. platycladi by the common walls of its locules (Fan et al.,
2020).
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Key to Cytospora species on Platycladus spp. in China

1 Sexual morph present.............. 2
1 Sexual morph absent............. 4

2 Ascostromata without conceptacle......... 3
2 Ascostromata with conceptacle.......... C. albodisca

3 Size of asci more than 47µm........... C. platycladicola
3 Size of asci less than 47µm.......... C. donglingsis

4 Pycnidium without conceptacle.......... 5
4 Pycnidium with conceptacle.......... C. discostoma

5 Pycnidial stromata with single ostiole............ C. platycladi
5 Pycnidial stromata with numerous ostioles............ C. verrucosa

Key to Cytospora species on coniferous trees in China

1 Sexual morph present.............. 2
1 Sexual morph absent............ 5

2 Ascostromata without conceptacle............ 3
2 Ascostromata with conceptacle.............. C. albodisca

3 Size of asci more than 47µm...... C. platycladicola
3 Size of asci less than 47µm ......... 4

4 Size of conidia more than 5.5µm......... C. juniperina
4 Size of conidia less than 5.5µm........ C. donglingensis

5 Pycnidium without conceptacle......... 6
5 Pycnidium with conceptacle.......... 10

6 Pycnidial stromata with single ostiole........... 7
6 Pycnidial stromata with numerous ostioles...........

C. verrucosa

7 Locules with the common walls........... 8
7 Locules with the independent walls.............. C. platycladi

8 Host Pinus spp. .......... 9
8 Host Picea spp. ............ C. piceae

9 Size of conidia more than 5.5µm.......... C. bungeanae
9 Size of conidia less than 5.5µm.......... C. beilinensis

10 Pycnidial stromata without a central column... C. gigaspora
10 Pycnidial stromata with a central column... C. discostoma

DISCUSSION

In the present study, we utilized a polyphasic approach of
molecular phylogenetic analyses of the combined alignment
of ITS, LSU, act, rpb2, tef1-α, and tub2 gene suquences
along with morphological observations. Eleven Cytospora species

represented by 28 strains from coniferous trees, including four
new species (C. albodisca, C. discostoma, C. donglingensis, and
C. verrucosa), and seven known species (C. beilinensis, C.
bungeanae, C. gigaspora, C. juniperina, C. piceae, C. platycladi,
and C. platycladicola) were evaluated. A dubious species, C.
curreyi, was reported from Abies sp. in the Sichuan Province,
China (Teng, 1963), but it was not confirmed due to the non-
availability of living culture.

Consistent with the conclusions of a previous study, sexual
morphs of Cytospora species associated with coniferous trees
summarized herein are rarely found in nature. In the present
study, among the specimens of the four new species, two new
species (C. albodisca and C. donglingensis) had only sexual
morphs, and the other two new species (C. discostoma and C.
verrucosa) had only asexual morphs. Therefore, we observed
the asexual morphs of C. albodisca and C. donglingensis after
sporulation on PDA medium. Adams et al. (2005) reported
that the asexual morphs of Cytospora formed naturally may be
different from those formed in culture, and these morphological
characteristics may not be meaningful in classification. In conidia
morphology, C. discostoma resembles C. donglingensis (4.5–5.5×
1–1.5 vs. 4.5–6 × 1–2µm). However, C. discostoma differs from
C. donglingensis in ITS (33/656), LSU (7/522), act (61/367), rpb2
(71/726), tef1-α (104/824), and tub2 (101/648).We found that the
size of the conidia was distinguishable from that of other species,
and this was strongly supported by DNA sequence data.

Host affiliation has been primarily used as the delimitation
in Cytospora in the early stage, and this has been proven
uninformative because several Cytospora species have been
discovered in a wide range of hosts (Adams et al., 2005,
2006; Lawrence et al., 2018; Norphanphoun et al., 2018; Fan
et al., 2020; Pan et al., 2020). Lawrence et al. (2018) reported
that Cytospora included generalist and specialist pathogens by
taking C. chrysosperma and C. punicae as examples; however,
a clear elucidation of the host ranges and distribution of
Cytospora species will require a more exhaustive sampling
of other coniferous trees from other regions of the world.
Consistent with previous findings, some Cytospora species
isolated from coniferous trees occurred on different hosts (i.e., C.
ampulliformis, C. gigaspora, C. melnikii) (Fan et al., 2015b, 2020;
Norphanphoun et al., 2017, 2018; Lawrence et al., 2018) rather
than specific hosts. In addition, it cannot be denied that some
species of Cytospora have a preference for certain hosts (i.e., C.
japonica with chiefly Rosaceae host record, C. mali with apple
host record and C. pini with pine host record) (Teng, 1963; Tai,
1979; Wei, 1979; Zhuang, 2005; Wang et al., 2011). In our study,
all species with available strains found in China were associated
with a single coniferous host (mainly Juniperus, Picea, Pinus, and
Platycladus), with the exception of Cytospora gigaspora, which
has also been reported in Salix psammophila (Fan et al., 2015b).
These findings suggest that future studies are needed to better
understand the interaction between fungi and their hosts.

Coniferous trees are the main timber and greening tree
species in forestry production, but they are exposed to different
pathogens. Cytospora was recorded on the hosts of four
coniferous families (14 Cytospora spp. infecting Cupressaceae, 14
Cytospora spp. infecting Pinaceae, three Cytospora spp. infecting
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Taxaceae and three Cytospora spp. infecting Taxodiaceae) based
on the U.S. National Fungus Collections Fungus-Host database
(Farr and Rossman, 2021), but most species are inadequately
identified and lack of molecular data. In China, some new species
and new records of Cytospora on conifers have been reported
successively (Fan et al., 2015b, 2020; Pan et al., 2018), lacking
a systematic study summarizing Cytospora species isolated
from conifers. The present study indicated that the common
families of conifers infected by Cytospora are Cupressaceae and
Pinaceae, although several coniferous hosts suffering from canker
disease have not been discovered. Thus, the present research is
preliminary in nature, and further studies using a more intensive
and wider sampling of isolates are awaited.

Cytospora canker and dieback diseases present with different
symptoms in hardwoods and conifers. In hardwoods, the
symptoms are characterized by elongated, slightly sunken, and
discolored areas in the bark with obvious black spots (Fan
et al., 2020). However, discoloration of the adjacent cambium
in conifers has not been observed, although the fungus can
be isolated from nearby xylem (Schoeneweiss, 1983). A large
amount of resin flows from the infected branches, covers the
bark surface surrounded by the canker, and drips onto the lower
branches (Schoeneweiss, 1983). Generally, in canker disease,
Cytospora begins to infect through cracks and wounds in the
bark. The wounds include pruning wounds, cold injuries, leaf
scars, and branches with weakened shade. If perennial cankers
originating from pruning wounds occur in places critical to
the strength of the trees, they can be highly destructive (Biggs,
1989; Adams et al., 2006). Therefore, the occurrence of Cytospora
canker and dieback diseases can be minimized by maintaining
susceptible trees as strong as possible, and by removing dead
and dying branches in the dry season. All unnecessary damage
should be avoided. Moreover, the occurrence of Cytospora canker
diseases is not only affected by the environment and distribution,
but also by transmission (Fan et al., 2015b), which may act
as potential inoculum sources for other hosts in natural and
artificial environments. Six pathogens, including Cytospora, have

been found to pose a high risk of causing severe damage if

exported to other suitable environments (Cannon et al., 2016).
At present, the host specificity and pathogenicity of several
Cytospora species associated with coniferous trees are poorly
known. In the subsequent studies, more attention should be

paid to the pathogenicity and aggressiveness of Cytospora, which
can play a role in quarantine, monitoring, and early warning of
forestry pathogen.

In conclusion, in this study, we focused on four Cytospora
species isolated from Platycladus orientalis in China. Our study
implies that many additional Cytospora species from China are
still undiscovered. The keys to Cytospora species on Platycladus
spp. and coniferous trees were established based on their unique
morphological characteristics, and this will also help more
extensive research on fungal pathogens in China. Furthermore,
this study constitutes a step toward the taxonomic study of
conifer pathogens, providing sustainable disease management
strategies for conifers infected by Cytospora species in China.
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Underlying Cronartium ribicola vcr2 
Virulence
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Breeding programs of five-needle pines have documented both major gene resistance 
(MGR) and quantitative disease resistance (QDR) to Cronartium ribicola (Cri), a non-native, 
invasive fungal pathogen causing white pine blister rust (WPBR). WPBR is one of the 
most deadly forest diseases in North America. However, Cri virulent pathotypes have 
evolved and can successfully infect and kill trees carrying resistance (R) genes, including 
vcr2 that overcomes MGR conferred by the western white pine (WWP, Pinus monticola) 
R gene (Cr2). In the absence of a reference genome, the present study generated a vcr2 
reference transcriptome, consisting of about 20,000 transcripts with 1,014 being 
predicted to encode secreted proteins (SPs). Comparative profiling of transcriptomes 
and secretomes revealed vcr2 was significantly enriched for several gene ontology (GO) 
terms relating to oxidation-reduction processes and detoxification, suggesting that 
multiple molecular mechanisms contribute to pathogenicity of the vcr2 pathotype for its 
overcoming Cr2. RNA-seq-based bulked segregant analysis (BSR-Seq) revealed genome-
wide DNA variations, including about 65,617 single nucleotide polymorphism (SNP) loci 
in 7,749 polymorphic genes shared by vcr2 and avirulent (Avcr2) pathotypes. An 
examination of the distribution of minor allele frequency (MAF) uncovered a high level of 
genomic divergence between vcr2 and Avcr2 pathotypes. By integration of extreme-
phenotypic genome-wide association (XP-GWAS) analysis and allele frequency directional 
difference (AFDD) mapping, we identified a set of vcr2-associated SNPs within functional 
genes, involved in fungal virulence and other molecular functions. These included six 
SPs that were top candidate effectors with putative activities of reticuline oxidase, proteins 
with common in several fungal extracellular membrane (CFEM) domain or ferritin-like 
domain, polysaccharide lyase, rds1p-like stress responsive protein, and two Cri-specific 
proteins without annotation. Candidate effectors and vcr2-associated genes provide 
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INTRODUCTION

White pine blister rust (WPBR) caused by Cronartium ribicola 
(Cri) J.C. Fisch is the most severe and damaging disease of 
five-needle pine species (subgenus Strobus) world-wide. This 
fungal pathogen depends on pine trees as its primary hosts 
and Ribes as the principal alternate hosts to complete its 
life-cycle (Geils et  al., 2010). Following its accidental 
introduction to North America in 1906, Cri had spread to 
most geographical regions where commercial five-needle pines 
were originally distributed by the 1950s (Maloy, 2018). All 
nine native five-needle pine species in the United  States, 
including four native to Canada, are very susceptible to WPBR 
(Tomback and Achuff, 2010).

Cronartium ribicola has a complex life cycle with five spore 
stages (aeciospores, urediniospores, teliospores, basidiospores, 
and spermatia), requiring an alternate hosts (mainly species 
of Ribes in North America, and Pedicularis in some areas of 
Asia) to complete its life cycle over at least 2  years. Of the 
five spore stages of the Cri life cycle, only basidiospores are 
able to infect pine needles, which occurs in late summer or 
early fall when they develop on the underside of infected 
Ribes leaves during cool, wet weather conditions. Basidiospores 
germinate on the needle surface, and their germ tubes penetrate 
into needle tissues through stomatal pores. The mycelia grow 
at infection sites and spread to stems through vascular tissues, 
and stem cankers develop in the coming spring of next year. 
As an exotic, invasive fungal pathogen, Cri directly kills western 
white pine (WWP; Pinus monticola Dougl. ex D. Don) and 
other native five-needle pines of all ages across North America 
and predisposes older trees to secondary attack by insects and 
other fungi.

Due to the high economic and ecological importance of 
five-needle pines, screening of host resistance to this rust fungus 
to develop resistant populations is seen as the key to using 
these species in restoration and reforestation. In some species 
this work has been ongoing for more than 50  years, and 
different levels and types of resistance have been found among 
five-needle pine species (Sniezko et  al., 2014, 2020). Resistance 
(R) loci for major gene resistance (MGR) have been found in 
several five-needle pine species. Host trees with different resistant 
genotypes have allowed distinct virulent pathotypes to evolve 
from predominantly avirulent wild-type races, overcoming MGR 
in sugar pine and WWP (Kinloch et  al., 2004), as well as in 
Ribes (Tanguay et  al., 2013). The Cri pathotype vcr2 was 
discovered because of its ability to kill WWP trees with the 
major R gene (Cr2). vcr2 was originally detected in the Champion 
Mine population on the Umpqua National Forest in Oregon, 
a presence probably as early as the mid-1950s (Kinloch et  al., 

2004); and it has now been documented in much of western 
Oregon and at Happy Camp, CA, United States (Kinloch et al., 
2003). Cr2 progeny in field trials in Washington now show 
infection, suggesting that vcr2 may arise, or migrate from 
western Oregon. These observations suggest that the Cri virulent 
pathotype arises relatively quickly under selection where Cr2 
trees are present. Planting resistant seedlings is seen as the 
most effective and environmentally friendly way to manage 
WPBR. However, increased field planting of resistant trees also 
promotes selection pressure on Cri and accelerates the spread 
of vcr races and other genotypes with enhanced virulence. 
More information is required about compatible and incompatible 
white pine-blister rust (WP-BR) interactions to understand the 
durability and stability of MGR and quantitative disease resistance 
in different species (Sniezko et  al., 2020).

Understanding the mechanisms underlying variations in 
pathogenicity is necessary for disease management and utilization 
of tools for genetic resistance. However, the pathogen side of 
molecular tree-microbe interactions is poorly understood in 
WPBR pathosystems. Previously, investigation of Cri genetic 
diversity revealed the global movement, local host selection, 
and genetic shifts in  local populations (Richardson et al., 2008; 
Brar et  al., 2015). Despite this progress, the absence of a Cri 
reference genome sequence means that little molecular 
information is available for the Cronartium genus. Recently, 
the genome of Cronartium quercuum f.sp. fusiforme (Cqf) was 
sequenced (Pendleton et  al., 2014), allowing comparative 
genomics studies to identify avirulence genes and secreted 
effectors in this rust genus. Transcriptome profiling of Cri 
avirulent pathotypes described genes and putative effectors that 
were differentially expressed among different stages of its life 
cycle (Liu et  al., 2015). An effector secreted by Cri avirulent 
pathotypes was functionally characterized (Ma et  al., 2019). 
Such genomics and transcriptomics studies are invaluable in 
the discovery of gene functions and metabolic pathways in 
this rust group. However, genetics and molecular understanding 
of the genomic basis of Cri virulence is still lacking at this 
point (Kinloch et  al., 2004).

In this paper, we  report on the profiling of Cri vcr2 
transcriptomes and secretomes. To understand the molecular 
mechanisms contributing to pathogenic virulence, pathotype-
specific and conserved transcriptomic programs were revealed 
by a comparative transcriptomic approach. Candidate effectors 
and vcr2-associated genes were further identified by RNA-seq-
based bulked segregant analysis (BSR-Seq). These genomic 
resources provide a strong foundation for future efforts to 
isolate the vcr2 and Avcr2 genes for investigations of their 
biological properties and development of new diagnostic tests 
for monitoring virulence across Cri’s landscape.

valuable resources for further deciphering molecular mechanisms of virulence and 
pathogenicity by functional analysis and the subsequent development of diagnostic tools 
for monitoring the virulence landscape in the WPBR pathosystems.

Keywords: bulked segregant analysis-based RNA-seq (BSR-Seq), candidate effectors, comparative transcriptomics, 
major gene resistance, white pine-blister rust (WP-BR) interaction
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MATERIALS AND METHODS

Fungal and Plant Materials
Cronartium ribicola (Cri) vcr2 aeciospores were collected from 
infected trees of wind-pollinated progeny of two Cr2/Cr2 parent 
trees, 20046-031 and 023225 on March 12, 2014. Their seedlings 
were planted as part of a field trial (RV7) in 2000 at Travis 
Tyrrell seed orchard, Oregon, United  States (Sniezko et  al., 
2020), where vcr2 was documented (Kinloch et al. 2004). All 
Cri aeciospore samples were collected separately from different 
trees as biological repeats. Infected stems showing disease 
symptoms of discolored bark tissues were collected from 
20-month-old seedlings ~14  months post Cri infection as 
described previously (Liu et  al., 2014). In brief, seeds were 
sown in June 2010 after 4 months stratification. Seedlings were 
grown in a greenhouse and inoculated with Cri basidiospores 
in September 2010 using infected leaves of Ribes spp. (the 
alternate host of C. ribicola). The Cri sources in these inoculations 
were collected from eight field locations in eastern Oregon as 
a heterogenous mixture. Phenotypic traits were assessed at 
periodic intervals in 2011 when infection symptoms were 
evident on needles and stems. Based on phenotypes of needle 
disease spot types (i.e., all HR-like; all susceptible; mixed; and 
un-identified disease spots) and stem symptoms (i.e., cankers 
present or absent), each seedling was determined as a resistant 
(Cr2/−) or susceptible (cr2/cr2) genotype, and their genotypes 
were further confirmed by SNP genotyping using Cr2-linked 
DNA markers (Liu et al., 2020). Cankered WWP (Cr2/−) stems 
were harvested for the vcr2 pathotype with three biological 
repeats, each pooled with at least 15 seedlings. Uninfected 
healthy seedlings were used as negative controls. The samples 
were frozen using liquid nitrogen and stored at −80°C before 
RNA extraction.

RNA-Seq Analysis and de novo Assembly 
and Post Filtering of the Transcriptomes
Total RNAs were extracted from aeciospores and cankered 
WWP stems following a protocol described previously (Liu, 
2012). After genomic DNA digestion with DNase, RNA was 
re-purified using an RNeasy plant mini kit (Qiagen). Following 
mRNA separation using an RNA-seq sample preparation kit 
(Illumina, San Diego, CA, United  States), cDNA libraries were 
constructed with sample-specific 6-bp  bar-coding tags. Paired-
ends (PE) were sequenced on an Illumina HiSeq 2500 instrument 
(Illumina), which yielded 23–56 million 100-bp PE reads per 
library at the National Research Council of Canada (Saskatoon, 
Canada). Raw reads of the Illumina RNA-seq  100-bp PE 
sequences from nine samples were deposited in the NCBI 
SRA under accession number SRR11101722–SRR11101730.

Trimmomatic with default settings was used to remove adapter 
sequences and low-quality bases (phred score <20) from the 
raw RNA-seq reads (Bolger et  al., 2014). The clean reads were 
de novo assembled into transcripts for the aeciospores and 
cankered stems separately using Trinity (version: trinityrnaseq_
r2013-02-25) with default k-mer length of 25 (Haas et al., 2013). 
A workflow as outlined by De Fine Licht et  al. (2017) was 
used to remove host transcripts and reduce sequence redundancy. 

Putative WWP transcripts were first removed from two assemblies 
by BLASTn search (Altschul et  al., 1990) against healthy WWP 
stem transcriptome (Liu et  al., 2014) with a cut-off at e-value 
< e-6. The highest expressed isoform was then selected for 
each component using “pick_isoform_trinity_RSEM.py” (Yang 
and Smith, 2013), and overlapping sequences were assembled 
into contigs using CAP3 Sequence Assembly Program with 
setting -o 200 -p 99 (Huang and Madan, 1999). After combining 
contigs and singlets, CD-Hit-EST (Fu et  al., 2012) was run to 
combine transcripts at 97% identity of the nucleotide sequences. 
Finally, each sequence was assigned to a putative taxonomical 
origin with BLASTx searches (e-value < 1e-6) against the 
UNIPROT database (ver. 2015_1) using Metagenome Analyzer 
(MEGAN, ver 5.7.1; Huson et al., 2011). Transcripts were assigned 
to four categories: “fungi”, “no hits” (sequences for which BLASTx 
did not find any hits), “not assigned” (sequences had BLASTx 
hits with bitscores below the threshold, thus no taxonomy was 
assigned to them), and “other” for those sequences that were 
assigned a taxonomy but beyond any of the above three categories. 
Sequences in the category of “not assigned” were also excluded 
where BLASTx search against the proteome of C. quercuum f. 
sp. fusiforme (Pendleton et  al., 2014; downloaded at https://
mycocosm.jgi.doe.gov/Croqu1/Croqu1.home.html) had E values 
>e-6. The sequences were further filtered by total length >200-bp 
with a minimum open reading frame (ORF) long 50 codons 
as predicted by TransDecoder. The putative protein sequences 
were combined by a run of CD-Hit at 97% of amino acid 
sequence identity. The resulting transcript dataset, including all 
sequences in the categories “fungi” and “no hits” and a part 
of “not assigned” sequences, was considered as a vcr2 reference 
transcriptome for further analysis. This transcriptome shotgun 
assembly project has been deposited at DDBJ/EMBL/GenBank 
under the accession GIKE00000000 in Bioproject PRJNA261951.

Ortholog cluster analysis was performed to compare the 
reference transcriptomes between vcr2 and Avcr2 (Liu et  al., 
2015) using OrthoVenn2 with the default settings of E-values 
≤1e-5 and an inflation value of 1.5 (Xu et  al., 2019). Gene 
names and gene ontology (GO) terms were assigned to the 
Cri genes based on their homologies to the available databases 
(NCBI-nr, PIR, KEGG, and GO) using BLAST2GO (Götz et al., 
2008). GO-term enrichment was analyzed by Fisher’s exact 
test with correction for multiple testing (p values  <  0.01) as 
implemented using BLAST2GO.

Prediction of Secreted Proteins
The vcr2 secretome was determined in complete ORFs based 
on bioinformatic prediction. The N-terminal signal peptide was 
predicted by combining SignalP v5.0 (Petersen et  al., 2011) 
and Phobius (Kall et al., 2004). Transmembrane (TM) domains 
were predicted by allowing one TM domain in the first 60 
amino acids using TMHMM1; and proteins with endoplasmic 
reticulum (ER) targeting sequence (Prosite: PS00014) were 
removed by using ScanProsite (de Castro et al., 2006). CD-HIT 
was used to cluster secreted proteins from vcr2 and Avcr2 
(Liu et  al., 2015) into clusters at a threshold of 98% amino 

1 http://www.cbs.dtu.dk/services/TMHMM/
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acid sequence identity. Localization of effectors to apoplast 
was predicted by ApoplastP based on depletion in glutamic 
acid, acidic amino acids and charged amino acids and enrichment 
in small amino acids (Sperschneider et al., 2018). Carbohydrate-
active enzymes (CAZy) in the secretome were annotated using 
the dbCAN2 meta server (Zhang et  al., 2018). Pfam domain 
predictions were performed using HMMSCAN at the European 
Bioinformatics Institute (EMBL-EBI).2

Global Gene Expression Analysis
For comparative transcriptomic study of vcr2 with Avcr2, 
RNA-seq  100-bp PE reads from Avcr2-related samples were 
downloaded from the NCBI SRA. They included cankered stems 
of susceptible (cr2/cr2) WWP seedlings infected by the Avcr2 
pathotype (SRR3273235–SRR3273237), Avcr2 aeciospores 
(SRR1583540, SRR1583545, and SRR1583552), avcr2 urediniospores 
(SRR1583557–SRR1583559), as well as the shoot-tip samples of 
healthy WWP (Cr2/−) seedlings (SRR1574690–1574692) as 
negative controls.

RNA-Seq reads were mapped back to the vcr2 transcriptome 
using CLC with parameters as: no masking, mismatch cost = 2, 
insertion/deletion cost  =  3, length fraction  =  0.9, similarity 
fraction  =  0.9, auto-detect paired distances  =  yes, global 
alignment  =  yes, and non-specific match handling  =  ignore. 
As only paired reads were counted, transcript expression values 
were normalized by fragments per kilobase of exon per million 
fragments mapped (FPKM, Mortazavi et  al., 2008) using CLC 
Genomics Workbench 5.5 (CLC bio, QIAgen, Aarhus, Denmark). 
Genes were counted as expressed in a specific pathotype using 
a cut-off of an average FPKM  ≥  1  in all sample types. 
Differentially expressed genes (DEGs) were identified by 
Baggerley’s test with weighted proportions fold change  >  |2| 
and Bonferroni corrected p  <  0.05.

Identification of DNA Polymorphisms and 
Estimation of Minor Allele Frequency
Using the vcr2 reference transcriptome de novo assembled in 
this study as a reference, the variant detection tool embedded 
in CLC Genomics Workbench was used to analyze DNA variants 
in vcr2 and Avcr2 pathotypes as two pooled samples. Clean 
RNA-seq reads were pooled from six and 12 samples for the 
vcr2 and Avcr2 pathotypes separately. The two sets of pooled 
reads were mapped to the reference using CLC with parameters 
set the same as in the above gene expression study. DNA 
variants were called by the quality-based variant detection 
method using CLC with parameters set as: neighborhood 
radius  =  5, maximum gap and mismatch count  =  2, minimum 
neighborhood quality  =  15, minimum central quality  =  20, 
ignore non-specific matches  =  yes, ignore broken pairs  =  no, 
minimum coverage = 4, minimum variant frequency (%) = 1.0, 
and maximum expected alleles = 2. DNA variants were further 
filtered by a minimum contig depth of 10 reads covering the 
polymorphic site. These genes with low expression levels were 
not included in further analysis of genetic diversity. The vcr2 

2 https://www.ebi.ac.uk/Tools/hmmer

and Avcr2 pools were compared to identify variants specific 
to either pool as well as those common to both pools. Minor 
allele frequency (MAF) was estimated in the two data sets 
based on pathotypes. The distribution of MAFs was estimated 
according to the proportion of SNPs with MAF values that 
fall within the following six ranges: <  0.05, ≥0.05 to <  0.1, 
≥ 0.1 to <  0.2, ≥ 0.2 to <  0.3, ≥ 0.3 to <  0.4 and ≥ 0.4 to 
≤ 0.5. Chi-squared tests were used to compare frequency 
differences between the two pathotypes.

Detection of vcr2-Associaed SNPs
Bulked segregant analysis RNA-seq (BSR-Seq, Michelmore et al., 1991; 
Liu et  al., 2012; Trick et  al., 2012) was used to detect vcr2-
associated SNPs. RNA-seq reads were bulked from individual 
samples from at least 90 C ribicola infected WWP trees based 
on vcr2 and Avcr2 pathotypes and mapped to the reference 
transcriptome as described above to calculate sequencing depth 
of the SNPs, counts of reference and alternative alleles at each 
SNP locus, as well as allele frequency for each SNP across 
the transcriptome throughout the whole genome.

DNA variants common to both vcr2 and Avcr2 pools were 
used to detect vcr2-associated SNPs, which are genetically 
informative due to the elimination of false positive variants, 
a process which is challenging in NGS data processing (Ribeiro 
et al., 2015). Extreme-phenotype genome-wide association study 
(XP-GWAS) and allele frequency directional difference (AFDD) 
mapping were integrated to identify vcr2-associated SNPs.

Extreme-phenotype genome-wide association study was 
generally performed using a generalized linear mode as described 
by Yang et  al. (2015). To attenuate over-dispersion of the X2 
test statistic from RNA-seq data with large variation of gene 
expression levels, counts of reference and alternative alleles 
were first normalized based on allele frequency for each SNP 
loci prior to the XP-GWAS run, where normalized count = log10 
(count/10)  x  the allele frequency in percentage point (i.e., 
between 1 and 100). Phenotypic pool numbers were set as 
1  =  vcr1, 3  =  Avcr2, and 2  =  random that was generated 
by randomly pooling RNA-seq reads equally from both vcr2 
and Avcr2. The likelihood ratio test statistic was computed 
for testing the null model of no association between success 
probability and phenotypic pool number; and then corrected 
by dividing by λ, an inflation factor proposed for consideration 
of cryptic within-group relatedness (Devlin and Roeder, 1999). 
The inflation factor (λ) was estimated using the R add-on 
package “gap”.3 To identify significant variants, the values of 
p derived from the likelihood ratio test statistic were corrected 
by the FDR method at the 5% level (Yang et  al., 2015).

Allele frequency directional difference mapping was performed 
using two pooled samples as described previously (Fekih et al., 
2013; Takagi et al., 2013). Avcr2 was presumed to be a dominant 
trait while virulent races, expected to be  homozygous (vcr2/
vcr2), were relatively rare across Cri landscape. Based on this 
hypothesis, genotypes were proposed for the bulked samples 
of virulence (ll) and avirulence (lm), where the allele “l” is 
assumed to be linked to vcr2. Under this scenario, the expected 

3 https://cran.r-project.org/web/packages/gap/index.html
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frequencies of the vcr2-linked alleles were close to 100% in 
the vcr2 pool and close to 50% in the Avcr2 pool. Therefore, 
SNP loci with allele frequency >0.90 as homozygote (ll) in 
the vcr2 pool and allele frequency in the range of 0.4~0.6 as 
heterozygote (lm) in the Avcr2 pool were selected for 
association testing.

Although considered less likely, the opposite hypothesis was 
also considered where the vcr2 pathotype has a heterozygous 
genotype (lm) and the Avcr2 pathotype has a homozygous 
genotype (mm). Under this assumption, the vcr2-linked allele 
(l) would have frequencies close to 50% in the vcr2 pool and 
its frequency would be  close to 0  in the Avcr2 pool. SNP loci 
were then selected for virulence association tests with allele 
frequency in the range of 0.4~0.6 as heterozygote (lm) in the 
vcr2 pool and allele frequency  <  0.1 as the homozygote (mm) 
in the Avcr2 pool. Under both assumptions, the AFDD threshold 
was set with the minimum of 30% points with the goal being 
to search for variants with AFDD of 50% points as a practical 
measurement (Fekih et  al., 2013; Dougherty et  al., 2018). The 
AFDD values were plotted against values of p from XP-GWAS 
for identification of significant association.

RESULTS

De novo Assembly of the Cri vcr2 
Reference Transcriptome by RNA-Seq 
Analysis
A total of 102 and 161 million 100-bp RNA-seq PE reads 
were generated from RNA prepared from vcr2 aeciospores and 
cankered WWP stems with Cr2/− genotypes, respectively, 
(Supplementary Table S1). Because infected host tissues 
contained a mixture of mRNAs expressed by both C. ribicola 
mycelia and WWP cells, transcriptomes were de-novo assembled 
for the spore samples and cankered WWP stem samples 
separately. The Cri samples collected in the present study came 
from greenhouses and the field, because culturing rust fungi 
in vitro is very difficult. In addition to Cri and WWP, a wide 
range of other organisms might contribute to RNA-seq reads 
of these environmental samples. After removal of host WWP 
transcripts, MEGAN analysis assigned transcripts and RNA-seq 
reads into the four categories: fungi, no hits, not assigned, 
and other. Although fungal transcripts accounted for only  
54.2% of total de novo assembled transcriptomes, 93.3% of 
total mapped RNA-seq reads were assigned to them 
(Supplementary Figure S1). Detailed analysis of the WWP 
host transcriptome and biodiversity of the WPBR field samples 
will be  described in a separate report. Following removal of 
transcripts potentially expressed by other taxa from the primary 
assemblies by bioinformatic processing as outlined in the 
methods, a final set of 24K unique transcripts was generated, 
representing the Cri vcr2 reference transcriptome with a total 
length of ~22  Mb (GenBank TSA accession GIKE00000000) 
for further analysis. Searching open reading frames (ORFs) at 
a cut-off of 150-bp identified 6,859 transcripts with putatively 
complete ORFs, while the remainder had incomplete ORFs, 
with a total ORF length of ~15 Mb (Supplementary Table S2).

This vcr2 reference transcriptome was compared to that of 
the Cri Avcr2 pathotype (Liu et  al., 2015) using OrthoVenn2 
(Supplementary Table S3). Both pathotypes had a similar 
number of clusters (8,498 vs. 8,063), but singleton clusters 
(proteins that do not cluster with others) were about two times 
more prevalent in vcr2 than in Avcr2 (15,793 vs. 6,324). The 
Cri vcr2 and Avcr2 pathotypes shared 6,944 clusters between 
them while 435 and 1,119 unique clusters were detected in 
vcr2 and Avcr2, respectively (Supplementary Figure S2). Both 
the unique clusters and the unique singletons might represent 
novel pathotype-specific proteins, or they may reflect differences 
in filtering of the transcriptome assemblies. OrthoVenn2 analysis 
did reveal that 435 vcr2-unique clusters were enriched with 
three GO terms of biological processes (cellulose catabolic 
process, hydrogen peroxide catabolic process, and mitochondrial 
electron transport, cytochrome c to oxygen) while 1,119 Avcr2-
unique clusters were enriched with only one biological process 
termed as translation  (Supplementary Table S4).

Prediction of the Cri Secretome
Fungal pathogens secrete effector proteins into the plant apoplast 
or cytoplasm to trigger molecular plant-microbe interactions. 
The full-length proteins encoded by the 6,859 complete ORFs 
were used to mine secreted proteins (SPs) in the Cri vcr2 reference 
transcriptome. Presence of secretory signal peptides at the N 
termini of proteins and absence of transmembrane domains were 
used to identify candidate effectors. A combination of four 
in-silico prediction programs (SignalP-v5.0, Phobius, TMHMM, 
and ScanProsite) revealed 519 candidate genes expressed as 
secreted proteins in the Cri vcr2 reference transcriptome (Figure 1), 
which accounted for 7.6% of unigenes with complete ORFs. 
After clustering with a set of 734 proteins identified previously 
as the Cri avcr secretome (Liu et al., 2015) and by using CD-Hit 
with a threshold of 98% identity between amino acid sequences, 
a total of 1,014 SPs were identified in transcriptomes of both 
vcr2 and Avcr2 pathotypes (Figure 1; Supplementary Table S5).

B2G based annotation showed 687 SPs had significant hits 
(Blastx E values < e-6) in the GeneBank nr database. Of all 
SPs, 109 and 321 SPs were further classified within CAZy and 
apoplast groups, respectively, (Supplementary Table S6). In 
addition, HMMScan revealed Pfam domains in 360 Cri SPs 
(Supplementary Table S6). The secreted CAZyes included 63 
glycoside hydrolases (GHs), 3 glycosyltransferases (GTs), 4 
polysaccharide lyases (PLs), 20 carbohydrate esterases (CEs), 
and 19 proteins with redox-active auxiliary activities (AAs). 
Protease/peptidase-like proteins comprised 29 annotated SPs 
in the Cri secretome, while others included multiple members 
of gene families for multi-copper oxidase laccase-like proteins, 
endoglucanases, nucleases, peroxidases, L-ascorbate oxidases, 
thioredoxins, Cu/Zn superoxide dismutase (SOD), pathogenesis-
related proteins (PR-1-like and thaumatin-like proteins), catalases, 
and expansin proteins, Egh16-like virulence factors, common 
in several fungal extracellular membrane proteins (CFEM)-
domain proteins, heat shock proteins (HSPs) and their chaperones 
with DnaJ domain (Supplementary Table S6). Hypothetical 
proteins with unknown function comprised 53.6% of the total 
SPs, but the majority had top Blast hits related to species of 
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FIGURE 1 | In-silico secretome prediction and identification of pathotype-specific effectors using a combination of computational programs. Putative full-length 
proteins were used to predict presence of signal peptides by using SignalP-v5.0 and Phobius. Proteins with transmembrane (TM) domains were removed by using 
TMHMM-v2.0 and Phobius. Proteins targeted to endoplasmic reticulum (ER) were removed by using ScanProsite. Cri secreted proteins from vcr2 and Avcr2 
pathotypes were clustered by using CD-Hit. Within the Cri secretome, pathotype-specific effectors and those exclusively expressed in cankered host tissues were 
determined by mapping RNA-seq reads with a threshold of FPKM >1. The Venn diagram at bottom showing number of unique and shared proteins identified in Cri 
vcr2 and Avcr2 secretomes.
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other rust fungi belonging to the genus Melampsora and Puccinia 
(Supplementary Table S6).

Expression Profiling of the Transcriptomes 
Revealed Pathotype-Specific Pathways
Expression profiling was performed by mapping RNA-seq reads 
to the Cri vcr2 reference transcriptome, including the Cri 
secretome. About 72~73% of total RNA-seq reads from 
aeciospores were mapped, while mapped reads from cankered 
WWP stems only accounted for 0.08~8% of the total RNA-seq 
reads (Supplementary Table S1). Abundance of fungal RNA-seq 
reads was much lower in vcr2-infected stems of the WWP 
resistant trees with Cr2/− genotype than in Avcr2-infected 
stems of the WWP susceptible trees with cr2/cr2 genotype 
(0.5 ± 0.6% vs. 7.6 ± 0.9%, t-test p = 1e-3). Transcripts expressed 
in pathotypes were filtered by a cut-off of FPKM  =  1 on 
average, per sample type, resulting in detection of 18,014 and 
12,771 genes expressed in vcr2 and Avcr2 pathotypes, respectively, 
(Supplementary Table S1). A core set of 7,092 genes was 
expressed in both vcr2 and Avcr2 pathotypes for both aeciospores 
and infected WWP stems (Figure  2A).

Following B2G-based gene annotation, a comparison of the 
top  20 GO-terms at level-3 shows both pathotypes shared five 

main biological processes (biosynthetic process, cellular metabolic 
process, organic substance metabolic process, primary metabolic 
process, and nitrogen compound metabolic process), each 
accounting for >10% of the total annotated transcripts. 
Consistently with results of orthologous clustering analysis by 
OrthoVenn2, X2 test revealed that the vcr2 transcriptome had 
significant enrichment of oxidation-reduction process (GO: 
0055114, p  <  1e-5), response to chemical (GO: 0042221, 
p  <  1e-5), oxidoreductase activity (GO: 0016491, p  <  1e-3), 
lipid binding (GO: 0008289, p < 1e-5), and proteasome complex 
(GO: 0000502, p  <  1e-5) while the Avcr2 transcriptome had 
enrichment of cell cycle (GO: 0007049, p  <  1e-5), enzyme 
regulator activity (GO: 0030234, p < 1e-5), membrane-enclosed 
lumen (GO: 0031974, p  <  3e-2), and Sm-like protein family 
complex (GO: 0120114, p  <  1e-5; Figure  3).

Examination of pathotype-specific transcripts detected 1,610 
and 4,178 genes exclusively expressed in Avcr2 aeciospores and 
cankered stems of WWP seedlings with genotypes Cr2/–, 
respectively. Relatively fewer genes were detected with Avcr2-
specific expression patterns with 99 and 437 genes in aeciospores 
and cankered WWP stems, respectively, (Figure  2A). Similar 
to the transcriptome results shown above, Fisher’s exact tests 
showed vcr2-specifically expressed genes significantly enriched 

A

B

FIGURE 2 | Venn diagrams representing numbers of the expressed unigenes. The expressed unigenes were counted in aeciospore and cankered stem with 
FPKM > 1. (A) Overlap of total genes expressed in vcr2 and Avcr2 pathotypes. (B) Distribution of differentially expressed genes (DEGs) by comparison of vcr2 with 
Avcr2.
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FIGURE 3 | GO-term comparison between vcr2 and Avcr2 transcriptomes. The vcr2 and Avcr2 transcriptomes consist of 18,596 and 13,139 transcripts with the 
mean FPKM >1. A comparison of the top 20 GO-terms at level-3 shows the vcr2 transcriptome with a significant enrichment of oxidation-reduction process 
(GO:0055114), response to chemical (GO:0042221), oxidoreductase activity (GO:0016491), lipid binding (GO:0008289), and proteasome complex (GO:0000502) 
while the Avcr2 transcriptome with enrichment of cell cycle (GO:0007049), enzyme regulator activity (GO:0030234), membrane-enclosed lumen (GO:0031974), 
Sm-like protein family complex (GO:0120114). One and three stars indicate chi-square test p < 0.05 and 0.001, respectively.
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with seven GO-terms of molecular functions and 16 GO-terms 
of biological processes (FDR-adjusted p < 1e-3; Supplementary 
Table S7). The most enriched biological processes included 
oxidation-reduction process (GO: 0055114), carbohydrate 
metabolic process (GO: 0005975), detoxification (GO: 0098754), 
cellular response to toxic substance (GO: 0097237), involving 
568, 230, 74, and 73 genes, respectively. Consistently, the most 
enriched molecular functions included oxidoreductase activity 
(GO: 0016491), cofactor binding (GO: 0048037), and coenzyme 
binding (GO: 0050662). In contrast, there were no enriched 
GO term detected in Avcr2-specific transcripts.

In addition to the exclusive presence or absence of transcripts, 
a total of 1,605 DEGs (Bonferroni adjusted p  <  0.05 and fold 
changes ≥ 2) were detected between vcr2 and Avcr2 pathotypes, 
including 169  in aeciospores and 1,452  in cankered stems 
(Figure  2B). Of these, 8 and 122 DEGs were not detectable 
(FPKM  =  0) in cankered stems infected by Avcr2 and vcr2, 
respectively (Figure 2B). The majority of aeciospore DEGs (160 
of 169) were upregulated in vcr2 compared to Avcr2, while 
the majority of cankered stem DEGs (1,361 of 1,452) were 
upregulated in Avcr2 compared to vcr2. GO enrichment revealed 
seven biological processes enriched in DEGs in aeciospore 
(FDR-adjusted p < 1e-3), including cellular process, macromolecule 
modification, regulation of cellular component organization, 
cellular component organization or biogenesis, cellular protein 
modification process, regulation of organelle organization, and 
organelle organization. DEGs in cankered stems were enriched 
with four other biological processes (FDR-adjusted 
0.01 < p < 0.05), nucleic acid metabolic process, macromolecule 
modification, regulation of nucleic acid-templated transcription, 
and regulation of cellular process (Supplementary Table S7).

Expression Profiling of the Cri secretome 
Identified vcr2 Candidates
Most SPs belonged to gene families with multiple members 
with differential expression among family members. Among 
the top 60 genes expressed at the highest levels (FPKM > 1,000) 
in infected pine stems, 40 of them were predicted to be  SPs 
and annotated with functions such as GH5, GH12, GH17, 
GH18, GH27, PL3, HSP12, subtilisin protease, and thaumatin-
like protein (Supplementary Table S8). A total of 901 SPs 
were found with average FPKM >1; and 376 of those were 
expressed in both pathotypes in aeciospores and mycelium 
growing inside the pine stems (Figure  1). These conserved 
genes likely represent a core group of effector candidates 
enriched for effectors that may be essential for successful fungal 
infection into five-needle pines and Ribes.

Furthermore, 131 and 60 SPs were specifically expressed in 
either the vcr2 or Avcr2 pathotype, respectively, at a cut-off 
of FPKM  ≥  1 (Figure  1; Supplementary Table S6). Of these, 
36 and 16 SPs were not detectable in the other pathotype, 
i.e., with FFPKM  =  0  in any of the Avcr2 and vcr2 samples. 
Specifically expressed SPs in vcr2 cankered stems were annotated 
as ATP-NAD kinase, cutinase 1, endo-beta-1,6-glucanase, 
exonuclease, GT24, CE8, isoleucyl-tRNA synthetase, ligase, 
N-acylphosphatidylethanolamine-specific phospholipase D 
(NAPEPLD), nucleotidyltransferase, oxidoreductase, PR-1-like 

protein, protein disulfide isomerase (PDI), protein disulfide 
oxidoreductase (PDOR), subtilisin-like protein, UDP-N-acetylglucosamine- 
dolichyl-phosphate N-acetylglucosaminephosphotransferase, and 
other hypothetical proteins. In contrast, few specifically expressed 
SPs in Avcr2 cankered stems were annotated; this list included 
homologs to ATP-NAD kinase, carboxylesterase, PL1, GH5, 
GH8, and pupal cuticle 27-like protein. Comparisons between 
expression profiles and functional annotations revealed that 
the SPs specifically expressed in vcr2 cankered stems most 
likely have an effect on the virulence of vcr2 pathotype for 
overcoming Cr2-conferred resistance.

In addition, 131 of the 1,605 DEGs identified above, were 
predicted to be  SP-coding DEGs, of which 93% (122/131) were 
candidate effector genes upregulated in Avcr2 cankered stem 
compared with vcr2. B2G analysis revealed that 77% of the DEGs 
(101/131) had significant homology hits to CE4, CBM13 and 
18, GH of various families, PL3, proteases/peptidase, peroxidase, 
thaumatin-like protein, aromatic compound dioxygenases, and 
others. Apparently, the majority of these differentially expressed 
SPs are conserved and play indispensable roles during tree infection 
in compatible Cr2-Avcr2 interactions. In contrast, only four 
SP-coding DEGs were upregulated in vcr2 cankered stem, annotated 
as cutinase, GH10, GH61 domain protein, and hypothetical protein.

Genomic Variations and Association With 
Cri Virulence
To compare genotypes between the two pathotypes, small 
genomic variations, including single nucleotide variant/
polymorphism (SNV/SNP), multi-nucleotide variant (MNV), 
and insertion/deletion (InDel), were examined based on mapping 
reads to the vcr2 reference transcriptome. A total of 696,284 
and 609,783 DNA variants were identified for vcr2 and Avcr2, 
respectively. The distribution of MAF showed vcr2 had lower 
proportions of variants with MAF ≥ 0.3, but higher proportion 
of indel and ns-SNPs than Avcr2 (X2 test, p < 1e-3; Supplementary 
Figure S3), suggesting greater genetic diversity of Avcr2 
populations obtained from sequencing data. Analysis of DNA 
variants, showed that both pathotypes shared 65,617 SNPs 
(Figure  4A), distributed within 7,749 polymorphic transcripts, 
averaging 4.4 SNPs/kb.

The allele frequencies for the 65,617 SNPs shared by both 
vcr2 and Avcr2 pools were calculated (Supplementary Figure S4) 
and used to normalize reference and alternative allele counts 
for XP-GWAS analysis. Of the 65,617 shared SNPs, 2011 SNPs 
(3% of the total) showed FADD > 30 (Figure 4A). The statistical 
analysis by XP-GWAS identified 204 SNP loci with significant 
vcr2-association after FDR multiple testing correction at a 
threshold of p  =  2e-04 (Figure  4B). Of the 204 significantly 
associated SNPs, 198 of them (97% of the total) had FADD > 30 
percentage points (Figures  4B,C). These associated SNPs were 
distributed in 119 genes (Supplementary Table S9). As shown 
in Figure  4C, by plotting the XP-GWAS calculated values of 
p against FADD values across all 65,617 SNPs, we demonstrated 
that the results were highly correlated with each other 
(R2 = 0.8454). Top associated SNPs were detected in three genes 
denoted as contig401 (1.82E-10  ≤  p  ≥  9.74E-10), Spr127863_
c1_seq3 (p = 6.24E-10), and F_Contig7773 (p = 4.79E-9); which 
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encoded PL3, Cri-specific SP (without any BLAST hit in the 
NCBI-nr database), and RNA-dependent RNA polymerase (RdRp), 
respectively (Figure  4; Supplementary Tables S6, S9, S10).

The 198 associated SNPs were filtered with FADD  >  40 
and MAF  <  0.1, resulting in 87 SNPs within 52 genes 
(Supplementary Table S10), including 63 SNPs in 41 genes 
under the hypothesis of dominant avirulence and 24 SNPs 

in 12 genes under the hypothesis of dominant virulence. 
Their annotations and BLAST top-hit homologs from 
corresponding species are shown in Supplementary Table S10. 
The putative RdRp-encoding gene (F_Contig7773) was the 
sole one that was detected with significantly associated  
SNPs under both hypothesis. Of these 52 top-associated genes, 
four genes (SB-contig463, F_Contig7868, SB-contig401, and 

A

B

C

FIGURE 4 | Identification of SNP loci for significant association with the virulent phenotype. (A) Distribution of allele frequency directional difference (AFDD) across 
all tested 65,617 SNPs shared between the vcr2 and wild Avcr2 pools. About 3% of total SNPs showed AFDD >30. (B) Manhattan plot of association p-values 
across all tested 65,617 SNPs analyzed by XP-GWAS. Three genes are labeled to show their SNPs with association at the most significant levels. (C) Scatter 
plotting AFDD values against p values analyzed by XP-GWAS across all tested SNPs. The horizontal red lines in (B) and (C) indicates the FDR-corrected threshold 
of p = 2e-04 for SNP loci with significant association. The gray dashed line in (C) shows that FADD values are highly correlated with the p-values analyzed by 
XP-GWAS for the corresponding SNP loci.
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F_OR-Aec15165_c0_seq1) were highly polymorphic, with eight, 
six, and five, and five significant SNPs, respectively.

Of the 41 vcr2-associated genes with presumed dominant 
avirulence, five genes (Spr127863_c1_seq3, F_OR-Aec12603_
c0_seq1, NA_HC37594_c0_seq1, SB-Spr-contig11, and 
SB-contig463) encoded SPs as predicted above. Notably, the 
most polymorphic gene SB-contig463 encoded a SP with putative 
reticuline oxidase activity, with the highest level of similarity 
(BLAST hit E-value of 4.8e-168) to a homolog from Amborella 
trichopoda (GenBank accession no. ERN08152.1). Furthermore, 
six of eight associated SNPs were nsSNPs (418cac/gac=His/
Asp, 422atc/gtc=Ile/Val, 1156aaa/caa=Lys/Gln, 1190aac/agc=Asn/
Ser, 1195tat/gat=Tyr/Asp, and 1240ccc/tcc=Pro/Ser), and may 
functionally alter Cri reticuline oxidase activity. Interestingly, 
SB-contig463 was de novo induced in cankered stems infected 
by vcr2, with 23-fold higher expression than in cankered stems 
infected by Avcr2 (Supplementary Table S5). F_OR-Aec12603_
c0_seq1 encoded an rds1p-like stress responsive protein predicted 
as a SP, and the BLAST top hit revealed its closest homolog 
(BLAST E value  =  3.2e-168) in Melampsora larici-populina 
(GenBank accession no. XP_007404719.1). One of three associated 
SNPs was nsSNP (714ttc/ctc=Phe/Leu) in F_OR-Aec12603_c0_
seq1. This gene was mainly expressed in aeciospores with very 
low level or no expression in the cankered stems of WWP 
trees. SB-Spr-contig11 was also detected with one nsSNP (481gct/
act=Ala/Thr). This gene encoded a predicted SP and was 
annotated as a fungal-specific CFEM domain protein, with the 
highest similarity to a putative SP (GenBank accession no. 
EGG12953.1) from M. larici-populina but at a low homology 
level (BLAST E-value of 1.4e-44). The other two SP-coding 
genes, Spr127863_c1_seq3_m.45366 and NA_HC37594_c0_seq1, 
were Cri-specific without any BLAST hit when searching against 
NCBI nr database (Supplementary Table S10).

Of 12 vcr2-associated genes with presumed dominant 
virulence, SB-contig401 encoded a SP that was annotated as 
PL3 protein. Four of its five associated SNPs were ns-SNPs 
(56gat/ggt=Asp/Gly, 67tct/gct=Ser/Ala, 76tac/gac=Tyr/Asp, and 
82gtt/att=Val/Ile). This Cri PL3 protein was highly divergent 
from its homologs in other fungi, with the BLAST top-hit to 
a Mixia osmundae PL3 (GenBank accession no. XP_014566663.1) 
at low similarity level (BLAST E-value of 2.8e-32). Its transcript 
was highly induced in cankered stems infected by Avcr2 with 
7-fold higher expression than that infected by vcr2 
(Supplementary Tables S6, S9, S10).

Among other top associated genes, both F_OR-Aec15165_
c0_seq1 and F_Contig7868 were highly polymorphic, and they 
encoded a putative alpha-2 subunit of Gpa2-Guanine nucleotide-
binding protein (Gpa2) and a PH domain containing protein, 
respectively. Both annotated functions were involved in signaling 
pathways. The Cri Gpa2 was a fungal conserved protein, with 
the highest homology (BLAST E-value of 5.4e-156) to a Puccinia 
triticina protein (GenBank accession no. OAV91176.1). Within 
F_OR-Aec15165_c0_seq1, three of its five-associated SNPs were 
nsSNPs (652tga/tgc=Stop/Cys, 691ctc/cac=Leu/His, and 1133tac/
cac=Tyr/His). Only one nsSNP (1004gaa/gga=Glu/Gly) was 
detected in five SNPs of F_Contig7868, but its change from 
acidic to neutral amino acid suggests a functional variation. 

These putative functional variations of signaling components 
imply that both genes may be functional candidates contributing 
to vcr2-related virulence.

Among the top vcr2-associated genes (Supplementary 
Table S10), other annotated functions included RdRp (F_
Contig7773), arginyl-tRNA synthetase (RARS, F_Contig1146), 
ubiquitin system component Cue (F_Contig1284), deoxyhypusine 
synthase (F_Contig4649), CAMK/CAMKL/KIN4 protein kinase 
(F_Contig7285), RraA-like protein (F_Contig811), Eisosome 
component PIL1-domain-containing protein (F_Contig9075), 
glucose-repressible alcohol dehydrogenase transcriptional effector 
(F_OR-Aec12969_c0_seq1), DUF21 and cystathionine beta 
synthase (CBS) domain containing protein (F_OR-Aec7227_
c0_seq1), and splicing factor U2AF 65  kDa subunit (F_
Contig4947), and others (Supplementary Table S10).

DISCUSSION

An Integrative Genomic Approach for 
Investigating Cri Virulence
Genetics of pathogen infectivity and host resistance are of 
fundamental importance to pathogen persistence and patterns 
of disease incidence and prevalence. The present study integrated 
research approaches of global profiling of transcriptomes and 
secretomes and BSR-Seq-based association studies to elucidate 
molecular mechanisms and candidate effectors involved in Cri 
vcr2 virulence.

Our results demonstrated that BSR-Seq was very effective 
for identifying vcr2-candidates and associated genes by comparing 
DNA variants between vcr2 and Avcr2. Because next-generation 
sequencing (NGS) can detect a large number of DNA variants 
at an affordable price, genome-wide association study (GWAS) 
has been developed and widely applied to identify phenotype-
associated genes for functional verification. Using GWAS, 
candidate effectors and other pathogenicity-related genes were 
identified for their potential interaction with R genes in a few 
crop pathosystems (Bruce et  al., 2014; Plissonneau et  al., 2017; 
Wu et  al., 2017). Exploration of allele frequency through 
NGS-based BSA is a powerful tool for determining genetic 
architecture causing phenotypic changes through associated 
DNA markers in targeted genomic regions (Schneeberger, 2014). 
A key step is exploration of AFDD by comparing allele frequencies 
between bulked samples. AFDD mapping is widely applied to 
genetic mapping of genetic loci underlying both qualitative 
and quantitative traits (Fekih et  al., 2013; Takagi et  al., 2013).

Of various GWAS approaches available, we  used a BSR-Seq 
approach to identify vcr2-associated genes through integration 
of XP-GWAS analysis and FADD mapping. By combining 
RNA-seq with BSA, BSR-Seq has been demonstrated as an 
efficient approach for fine genetic mapping of agronomic traits 
in crops (Trick et  al., 2012; Li et  al., 2013; Ramirez-Gonzalez 
et  al., 2015; Liu et  al., 2016b) and their wild relatives (Edae 
and Rouse, 2019). Due to enrichment of genomic variants of 
the expressed genes, BSR-Seq facilitates identification of the 
genes causing or contributing to phenotypic traits of interest. 
Our BSR-Seq identified over 600K DNA variants in either vcr2 
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and Avcr2 bulked samples. Of the total variants, 65K SNPs 
common to vcr2 and Avcr2 were selected to detect vcr2-linked 
DNA markers. Shared markers are genetically informative because 
elimination of false positive variants is a challenging issue in 
NGS data processing (Huang et  al., 2015; Ribeiro et  al., 2015).

Our results indicated that without availability of a species 
reference sequence, BSR-Seq using a de-novo assembled 
transcriptome is an advantageous option to identify genome-
wide SNPs. High consistency between XP-GWAS run and 
FADD mapping allowed us to refine candidate vcr2 effectors 
in the Cri secretome. The effectors that are shared or distinct 
between Cri Avcr2 and vcr2 pathotypes will be  important in 
understanding host resistance and WP-BR interactions. However, 
RNA-Seq-based SNP discovery and related BSR-Seq-based 
association studies have limitations, in that they probably miss 
SNPs with low coverage due to low transcript expression, or 
with locations on the non-transcribed strand (O’Brien et  al., 
2015). Inter-individual variation of gene expression and allele-
specific gene expression also influence allele frequency estimation 
accuracy (Konczal et  al., 2014). As Cri samples were diploid 
or heterokaryotic, allele specific gene expression (ASGE) could 
conceivably impact allele frequency estimates. Therefore, the 
candidate vcr2 effectors need functional verification in a 
future study.

Transcriptomic Landscapes Underlying 
vcr2 Virulence
Comparative transcriptomics through enrichment analysis of 
GO terms revealed oxidation-reduction process, cellular response 
to toxic substance, and cellular oxidant detoxification as the 
main biological processes that are enhanced in vcr2 pathotypes 
relative to Avcr2 pathotypes, and thus may be  key to vcr2 
overcoming Cr2-mediated MGR in WWP seedlings. Pathogenic 
infection is accompanied by the formation of the reactive 
oxygen species (ROS) in both plants and pathogens. For 
successful infection, fungal pathogens must activate a series 
of intracellular biological processes to counteract negative effects 
resulting from the imbalance of redox homeostasis. A large 
set of Cri SPs were commonly expressed in both vcr2 and 
Avcr2, and their putative enzymatic activities included multi-
copper oxidase laccase, peroxidases, L-ascorbate oxidases, SOD, 
and catalase, suggesting that they may act coordinately as 
ROS producers and scavengers for the maintenance of 
intracellular redox balance through a wide range of antioxidant 
defense mechanisms. Worth noting, several vcr2 exclusively 
expressed SPs were annotated as oxidoreductase, PDOR, PDI, 
and other redox-associated enzymes. PDO and PDI are key 
players for enzymatic disulfide bond reduction, oxidation and 
isomerization, contributing to essential steps in the protein 
folding pathway and to the stability of the native state of the 
proteins (Ladenstein and Ren, 2006). PDI-1 assists a set of 
glycoproteins in folding and disulfide bonds formation during 
effector secretion into the apoplast of maize plants during 
Ustilago maydis infection and its deletion led to a strong 
reduction in virulence (Marín-Menguian et  al., 2019).

In addition to ROS stresses, Cri infection also induces host 
cells to produce and accumulate a large array of related 

anti-microbial peptides and PR proteins (Liu et  al., 2013), as 
well as defensive chemicals (Bullington et  al., 2018). Therefore, 
pathogens have adapted a wide spectrum of gene functions 
to fight against plant defense responses, constituting a diverse 
array of pathogenicity-related components for fungi to infect 
a broad range of hosts (Nakajima and Akutsu, 2014). Cri SPs 
belonging to several functional classes, such as GHs, GTs, 
subtilisin-like proteases, cutinase, endo-beta-1,6-glucanase, lipase, 
PR-1-like, and other enzymes involved in cell wall degradation 
and the synthesis of secondary metabolites with potential 
phytotoxic effects, were shown to be expressed in a vcr2-specific 
pattern, suggesting contributions to the successful infection of 
WWP Cr2-seedlings. Many fungal SPs with activities as 
degradative enzymes of plant cell wall components play functional 
roles in pathogenicity and virulence, evidenced by their triggering 
of host cell-death and other plant immunity responses (Ma 
et  al., 2015; Zhu et  al., 2017a; Gui et  al., 2018). Cutinases 
from several fungal pathogens were shown to have activity as 
necrotrophic effectors (Liu et  al., 2016a; Wang et  al., 2017; 
Gui et  al., 2018; Lu et  al., 2018). A Fusarium oxysporum PR-1-
like protein (Fpr1) is required for full virulence of F. oxysporum 
on a mammalian host (Prados-Rosales et  al., 2012). Candida 
albicans PR1-like proteins displayed sterol binding activity with 
a link to virulence, which may affect fungal recognition by 
host cells through immune evasion by masking pathogen-
associated molecular patterns (PAMPs; Bantel et  al., 2018). 
Fungal subtilisin-like proteases disrupt the physiological integrity 
of the hosts during penetration and colonization, and are 
proposed as virulence factors in pathogenic fungi (Huang et al., 
2004; Bryant et  al., 2009). Our profiling of Cri transcriptomes 
and secretomes revealed both shared and pathotype-specific 
transcriptional programs. Annotated molecular functions of 
candidate genes imply their involvement in Cri pathogenesis. 
SP genes identified by transcript presence/absence provide vcr2-
candidates with a high priority for further functional dissection 
of the virulence mechanism in the WPBR pathosystems.

Cri Effector Candidates and 
vcr2-Associated Genes
vcr2-associated genes were determined in either a homozygous 
or heterozygous status based on two separate assumptions of 
dominancy for either avirulence or virulence. These two 
assumptions are based on gene-for-gene and matching allele 
models, respectively, the main models representing the basic 
genetic mechanisms underlying plant-microbe molecular 
interactions (Flor, 1951; Lambrechts et  al., 2006; Thrall et  al., 
2016). Gene-for-gene interaction assume that vcr2 overcomes 
MGR through escaping recognition by the WWP Cr2 gene. 
The WWP Cr2 protein is probably an immune receptor encoded 
by a NBS-LRR gene that specifically interacts with the 
corresponding Avcr2 effector expressed by Cri (Liu et al., 2017). 
Interaction of an avirulent (Avr) effector and its specific R 
protein resulting in incompatibility is known as effector-triggered 
immunity (Jones et  al., 2016). Therefore, evolution of a rust 
virulent race (such as vcr2) is thought to involve a mutation 
(including deletion) of an Avr gene for a loss of function. 
Absence of the Avr effector leads to the pathogen being 
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unrecognizable by the corresponding host R protein, resulting 
in successful infection of previously resistant hosts (Dodds 
and Rathjen, 2010).

Annotation of significantly associated SNPs revealed six SPs 
as effector candidates: reticuline oxidase, rds1p-like stress 
response protein, fungal-specific CFEM domain protein, PL3, 
and two Cri-specific SPs (Spr127863_c1_seq3 and NA_HC37594_
c0_seq1) without any annotated function.

Reticuline oxidase belongs to the super-family of the berberine 
bridge enzymes (BBEs) found in bacteria, fungi, and plants. 
Six of eight associated SNPs in the Cri BBE homolog were 
ns-SNPs (the highest FADD = 51 with FDR-corrected p = 0.003). 
In addition, in planta expression of the Cri BBE homolog was 
23-fold higher in vcr2 than in Avcr2. Nonsynonymous mutations 
of Avr genes have resulted in an acquired virulence for several 
R genes (Mesarich et  al., 2014; Chen et  al., 2017; Salcedo 
et  al., 2017). BBEs are flavoenzymes that catalyze carbohydrate 
oxidation, either for the biosynthesis of berberine type alkaloids, 
or for H2O2 generation (Daniel et  al., 2017). Several fungal 
BBEs showed activity for oxidation of oligosaccharides degraded 
from chitin and xylan. As oligosaccharides are fungal elicitors, 
their deactivation would lead to downregulation of the plant 
immune response (Daniel et  al., 2017). Among fungal BBEs 
with oxidation activity, a Phytophthora infestans BBE-like enzyme 
(PITG_02930) proved to be  required for the invasion of host 
plants (Raffaele et  al., 2010). On the other hand, a few fungal 
BBEs catalyze complex reactions for biosynthesis of alkaloids 
that are involved in anti-biotic mechanisms (Daniel et al., 2017).

Fungal-specific CFEM domain proteins contain eight cysteines. 
They were highly divergent across different species and have 
been proposed to play roles in fungal pathogenesis (Kulkarni 
et al., 2003). A recent study reported contribution of a Botrytis 
cinerea CFEM domain protein (BcCFEM1) to virulence, conidial 
production, and stress tolerance (Zhu et  al., 2017b). The Cri 
rds1p-like protein contained a ferritin-like domain, belonging 
to the Ferritin-like superfamily, whose role in defense against 
toxic oxygen species are well documented (Andrews, 2010). 
The Cri rds1p-like gene was highly expressed in aeciospores 
and urediniospores, but at a low to no expression levels in 
cankered pine stems, suggesting that it may play a role during 
interactions of Cri with its alternative host plants.

PL3 enzymes hydrolyze long-chain acyl-triglycerides into 
di‐ and monoglycerides, glycerol, and free fatty acids, and 
their activities appear to be  important for the pathogenicity 
of several fungi (Gaillardin, 2010). A Cri PL3 homolog was 
identified with two ns-SNPs under the assumption of virulence 
dominancy. This gene was also among DEG, with an expression 
level 7-fold higher in Avcr2 than in vcr2, suggesting its potential 
role as effector in avirulence. Several fungal PLs have been 
implicated as having effector roles in plant pathogens (Ben-Daniel 
et al., 2011; Yang et al., 2018). Additionally, almost all effectors 
are highly expressed in planta to play important roles in 
pathogenicity and virulence (Mesarich et  al., 2014). In planta 
upregulation of effector expression may help fungal mycelia 
to extract nutrition, in addition to the more obvious role of 
physically facilitating invasion of the host tissue. Consistently, 
both Cri BBE and PL3 homologs are highly expressed in 

cankered stems relative to their expression during the 
aeciospore stage.

In addition to SPs, annotations of other top vcr2-associated 
genes implied their involvement in virulence, including PH 
domain containing protein, Gpa2, RdRp, arginyl-tRNA 
synthetase, deoxyhypusine synthase, eisosome component PIL1-
domain-containing protein, and DUF21 and CBS domain 
containing protein. PH domain proteins play a role in intracellular 
signaling or as constituents of the cytoskeleton (Lemmon and 
Ferguson, 2000). The PH domain has been found in different 
proteins, such as regulators of small G-proteins and G protein 
receptor kinases (Fort and Blangy, 2017; Komolov and Benovic, 
2018). A Cryptococcus neoformans PH domain containing protein 
(Cin1) was found to have pleiotropic functions in morphogenesis, 
endocytosis, exocytosis, and fungal virulence (Wang and Shen, 
2011). Gpa2 is another modulator with roles in various 
transmembrane signaling systems, including response to 
environmental nutrients (Harashima et  al., 2006), regulation 
of fungal morphogenesis and hypha formation (Miwa et al., 2004), 
and heat resistance (Kraakman et  al., 1999).

Mutations of aminoacyl-tRNA synthetase (ArgRS) genes have 
been implicated in a spectrum of inherited, single-gene 
(Mendelian) human disorders (Oprescu et  al., 2017). One of 
Cri ARS (Ile-tRNA synthetase gene) was specially expressed 
in vcr2-infected cankered stems. Arginyl-tRNA synthetase is 
well known because its homozygous variant causes a rare 
Mendelian recessive disorder called Pelizaeus-Merzbacher disease 
in humans (Nafisinia et  al., 2017). Overexpression of plant 
proteins containing CBS and DUF21 domains conferred higher 
tolerance against various abiotic stresses such as salinity, heavy 
metals, oxidative stress, and low nitrogen conditions (Singh 
et al., 2012; Hao et al., 2016). Deoxyhypusine synthase catalyzes 
the biosynthesis of hypusine, a modification of a specific lysine 
residue in the precursor of eukaryotic translation initiation 
factor 5A (eIF-5). A yeast deoxyhypusine synthase mutant 
(dys1-1) exhibited defects associated with protein synthesis, 
translation machinery, and cell wall integrity; and a complete 
growth dependency on an osmotic stabilizer (1  M sorbitol; 
Galvao et  al., 2013). Fungal proteins Pil1 and Lsp1 are key 
components for formation of eisosomes. At least another 17 
proteins including two PH domain containing proteins, were 
detected in the eisosomes. Eisosome mutants display abnormal 
spatial regulation of cell wall synthesis, higher sensitivity to 
a variety of oxidants, and a greatly reduced virulence (Foderaro 
et al., 2017). RdRps are key components of RNA viruses. Several 
RNA mycoviruses are well documented for the harmful effect 
on their host fungi by causing mitigation of fungal virulence 
or hypovirulence (Hillman et  al., 2018). A previous study 
showed a Cri totivirus (CrTV4) with significant association 
with vcr2 virulence (Liu et  al., 2019), supporting a proposed 
hypothesis of cytoplasmic inheritance of Cri virulence (Kinloch 
et  al., 2004). All of the vcr2-associated functions might target 
genomic regions which are potentially responsible for Cri 
virulence adaptation. Additional annotations of the top vcr2-
associated genes were CAMK/CAMKL/KIN4 protein kinase, 
RraA-like protein, glucose-repressible alcohol dehydrogenase 
transcriptional effector, and splicing factor U2AF 65 kDa subunit. 
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However, networking of these functions with pathogenic virulence 
awaits future studies.

Currently identification of Cri virulence pathotypes is time-
consuming, totally dependent on a race’s ability to overcome 
resistance of MGR trees with well-known genotypes by natural 
infection or controlled inoculation. Through this approach, we 
collected Cri samples of the vcr2 pathotype from both western 
and eastern Oregon, several areas of the latter region were 
previously surveyed but neither vcr2 nor Cr2 was found (Kinloch 
et al. 2003, 2004). Our inoculation utilized very high spore 
loads (>6,000 spores/cm2) on MGR seedlings, allowing 
visualization and sampling of vcr2 races even though they 
were presumably at low frequency in a heterogeneous mixture 
from eastern Oregon. The identification of effector candidates 
and vcr2-associated genes would allow future efforts to isolate 
the virulent effectors and determine their functions for 
development of diagnostic tools for monitoring Cri virulence 
across North America. The SNP assay will  be developed from 
vcr2-associated genes, which could be useful in the future for 
monitoring for presence of vcr2, or determining if vcr2 is 
present in infected stems of Cr2/– genotypes rather than 
potential other explanations. Discovery of a large number of 
genes as well as related biological processes contributing to 
Cri pathogenicity provides a valuable insight into the 
comprehensive understanding of molecular WP-BR interactions.
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Research Service, Davis, CA, United States

The Botryosphaeriaceae is a fungal family that includes many destructive vascular
pathogens of woody plants (e.g., Botryosphaeria dieback of grape, Panicle blight of
pistachio). Species in the genera Botryosphaeria, Diplodia, Dothiorella, Lasiodiplodia,
Neofusicoccum, and Neoscytalidium attack a range of horticultural crops, but they
vary in virulence and their abilities to infect their hosts via different infection courts
(flowers, green shoots, woody twigs). Isolates of seventeen species, originating from
symptomatic apricot, grape, pistachio, and walnut were tested for pathogenicity on
grapevine wood after 4 months of incubation in potted plants in the greenhouse.
Results revealed significant variation in virulence in terms of the length of the internal
wood lesions caused by these seventeen species. Phylogenomic comparisons of
the seventeen species of wood-colonizing fungi revealed clade-specific expansion
of gene families representing putative virulence factors involved in toxin production
and mobilization, wood degradation, and nutrient uptake. Statistical analyses of the
evolution of the size of gene families revealed expansions of secondary metabolism
and transporter gene families in Lasiodiplodia and of secreted cell wall degrading
enzymes (CAZymes) in Botryosphaeria and Neofusicoccum genomes. In contrast,
Diplodia, Dothiorella, and Neoscytalidium generally showed a contraction in the number
of members of these gene families. Overall, species with expansions of gene families,
such as secreted CAZymes, secondary metabolism, and transporters, were the most
virulent (i.e., were associated with the largest lesions), based on our pathogenicity
tests and published reports. This study represents the first comparative phylogenomic
investigation into the evolution of possible virulence factors from diverse, cosmopolitan
members of the Botryosphaeriaceae.

Keywords: grapevine trunk diseases, Botryosphaeria dieback, comparative genomics, gene family evolution,
virulence factors, secondary metabolism, cell wall degrading enzymes
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INTRODUCTION

The fungal family Botryosphaeriaceae (Botryosphaeriales,
Dothideomycetes) was introduced in 1918 by Theissen and
Sydow (1918) with Botryosphaeria as the type genus. Members
of this group have been taxonomically characterized based
on the production of large, ovoid to oblong, typically hyaline,
aseptate ascospores, which may become brown and septate with
age, within bitunicate asci within unilocular or multilocular
botryose ascomata known as pseudothecia (Sivanesan, 1984;
Phillips et al., 2005). The asexual states of Botryosphaeriaceae
exhibit a wide range of conidial morphologies that are
taxonomically informative (Phillips et al., 2005). Crous et al.
(2006) contributed to stabilize the taxonomy of the genera
within the Botryosphaeriaceae by employing a natural unit
classification scheme, which is also referred to as the “genus-
for-genus concept” (Seifert et al., 2000). The distinct asexual
morphs were linked to unique sexual morphs on a unit-by-unit
basis, which was corroborated with phylogenetic analysis of
28S rDNA sequence data revealing 10 generic clades. The
Botryosphaeriaceae is currently composed of 24 well-defined
genera and more than 200 species (Burgess et al., 2019) that are
cosmopolitan in distribution and exist primarily as saprobes,
endophytes, or pathogens on a wide array of important perennial
plant hosts (Slippers and Wingfield, 2007), in both human-
altered (agricultural and urban) and natural ecosystems (forests
and riparian areas) (Slippers et al., 2009; Lawrence et al., 2017).

The ecology of Botryosphaeriaceous taxa is complex and
not fully understood. For example, in spite of being a shoot
blight and canker pathogen of pine, Diplodia sapinea has been
isolated from the bark surface and internal woody tissues of
woody twigs from asymptomatic Pinus (Petrini and Fisher,
1988), representing what some may consider an “endophytic
phase,” in which neither the internal plant tissues from which
it is isolated, nor other plant tissues/organs showed apparent
symptoms, nor were there negative impacts to host growth
at the time of isolation. A similar pattern in the ecology of
other Botryosphaeriaceae species considered pathogenic, but later
being isolated during an endophytic phase, has been documented
(Slippers and Wingfield, 2007; Luo et al., 2019; Hrycan et al.,
2020). In some cases, abiotic stress (water stress, heat stress)
has been shown to induce severe symptoms in different host
plants infected with seemingly innocuous Botryosphaeriaceae
(Pusey, 1989; Mullen et al., 1991; Smith et al., 1994). This
relationship between abiotic stress and more severe symptoms or
more rapid colonization has also been reported for pathogenic
species, e.g., Neofusiococcum parvum causing Botryosphaeria
dieback of grape (Luque et al., 2010; Galarneau et al., 2019)
and Botryosphaeria dothidea causing Pistachio panicle and shoot
blight (Ma et al., 2001). Under climate-change scenarios of
more frequent temperature extremes and prolonged drought,
the interactions between host plants and Botryosphaeriaceae
species may transit more readily from endophytic to pathogenic
(Desprez-Loustau et al., 2006; Slippers et al., 2007). An increase in
Botryosphaeriaceae symptom severity in conjunction with other
biotic stresses has also been documented in the literature (Old
et al., 1990; Lawrence et al., 2018).

Members of the Botryosphaeriaceae are probably most well-
known as being destructive blight and canker pathogens of
planted hosts (Luo et al., 2019). In agricultural settings, for
example, they infect a large number of fruit and nut crops, such
as almond (Inderbitzin et al., 2010; Gramaje et al., 2012; Nouri
et al., 2018; Holland et al., 2020), apple (Phillips et al., 2012),
avocado (McDonald et al., 2009), citrus (Linaldeddu et al., 2015),
grapevine (Urbez-Torres, 2011), olive (Úrbez-Torres et al., 2013),
pistachio (Michailides, 1991; Nouri et al., 2019), and walnut
(Chen S. et al., 2014). In forest plantations in Australia and
South Africa, for example, they infect Eucalyptus spp. and Pinus
spp. (Slippers et al., 2007). Infection is through either wounds to
green and woody tissues or through natural openings in flowers,
fruit, leaves, and shoots. The pathogens produce enzymes and/or
toxins that kill cells and tissues of the various plant organs they
attack. Infections of woody tissues of perennial hosts, either deep
in the wood or just below the bark, can lead to stunted shoot
growth, with eventual shoot death or “dieback.”

Ecological genomic comparisons of phytopathogenic and
saprobic fungi suggest that the former possess expanded gene
families that generally fall into two main functional categories:
(1) lytic capabilities (Massonnet et al., 2018) and (2) putative
transporters (Powell et al., 2008). Fungal lignin peroxidases,
peroxidases, laccases, and polyphenol oxidases allow fungi to
gain access to nutrients and to protect themselves from host
defenses while growing in wood (Mayer, 2006; Martínková
et al., 2016; Valette et al., 2017). Pathogenic species with the
ability to enzymatically decompose a broader diversity of cell
wall carbohydrates might be expected to more rapidly colonize,
kill, and/or decompose host tissue. Membrane transporters of
fungal plant pathogens also play important roles in exporting
virulence factors involved in pathogenesis, influx of nutrients,
and efflux of host-derived defense antimicrobial compounds
(Denny and VanEtten, 1983; Denny et al., 1987). Previous
genomic comparisons of phylogenetically diverse wood-infecting
pathogens of grape revealed expansions in the repertoire of
cell-wall degrading enzymes called carbohydrate-active enzyme
(CAZyme) gene families, whose protein products are involved
in the synthesis, degradation, and/or modification of glycosidic
bonds of plant cell wall constituents, including the main
components of wood, cellulose, hemicelluloses, lignin (Morales-
Cruz et al., 2015), and significantly so in Neof. Further, a
recent genomic annotation and in planta transcriptomic study
of putative virulence factors of Neof. parvum during wood
colonization revealed 567 protein-coding genes belonging to
52 different CAZyme families with glycoside hydrolases (GHs),
which made up approximately 50% of the pathogen’s cell-wall
degrading repertoire (Massonnet et al., 2018). Likewise, Yan
et al. (2018) identified 820 CAZymes with at least 10 families
that have experienced expansion in the genome of Lasiodiplodia
theobromae with GHs representing the largest super family
involved in the modification of plant cell wall carbohydrates.
Genome comparisons of B. dothidea, L. theobromae, and Neof.
parvum revealed that the genome of L. theobromae, the most
virulent of the three species, is expanded in gene families
associated with membrane transport, mainly ATP-binding-
cassette (ABC family), and major facilitator super (MFS) families
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(Yan et al., 2018). That same study reported 17 membrane
transport genes that were significantly up-regulated upon host
recognition including amino acid transporters and sugar porters.
The largest transporter families reported in the genome of
Neof. parvum include MFS, Peroxisomal Protein Importer (PPI)
family, and the ABC superfamily (Massonnet et al., 2018).

In this study we analyze the genome sequences of
seventeen Botryosphaeriaceae species representing six
genera (Botryosphaeria, Diplodia, Dothiorella, Lasiodiplodia,
Neofusicoccum, and Neoscytalidium), which are wood-canker
pathogens that attack horticultural crops, namely grape,
pistachio, Prunus species (almond and stone fruits apricot,
peach, and plum), and walnut. Our objective is to examine
through phylogenomic comparisons this comprehensive set of
species on one host, grape, to better understand the evolutionary
trends within this important fungal family, especially as it
pertains to the gene space involving pathogenesis of woody
tissues and fungal virulence.

MATERIALS AND METHODS

Isolate Collection and Species
Confirmation
All fungal isolates utilized in this study were obtained from
internal wood cankers of symptomatic hosts following the
protocol of Baumgartner et al. (2013) (Table 1). Total genomic
DNA was extracted following Morales-Cruz et al. (2018). The
internal transcribed spacer (ITS) and translation elongation
factor (TEF) loci were amplified for each isolate via PCR using
primers ITS5/ITS4 (White et al., 1990) and EF1-688F/EF1-1251R
(Alves et al., 2008). TEF and ITS sequences of each species
(including type specimen sequences downloaded from GenBank)
were concatenated and aligned using MUSCLE v3.8.31 (Edgar,
2004) with default parameters. The alignment was cleaned with
GBlocks v. 0.91b (Castresana, 2000) with a minimum block’s
length of 5 bp and half of the gaps allowed. PhyML (Guindon
et al., 2010) was used to calculate the maximum likelihood tree
using 100 bootstrap replications, HKY85 substitution model and
the subtree-pruning-regrafting method for searching for optimal
tree topology. The resulting tree was visualized and edited for
presentation using FigTree v1.4.1 (Rambaut, 2012).

Sequencing and Genomes Assemblies
DNA extraction was done following the methods used by
Morales-Cruz et al. (2015) using the axenic cultures of the
isolated fungi and a CTAB protocol. Sequencing libraries were
prepared and sequenced as described in Morales-Cruz et al.
(2015). After adapter ligation, libraries were size selected to
550–600 bp using a double-sided size selection with Ampure
XP magnetic beads (Beckman Coulter, United States) to
remove unused adapter and adapter dimer. Sequencing was
carried out on an Illumina HiSeq4000 machine at the DNA
Technologies Core at UC Davis. Paired-end reads of 150 bp
in length were generated. Raw reads were trimmed for quality
(Q > 30) and adapter removal using Trimmomatic v0.36
(Bolger et al., 2014) with options LEADING:3 TRAILING:3

SLIDINGWINDOW:4:20 MINLEN:100. Assembly of high-
quality reads was made using SPAdes v3.9 (Bankevich et al.,
2012) with the careful option and automatic read coverage cutoff.
Assembly completeness was assessed using the Core Eukaryotic
Genes Mapping Approach (CEGMA v.2.5; Parra et al., 2007)
and Benchmarking Universal Single-Copy Orthologs (BUSCO
v.1.1; Simão et al., 2015) analysis. RepeatMasker v.4.06 (Smit
et al., 1996-2015) with default parameters was used to mask
repeats. Gene model prediction was performed with Augustus
v.3.2.1 (Stanke et al., 2006) with default parameters and using
Neof. parvum gene model as training set. Sequencing data are
available at NCBI (BioProject PRJNA673527). Sequencing data
of Diplodia seriata (Morales-Cruz et al., 2015) and Neof. parvum
(Massonnet et al., 2018) can be retrieved from NCBI under
BioProject PRJNA261773 and PRJNA321421, respectively. All
genome assemblies and gene models are publicly available at
Zenodo (doi: 10.5281/zenodo.4417445).

Functional Annotation
The general annotation of the predicted proteins was assigned
based on the similarities with peptides in the GenBank with
Blast2GO (Conesa et al., 2005), and to conserved domains in
Pfam database (Finn et al., 2016). The functional annotation
(Supplementary Table 3) was assigned based on the databases
and parameters presented in Supplementary Table 4. CAZymes
were annotated with the dbCAN2 (Zhang et al., 2018). The
signal peptides were predicted using SignalP 5.0 (Armenteros
et al., 2019). The proteins with annotation in both databases
were annotated as secreted CAZymes. Secondary metabolites
clusters were annotated using antiSMASH 5.0 (Blin et al., 2019).
Peroxidases were annotated using a specialized database for
fungi called fPoxDB (Choi et al., 2014). CYPED 6.0 was used
to annotate the Cytochrome P450 proteins (Fischer et al., 2007).
At last, the proteins involved in transportation functions were
annotated using the TCDB (Saier et al., 2006, 2016).

Construction of a Clock-Calibrated
Phylogenetic Tree
Seventy-three single copy peptides used in Floudas et al. (2012)
for fungal phylogeny reconstruction were extracted from the
reference strain Saccharomyces cerevisiae 2S88C Genome Release
64-2-1 (downloaded from http://www.yeastgenome.org). All
these peptides were compared using BLASTP (v.2.6.0+) against
the seventeen Botryosphaeriaceae species and two wood-decay
basidiomycetes that colonize grape: pathogenic, wood-rotting
fungus (with characteristics of both white-rot and brown-rot
fungi) Fomitiporia mediterranea and saprobic, white-rot fungus
Stereum hirsutum. Fomitiporia mediterranea is one of a complex
of pathogens that causes the grapevine trunk disease Esca in
Europe, whereas the pathogenicity of St. hirsutum to grape is
not known (Fischer, 2006). Twenty-one proteins had exactly one
top hit in all the species. The rest of the seventy-three initial
proteins were excluded because they were either not present
in all the species or had paralogs. Each set of orthologous
proteins was aligned using MUSCLE v3.8.31 (Edgar, 2004).
Alignments were concatenated and cleaned using GBlocks v.
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TABLE 1 | Genome assembly summary statistics of the Botryosphaeriaceae species analyzed.

Species (isolate ID) Isolated from Assembly size (Mbp) N. scaffold N50 (kbp) L50 (Scaffold #) CEGMA*** BUSCO***

Botryosphaeria dothidea (0053) Grape 46 2,425 506 28 99% 98%

Diplodia mutila (SBen820) Grape 46 4,003 175 67 98% 98%

Diplodia seriata (DS831)* Grape 37 811 301 39 98% 98%

Dothiorella iberica (Wolf833) Apricot 37 636 412 28 97% 98%

Dothiorella sarmentorum (SBen806) Apricot 42 1,664 242 57 97% 98%

Dothiorella viticola (Wint804) Grape 37 2,477 482 25 98% 98%

Lasiodiplodia citricola (06I-35) Walnut 44 216 1,067 13 97% 98%

Lasiodiplodia exigua (UCR-LT5) Grape 44 340 720 15 98% 98%

Lasiodiplodia missouriana (09-C092) Grape 44 324 883 17 98% 98%

Lasiodiplodia theobromae (MXBCL28) Grape 44 193 883 16 99% 98%

Neofusicoccum australe (UCR-NA2) Grape 42 2,218 385 35 99% 98%

Neofusicoccum hellenicum (02-K91) Pistachio 43 221 768 19 98% 98%

Neofusicoccum mediterraneum (Wint817) Grape 42 196 551 24 99% 98%

Neofusicoccum nonquaesitum (05-A04) Walnut 43 316 667 19 99% 98%

Neofusicoccum parvum (UCD646So)** Grape 43 2,452 168 74 99% 98%

Neofusicoccum vitifusiforme (05-H02) Walnut 42 288 506 24 98% 98%

Neoscytalidium dimidiatum (UCR-Neo1) Grape 42 478 419 31 100% 98%

*Published in Morales-Cruz et al., 2015.
**Published in Massonnet et al., 2018.
***Percentage of complete CEGMA and BUSCO peptides found in the genome assembly.

0.91b (Castresana, 2000; maximum number of contiguous non-
conserved positions = 4, minimum length of a block = 10),
reducing the initial 21,008 positions to 12,066 informative
positions. Clean alignments were imported into BEAUti v1.10.4
to prepare them for BEAST v1.10.4 analysis (Bouckaert
et al., 2014). Monophyletic partitions were set for Ascomycota,
Basidiomycota, and Dothideomycetes species. Calibrations points
were set to 588 and 350 mya on Ascomycota and Dothideomycetes
partition, respectively, according to Beimforde et al. (2014). Six
MCMC chains of 1,000,000 steps were launched on BEAST
(WAG substitution model, 4 Gamma Categories + Invariant
sites, Lognormal relaxed clock, Calibrated Yule Model). The
resulting trees were concatenated with LogCombiner v1.10.4
(Bouckaert et al., 2014) and a consensus tree was obtained from
TreeAnnotator v1.10.4 (Bouckaert et al., 2014; Supplementary
Figure 1). FigTree v1.4.1 (Rambaut, 2012) and Inkscape
v.1.0.1 (Inkscape Project, 2020) were used to edit the tree for
figure presentation.

Computational Analysis of Gene Family
Evolution (CAFE)
BLASTP (e-value < 10−6) was used to group proteins in families
based on sequence similarity followed by Markov clustering
with MCL (Van Dongen, 2000; Enright et al., 2002). The 10,158
families with at least one protein in no less than four species
were used with the clock calibrated tree as input for the
CAFE v.4.2.1 (De Bie et al., 2006) analysis. CAFE was run in
the default mode with the option -s to optimize the lambda
parameter to 0.00155948837239, and a P-value threshold of 0.01
(option -p). To evaluate significant expansions or contractions
of a specific branch, Viterbi P-values were calculated for each
significant family.

Phylogenetic Principal Component
Analysis
The phyl.pca function of the phytools R package (Revell, 2012)
was used to create the phylogenetic PCAs. The inputs for his
function were the clock calibrated tree and protein matrices of
CAZymes and secondary metabolite clusters.

Pathogenicity Tests
The pathogenicity of 17 species of Botryosphaeriaceae was
evaluated on potted grapevines (Vitis vinifera ‘Pinot noir’
clone 777) in replicate experiments in the greenhouse
(18 treatments × 10 replicate plants per treatment × 2
experiments = 360 total plants). Hardwood cuttings obtained
from a commercial nursery were propagated in May/June 2016
following the protocol of Travadon et al. (2013). Inoculations
took place after callusing and before planting in pots in the
greenhouses. For inoculations, the commonly used agar plug
method was employed (e.g., Chacón et al., 2020). This method
has been shown to produce lower variability in lesion length
than the method with mycelial suspensions for the pathogens
Neof. parvum and Di. seriata (Guan et al., 2016). For inoculations,
a power drill was used to wound (5 mm wide × 3 mm deep)
the cutting, approximately 2 cm below the apical node. A 5-mm
agar plug from a 7-day culture on PDA was aseptically inserted
into the wound and sealed with Vaseline and parafilm to prevent
inoculum desiccation. Cuttings were coated in melted paraffin
wax (Gulf Wax; Royal Oak Enterprises, LLC, Roswell, GA,
United States) and potted in a sterile potting mix amended with
slow-release fertilizer (Osmocote R© Pro 24-4-9, Scotts, Marysville,
OH, United States). The plants were watered twice per week
for 16 weeks. Ten plants were used for each isolate and ten
plants were mock-inoculated with sterile PDA. Plants were
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arranged in a completely randomized design in two separate
greenhouses at the University of California Experiment Station
in Davis from June 2016 to October 2016 [natural sunlight
photoperiod, 25 ± 1 C (day), 18 ± 3 C (night)]. The second
experiment was initiated 1 week after the first experiment.
The length of internal wood discoloration extending out from
the inoculation site up and down the stem (lesion length) was
measured approximately 16 weeks after inoculation in October
2016. First, plants were inspected for foliar symptoms. Then
the newly developed green shoots, roots, and bark of each plant
were removed and discarded, and the woody stems were surface
sterilized in 1% sodium hypochlorite for 2 min and rinsed with
deionized water. The length of each stem was recorded and
cut longitudinally to expose wood discoloration, the length of
which was measured with a digital caliper. From each plant, ten
small wood pieces were cut from the margin of the lesion with
flame-sterilized scalpels and plated onto PDA in an attempt to
recover the inoculated fungi. Inoculated pathogens, identified
based on colony morphology, were re-isolated from all samples.

Lesion lengths were used as a measure of pathogenicity.
Normality and homogeneity of variances were evaluated using
Shapiro–Wilk’s and Levene’s tests, respectively. ANOVA was
used to determine whether there were differences in lesion
length among treatments. ANOVA was performed in R using
the lesion size as a function of the inoculation treatment and
the experiment. Means were compared for significant effects
(P < 0.05) by Tukey’s HSD post hoc test.

RESULTS

Genome Assembly, Gene Prediction, and
Virulence Factor-Focused Functional
Annotation
To expand the genomic information for Botryosphaeriaceae,
we de novo assembled the genomes of fifteen species isolated
from multiple hosts. We included the previously published
genomes of Neof. parvum and Di. seriata in the comparative
genomics analysis (Table 1 and Supplementary Table 1). For all
seventeen species, pathogenicity was evaluated using inoculations
of potted grapevines (Figure 1). All seventeen species produced
dark necrotic lesions in the woody stems extending upward
and downward from the point of inoculation at 15 weeks post
inoculation. Overall, Lasiodiplodia and Neofusicoccum spp. were
the most aggressive, while Diplodia and Dothiorella spp. caused
the smallest lesions.

All genomes were sequenced using Illumina technology at
coverage 171 ± 10× (Supplementary Table 1). On average,
sequencing Illumina reads were assembled into 1,066 ± 308
scaffolds (N50 length: 577.64 ± 64.53 kbp; L50 scaffold count:
27.9 ± 4 scaffolds). The total genome assembly size varied from
37 Mbp for Dothiorella viticola to 46 Mbp for B. dothidea with
an average of 42.37 ± 0.69 Mbp. The expected and assembled
genome size had a discrepancy of less than ten percent on
average (4.4 ± 2.2 Mb), which suggests near completeness of the
assemblies (Supplementary Table 1). This result was confirmed

FIGURE 1 | Box plots illustrating the distribution of lesion sizes caused by
individual isolates of the 17 Botryosphaeriaceae species after 4 months
incubation in potted grapevine plants grown under greenhouse conditions.
Bars with the same letter were not significantly different at P < 0.05 according
to Tukey’s test.

by CEGMA (Parra et al., 2007) and BUSCOs (Simão et al., 2015)
analyses, which reported an average 98.3± 0.2% and 98.1± 0.1%
completeness, respectively (Table 1). Interspersed repeats only
accounted for 1.87 ± 0.003% of the genome assemblies. Among
the classified elements, long-terminal-repeats (LTR) were the
most abundant, ranging from a total of 315 kbp in B. dothidea to
26 kbp in Neoscytalidium dimidiatum (Supplementary Table 2).
The predicted protein-coding genes in the seventeen genomes
varied from 10,827 in Dothiorella iberica to 13,492 in Dothiorella
sarmentorum. On average 12,193 ± 193 CDS were found per
species (Table 2).

The predicted genes of the seventeen genomes were annotated
using general databases for protein domains (Pfam), gene
ontology (GO), as well as more specialized databases related to
putative virulence factors. The last group included carbohydrate-
active enzymes (CAZymes), cytochrome P450s, peroxidases,
usually associated with host colonization and wood degradation,
and secondary metabolism gene clusters, including toxins
production, and cellular transporters (Supplementary Table 4
and Table 3). A total of 229,251 predicted protein-coding genes
were annotated (Table 3).

Carbohydrate-Active Enzymes Are
Especially Abundant in the Genomes of
Neofusicoccum Species
A wide variety of monosaccharides can be linked to many
different types of molecules (proteins, lipids, nucleic acids
and, sugar themselves) and converting these glycoconjugates
into one of the most structurally diverse substrates (Cantarel
et al., 2009). CAZymes are the group of enzymes responsible
for the assembly and breakdown of these diverse substrates
(Lombard et al., 2014). Not all CAZymes contribute to the
pathogenicity of the microorganisms, however, predicting them
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TABLE 2 | Gene model predictions statistics of the Botryosphaeriaceae species analyzed.

Species Repeat content (bp) N. CDS Mean protein
size (AA)

BUSCO* Mean gene
density

(genes/10 kbp)

SD

Botryosphaeria dothidea 2,608,021 (5.67%) 12,424 478 98% 2.14 1.9

Diplodia mutila 2,877,891 (6.28%) 11,947 491 98% 1.74 1.9

Di. seriata 1,144,284 (3.05%) 11,085 495 98% 2.93 1.8

Dothiorella iberica 1,350,049 (3.69%) 10,827 491 98% 3.02 1.8

Do. sarmentorum 1,687,353 (4.02%) 13,942 474 98% 2.90 2.5

Do. viticola 950,252 (2.60%) 11,235 473 98% 2.19 1.9

Lasiodiplodia citricola 825,529 (1.89%) 12,376 492 98% 3.19 1.4

L. exigua 771,071 (1.77%) 12,399 492 98% 3.12 1.5

L. missouriana 833,148 (1.89%) 12,448 494 98% 3.12 1.5

L. theobromae 820,166 (1.88%) 12,434 493 98% 3.20 1.4

Neofusicoccum australe 2,055,816 (4.92%) 12,104 488 98% 2.29 1.9

Neof. hellenicum 1,078,449 (2.53%) 12,433 486 98% 3.27 1.4

Neof. mediterraneum 960,302 (2.26%) 12,541 484 98% 3.36 1.4

Neof. nonquaesitum 1,010,201 (2.35%) 12,602 487 98% 3.24 1.5

Neof. parvum 2,170,098 (5.00%) 12,679 485 98% 2.27 1.9

Neof. vitifusiforme 1,405,151 (3.37%) 12,112 485 98% 3.22 1.5

Neoscytalidium dimidiatum 1,099,801 (2.61%) 11,067 478 98% 3 1.5

*Percentage of complete BUSCO peptides found in the predicted proteome.

TABLE 3 | Number of protein coding genes annotated per functional category.

Species Total
genes

Annotated
genes

Secondary
metabolites

involved genes

P450s CAZymes Secreted
CAZymes

Peroxidases Signal
Peptides

Transporters % Secreted
CAZymes of

total
secreted

Botryosphaeria dothidea 12,424 11,877 809 857 485 280 56 1,341 2,505 20.9%

Diplodia mutila 11,947 11,240 407 675 433 242 55 1,198 2,362 20.2%

Di. seriata 11,085 10,535 300 620 432 251 53 1,114 2,238 22.5%

Dothiorella iberica 10,827 10,237 374 609 399 229 41 1,029 2,185 22.3%

Do. sarmentorum 13,942 13,226 457 652 487 259 50 1,596 3,143 16.2%

Do. viticola 11,235 10,663 283 594 395 218 46 1,053 2,339 20.7%

Fomitiporia mediterranea 11,338 11,338 205 639 315 178 52 780 1,985 22.8%

Lasiodiplodia citricola 12,376 11,831 564 785 465 266 54 1,298 2,492 20.5%

L. exigua 12,399 11,838 578 785 474 271 55 1,287 2,499 21.1%

L. missouriana 12,448 11,902 572 787 470 267 54 1,305 2,507 20.5%

L. theobromae 12,434 11,832 610 784 465 270 54 1,279 2,490 21.1%

Neofusicoccum australe 12,104 11,709 654 800 488 291 61 1,334 2,530 21.8%

Neof. hellenicum 12,433 12,015 662 868 501 281 62 1,369 2,546 20.5%

Neof. mediterraneum 12,541 12,052 658 843 504 288 61 1,372 2,549 21.0%

Neof. nonquaesitum 12,602 12,229 661 918 514 296 60 1,394 2,604 21.2%

Neof. parvum 12,679 12,328 639 908 504 298 59 1,393 2,588 21.4%

Neof. vitifusiforme 12,112 11,715 575 817 501 289 62 1,322 2,492 21.9%

Neoscytalidium dimidiatum 11,067 10,701 489 746 452 247 48 1,139 2,357 21.7%

Saccharomyces cerevisiae 5,917 5,917 48 215 136 44 21 306 1,478 14.4%

Stereum hirsutum 14,066 14,066 426 652 394 230 52 1,070 2,150 21.5%

in conjunction with signal peptides is widely used to obtain
information about plant pathogen cell wall degrading enzymes
(Floudas et al., 2012; Suzuki et al., 2012; Blanco-Ulate et al.,
2014; Jones et al., 2014; Morales-Cruz et al., 2015). An average
of 20.9 ± 0.3% of the predicted secreted proteins among all
seventeen Botryosphaeriaceae genomes shared similarity with

the CAZymes in the dbCAN2 database (Zhang et al., 2018).
Glycoside Hydrolases (GH) and Auxiliary Activity CAZymes
(AA) were the two groups with the most predicted proteins.
GHs were especially abundant in Neofusicoccum spp. with an
average of 336 ± 4 proteins compared to 303 ± 7 for the rest
of the Botryosphaeriaceae species in this study (Supplementary
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Table 5). A total of 15 putative genes of GH3 were present
in Neofusicoccum nonquaesitum and Lasiodiplodia missouriana,
as well as 14 in Neof. parvum, Lasiodiplodia citricola, and
Lasiodiplodia exigua. GH3 and GH43 families activities include
β-glucosidases, β-xylosidases, glucanases, L-arabinofuranosidase,
galactanase and others related to the hydrolysis of plant
cell wall components into more simple sugars (Faure, 2002;
Polizeli et al., 2005; Cairns and Esen, 2010; Knob et al., 2010;
Sampedro et al., 2017).

Auxiliary activities (AAs) were also more abundant in
Neofusicoccum (127 ± 3) than the rest of the Botryosphaeriaceae
species (100 ± 4). The AA3 family was the most abundant
with numerous copies in the genus Neofusicoccum (Figure 2),
ranging from 21 to 26 predicted proteins in Neof. parvum
(UCD646So). The genome of B. dothidea was predicted
to possess 23 AA3 proteins. The AA3 and AA9 families
include cellobiose dehydrogenases, alcohol oxidases,
pyranose oxidase, acting over more complex substrates
of the plant cell wall like cellulose and/or lignin (Daniel
et al., 1994; Henriksson et al., 2000; Harreither et al., 2011;
Hernández-Ortega et al., 2012).

Neofusicoccum, Botryosphaeria, and
Lasiodiplodia Species Encode the
Largest Number of Predicted P450s
Cytochrome P450 enzyme evolution is thought to contribute
to the adaptation of organisms to new ecological niches. The
functions may vary from primary metabolism, detoxification of
xenobiotic compounds, to producing a vast variety of secondary
metabolites (Črešnar and Petrič, 2011; Moktali et al., 2012;
Chen W. et al., 2014). These features sometimes play essential
roles in pathogenesis (Črešnar and Petrič, 2011; Moktali et al.,
2012). The P450s were classified in superfamilies as described
by Fischer et al. (2007). Neofusicoccum, Botryosphaeria, and
Lasiodiplodia species encoded a larger number of predicted
P450 (859 ± 20, 857, and 785 ± 1, respectively) compared
to Diplodia and Dothiorella species (648 ± 28 and 618 ± 17,
respectively). Neof. nonquaesitum and Neof. parvum showed
the highest number of predicted P450s genes with 918 and
908, respectively (Table 3 and Supplementary Table 6). CYP53,
CYP51, and CYP504 were the most abundant across all the
species. CYP53 was especially numerous in Neofusicoccum
(137± 4 genes), Lasiodiplodia (128± 1 gene), and Botryosphaeria
(119 ± 4 genes) species compared to the other genera (93 ± 8
genes). On the other hand, the CYP51 was very consistent in
the Botryosphaeriaceae family (from 93 to 105 genes). Other
superfamilies like CYP706, CYP102, and CYP3 show the same
pattern of higher representation in Neofusicoccum, Lasiodiplodia,
and Botryosphaeria than in Diplodia and Dothiorella species.

Peroxidases Are Most Abundant in the
Genomes of Neofusicoccum Species
Fungal peroxidases are oxidoreductases that catalyze the
oxidation of various compounds ranging from ligninolysis to
the detoxification of host-derived reactive oxygen species and
have been shown to contribute to virulence (Molina and

Kahmann, 2007; Guo et al., 2010; Choi et al., 2014). The
annotation of these peroxidases was based on the manually
curated Fungal Peroxidases Database fPoxDB (Choi et al.,
2014). Neofusicoccum species encoded the largest number of
predicted peroxidases (61 ± 0), followed by Lasiodiplodia,
Botryosphaeria, and Diplodia with an average of 54 ± 1
annotated genes (Table 3). Dothiorella, with only 46 ± 3 was
the genus with the least number of annotated peroxidases
in the Botryosphaeriaceae (Supplementary Table 7). Hybrid
Ascorbate-Cytochrome C peroxidases were more abundant in
Neofusicoccum, Botryosphaeria, and Lasiodiplodia, ranging from
8 to 11 genes, while haloperoxidases were more abundant in the
genus Neofusicoccum (11± 0 genes).

The Genomes of Botryosphaeria,
Neofusicoccum, and Lasiodiplodia
Species Have the Largest Number of
Secondary Metabolism Gene Clusters
Secondary metabolites play important roles in fungal
development and interactions with other organisms, including
plant hosts (Keller, 2019). Phytotoxic metabolites, e.g., melleins,
produced by Neof. parvum both in vitro and in the wood
of symptomatic grape are thought to be associated with
pathogenesis (Abou-Mansour et al., 2015). In fungi, the genes
encoding the functions responsible for the biosynthesis of
secondary metabolites are physically grouped in clusters
of contiguous genes (Brakhage, 2013; Keller, 2019), which
typically comprise a central biosynthetic gene as well as genes
involved in post-synthesis modification of the metabolites and
cellular transport.

Using antiSMASH 5 (Blin et al., 2019), we detected an
average of 43 ± 3 biosynthetic gene clusters (BGCs) in the
seventeen Botryosphaeriaceae. The Type I Polyketide synthase
cluster (T1PKS) and the Non-ribosomal peptide synthetase-
like fragment (NRPS-like) together accounted for 47% of all
annotated BGCs. BGCs were most abundant in Botryosphaeria,
Neofusicoccum, and Lasiodiplodia species with an average of
57 ± 8, 56 ± 1, and 49 ± 1 BGCs, respectively. In these genera,
we also found the larger number of genes per BGC (11 ± 1,
12 ± 0, and 12 ± 0, respectively; Supplementary Table 9). In
Neofusicoccum spp., 169 ± 7 genes were associated with T1PKS,
154 ± 12 in Lasiodiplodia and 175 ± 19 in Botryosphaeria
(Figure 2). For these secondary metabolites as well as classes, we
found fewer genes in the genomes of Diplodia and Dothiorella
species (Supplementary Table 10).

Toxins and other secondary metabolites are exported by
cellular transporters (Del Sorbo et al., 2000). Homologies with
the Transporter Classification Database (TCDB; Saier et al.,
2006) were used to annotate hypothetical protein transporters.
Overall, the Electrochemical Potential-driven Transporters was
the most prominent group across all the species representing
31 ± 1% of the annotated transporters followed by the Primary
Active Transporters (19%) and the Incompletely Characterized
Transport Systems (19%). More specifically, The Major
Facilitator Superfamily (MFS) (TCDB code 2.A.1) represented
the highest number in all the species but was especially abundant
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FIGURE 2 | Number of protein-coding genes annotated as P450s, secondary metabolism, and secreted CAZymes. The heatmap includes only the annotations with
the highest number of genes across all genomes.

in Neofusicoccum, Lasiodiplodia, and Botryosphaeria from 455
to 514 predicted genes (Supplementary Table 8). The genome
of Dothiorella sarmentorum encodes a higher number of genes
in the ATP-binding Cassette (ABC; 134 genes) superfamily
compared to the other fungi analyzed (59 ± 1 genes). Both MFS
and ABC transporters can be involved in toxin secretion and
defense responses (Del Sorbo et al., 2000; Perlin et al., 2014).

Estimation of Gene Family Expansion
and Contraction and Evaluation of
Functional Enrichment
We further evaluated the differences in putative virulence factors
to identify gene families that have significantly expanded or
contracted in specific lineages by statistical analysis of the
evolution of the size of gene families using Computational
Analysis of gene Family Evolution (CAFE; De Bie et al., 2006).
CAFE estimates the global birth and death rate of gene families
and identifies those families that have an accelerated rate of gain
or loss (Hahn et al., 2005; De Bie et al., 2006). CAFE uses a
clock-calibrated phylogenetic tree and gene family sizes in all

the species’ genomes as input. We included F. mediterranea and
St. hirsutum, two well-known wood decay basidiomycetes related
to the white-rot symptom in Esca disease of grapevines, and
Sa. cerevisiae. These additional species were used as calibration
points for the estimated dates of monophyletic partition of
Ascomycota (588 mya) and Dothideomycetes (350 mya) as in
Floudas et al. (2012) and Beimforde et al. (2014). To construct the
phylogenetic tree, we identified twenty-one single-copy protein
sequences that were previously used to study phylogenetic
relationships across fungi (Floudas et al., 2012). The phylogenetic
tree was built using a multiple alignment comprising 12,066
amino acid positions. The topology of the clock-calibrated
tree was confirmed independently (Supplementary Figure 2)
using ITS (Internal Transcribed Spacer) and TEF (Translation
Elongation Factor), and was consistent with published ones
(Phillips et al., 2008; Chen S. et al., 2014; Thambugala et al., 2014).

The gene families were computed using a Markov Cluster
algorithm (MCL) that groups putative orthologs and paralogs
(Enright et al., 2002). In total, 237,976 proteins of the 20 fungal
genomes were clustered into gene families (e-value < 1e−6).
These family sizes and the clock calibrated tree produced by
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BEAST allowed CAFE to detect 666 families (35,498 genes)
across all the species with a significantly higher than expected
rate of gene gain/loss (P ≤ 0.01). The numbers of gene families
expanded and contracted for each branch of the phylogeny are
shown in Figure 3. The parent branches of the Neofusicoccum,
Lasiodiplodia, and Botryosphaeria clades show a positive rate of
gene gain/losses (+0.45, +0.14, and +0.44, respectively), which
suggest an expansion of some set of proteins. On the other hand,
the parent branches of Diplodia, Dothiorella, and Basidiomycetes
(Stereum and Fomitiporia) clades present a negative rate of gain
losses (−0.40, −0.49, and −0.70, respectively). Saccharomyces
cerevisiae, as seen in previous studies (Morales-Cruz et al., 2015),
showed the lowest rate with−1.63.

The 35,498 genes in the significantly expanded or contracted
families were analyzed with a Fisher’s Exact test to identify
functional enrichments within those families. We found that
these enrichments were not always present in all the species of
a clade (Figure 4). However, there are some patterns to highlight.
The Lasiodiplodia clade represents an overall expansion of
the transporter proteins. B. dothidea also shows a significant
expansion of this family. On the other hand, the Diplodia and
Neofusicoccum clades show an overall contraction of transporters.
The Dothiorella clade and Neos. dimidiatum show no specific
pattern. The expanded secondary metabolite proteins were
specifically abundant in L. missouriana, L. exigua, B. dothidea,
Do. sarmentorum, and Neos. dimidiatum. The P450 family
was expanded mostly in Lasiodiplodia species and B. dothidea
but contracted in Diplodia species and Neos. dimidiatum.
Neofusicoccum species and B. dothidea have an important
representation of expanded secreted CAZymes, Diplodia and
Dothiorella represent several expanded proteins, however, the
numbers in Lasiodiplodia are extremely low.

Transporter related genes in the Major Facilitator Superfamily
(MFS-2.A.1) were the most enriched in all the clades analyzed
(196 predicted proteins were expanded and 205 contracted). The
secondary metabolite related proteins type 1 Polyketide Synthases
(T1PKS) were expanded in Neos. dimidiatum, L. missouriana,
L. exigua, and Do. sarmentorum, whereas Non-Ribosomal
Peptide Synthetases (NRPS) were expanded in B. dothidea
and Neos. dimidiatum. For the secreted CAZymes, Neof.
nonquaesitum, Neofusicoccum hellenicum, and B. dothidea show
an enrichment of the Auxiliary Activity family 3. Also, Do.
iberica and Diplodia mutila show an enrichment of the Glycoside
Hydrolase Family 3.

Phylogenetically Informed Principal
Component Analysis of the Expanded
Gene Families Associated With Virulence
Factors
To identify similarities between species in the Botryosphaeriaceae
family, a phylogenetically informed-principal component
analysis (phylo-PCA) was applied to the significantly expanded
families of virulence functions. These gene families were grouped
into the functional categories based on the specialized databases,
and the PCA was carried out using the Phyl.PCA (Revell,
2012). Phyl.PCA considers correlations among species due to

phylogenetic relatedness, while correcting the matrices for non-
independence among observations (Revell and Collar, 2009).
Two separate analyses were conducted using the clock-calibrated
tree presented previously and the tables of the number of genes
classified as secreted CAZymes (Figure 5A) and Secondary
Metabolism (Figure 5B).

Due to the close phylogenetic relationship of the
Botryosphaeriaceae family, the set of secreted CAZymes is
remarkably similar. However, there is a clear separation of the
species that are considered to be more virulent (Figure 5A),
those belonging to the genera Neofusicoccum, Lasiodiplodia,
and Botryosphaeria (Úrbez-Torres et al., 2008; Úrbez-Torres
and Gubler, 2009). At the same time, we observe a close cluster
of Neofusicoccum species which are separated from the other
groups mostly by the abundance of AA1, AA3, and GH5. In
addition, the genus Lasiodiplodia is tightly clustered together
with B. dothidea. This is driven by the abundance of AA9,
GH28, and GH3, with the last family being more abundant in
Lasiodiplodia species. The close clustering of Neofusicoccum,
Botryosphaeria, and Lasiodiplodia is driven mostly by their
similar profile of GH16 and AA3. Neoscytalidium dimidiatum is
well separated from the rest of the species by the higher presence
of GH76 and PL3 proteins.

The PCA on secondary metabolite genes shows a similar
separation of the most virulent genera from the others (Figure 5).
Lasiodiplodia species are grouped together by similarly high
profiles of T1PKS, Beta-lactone and T1PKS/NRPS clusters.
Neofusicoccum species are grouped due to high numbers
of terpene synthases and NRPS-like clusters. Botryosphaeria
dothidea is separated because of its high abundance of NRPS,
T1PKS, Terpenes, Beta-lactone, and NRPS-like clusters.

DISCUSSION

In this study, we describe the genome sequences of
seventeen well-known canker-causing fungal species in the
Botryosphaeriaceae. The genomes assembled coupled with
in-planta experiments allowed us to start analyzing the
pathogenicity levels and the virulence factor profiles within
this important fungal family. The level of completeness of the
assembled genomes is consistent across all the drafts based
on the expected and assembled genome sizes. This behavior
is also confirmed by the high representation of conserved
genes (Parra et al., 2007; Simão et al., 2015). The completeness
of the genomes, as well as the protein-coding genes and the
repetitive DNA content, are similar to those of other wood-
colonizing fungi of grape, such as Diaporthe ampelina DA912
(Morales-Cruz et al., 2015), Di. seriata DS831 (Morales-Cruz
et al., 2015), and L. theobromae LA-SOL3 (Félix et al., 2019).
Apart from the estimated completeness of the genomes, it is
necessary to understand some of the limitations of the short
reads technology, like copy number errors, chimeric contigs, and
under-representation of repetitive regions (Alkan et al., 2011;
Treangen and Salzberg, 2012).

The functional annotation of the seventeen
Botryosphaeriaceae species presents a broad and variable
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FIGURE 3 | Clock calibrated phylogenetic tree showing the number of gene families significantly expanded (red), contracted (blue), and their average pattern (black).
Calibrations points of the Ascomycota partition (A), and Dothideomycetes partition (B).

profile of virulence factors that are used in different ways by
fungi to colonize and survive in their hosts (Schulze-Lefert and
Panstruga, 2011; Peyraud et al., 2019). The results show a great
variation in the number of genes identified with a functional
category, and these differences were usually associated with the
genus of each species like those observed by Baroncelli et al.
(2016) in Colletotrichum and Morales-Cruz et al. (2015) in other
grapevine trunk pathogens. Researchers are inclined to think that
the gene content is associated with the lifestyle and the variety of
hosts (Zhao et al., 2013; Lo Presti et al., 2015; Baroncelli et al.,
2016). The expansion or contraction of a gene family usually
occurs on functions that are under positive or negative selection.
For instance, the genes related to host colonization and defense
are under high pressure, therefore, it is common to encounter

duplications or even losses. On the other hand, genes related to
growth are more conserved and usually selected against these
changes (Wapinski et al., 2007). Gene duplication events are
crucial as they are considered to be one of the main processes
that generate functional innovation (Zhang, 2003; Ohno, 2013).
This process plays one of the most important roles in fungal
adaptation and divergence (Gladieux et al., 2014).

Host colonization during infection is mostly driven by gene
expression of some groups of well-known proteins, namely,
the secreted CAZymes, cytochrome P450 monooxygenases,
peroxidases, and secondary metabolite-producing proteins
(Massonnet et al., 2018). The Botryosphaeriaceae family
has a variable profile of these sets of genes, with the most
virulent and aggressive species having, on average, greater
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FIGURE 4 | Bar plot of the counts of genes annotated in each group of significantly expanded functional category. (A) Secreted CAZymes, (B) P450 superfamilies,
(C) Secondary metabolite type, and (D) Transporter superfamilies. Only genes significantly overrepresented (P < 0.01) in the gene families expanded in the
Botryosphaeriaceae group are shown.

numbers of annotated genes in these categories (Table 3). In
grape and pistachio, species in the genera Neofusicoccum and
Lasiodiplodia, are typically more virulent than species in the
genera Diplodia and Dothiorella (Úrbez-Torres et al., 2008;
Úrbez-Torres and Gubler, 2009; Nouri et al., 2019). GH

functions of β-glucosidases, β-xylosidases, glucanases,
L-arabinofuranosidase, and galactanase were present in all the
pathogens in this study and significantly more in Neofusicoccum
and Lasiodiplodia. In the same way as the GH, AA functions
like cellobiose dehydrogenases, alcohol oxidases, pyranose
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FIGURE 5 | Phylogenetic principal component analysis (PCA) of the
expanded gene families grouped by secreted CAZymes (A) and Secondary
metabolism clusters (B). Only vectors of the largest loadings are shown.

oxidase were more abundant among Neofusicoccum species and
B. dothidea. GH and AA play a critical role in the degradation
of the host cell wall compounds (Kubicek et al., 2014), which
is involved with the degree of pathogenicity within these
genera, albeit on grape, the host we examined. Marsberg et al.
(2017); Massonnet et al. (2018), and Félix et al. (2019), found
similar numbers of CAZymes in Neof. parvum, L. theobromae,
and B. dothidea, respectively. P450s are instrumental to the
development of all organisms. These enzymes are involved
in many aspects of primary and secondary metabolisms and
are responsible for xenobiotic detoxification and degradation
(Črešnar and Petrič, 2011; Moktali et al., 2012). Virulence may
in part reflect the ability of some species to better tolerate
and, further, to metabolize phenolic compounds produced by
the host. Both Neof. parvum and Di. seriata can eliminate the
stilbene piceid and its derivative resveratrol in vitro (Stempien
et al., 2017), but the former is better able to tolerate resveratrol
derivatives ampelopsin A, hopeaphenol, isohopeaphenol,
miyabenol C, and ε-viniferin, which are produced at higher levels
in planta in response to Neof. parvum versus Di. seriata infection
(Lambert et al., 2012). Therefore, it is not unexpected to see a

variable profile amongst genera in the Botryosphaeriaceae family
and even within a single genus. As presented in Figure 2, some
superfamilies are abundant in Neofusicoccum, Lasiodiplodia and
Botryosphaeria genera, but other superfamilies are especially
more numerous in the Basidiomycetes species included in this
study. On the other hand, for most of the superfamilies presented,
Sa. cerevisiae shows a considerable lack of such annotated genes,
but CYP53 and CYP578 the counts are comparable with the rest
of the species. This variation is sourced by the constant evolution
and adaptation of the microorganism and hosts to their specific
environment (Yan et al., 2018).

As plants evolve new defense mechanisms and compounds
against pathogens, the fungi diversify their methods to degrade
these compounds or generate new metabolites to attack their
hosts (Deng et al., 2007; Yan et al., 2018). The Botryosphaeriaceae
species in this study and the two Basidiomycetes present a set
of fungal peroxidases that range from 41 to 62. As for the
previous putative virulence factors, Neofusicoccum, Lasiodiplodia,
and Botryosphaeria genera have the most annotated peroxidases,
however, in this case, Diplodia also showed a comparable
amount. Manganese peroxidase was only found in the two
basidiomycetes. This enzyme has a critical role in the degradation
of lignocellulose compounds by basidiomycetes (Elisashvili and
Kachlishvili, 2009; Liers et al., 2011), therefore it is very common
in white-rot fungi such as F. mediterranea and St. hirsutum
(Morgenstern et al., 2010; Lee et al., 2015). Ascomycetes that
rot wood are characterized as soft-rot fungi, which do not
degrade lignin by producing manganese peroxidase, but instead
“alter” lignin (to gain access to cellulose and hemicellulose) by
producing lignin peroxidases, peroxidases, polyphenol oxidases,
and laccases (Goodell et al., 2008). Haloperoxidases also have
roles in lignin degradation and toxic compound resistance
(Mayer et al., 2001; Hofrichter et al., 2010; Zámocký and Obinger,
2010). The former enzyme was found in higher numbers in
the genus Neofusicoccum compared to other genera within the
family. The hybrid ascorbate-cytochrome C peroxidase was
overrepresented in the genera Neofusicoccum, Lasiodiplodia, and
Botryosphaeria and is associated directly with the detoxification
of ROS (Zámocký et al., 2014; Wang et al., 2016; Segal and
Wilson, 2018).

The wide array of transporters annotated in this study suggests
a high adaptation to toxic compounds, either produced by other
microorganisms, the host, or potentially chemical synthesized
fungicides (Stergiopoulos et al., 2002). The number of proteins
in the Major Facilitator Superfamily (MFS) and Superfamily
in Neofusicoccum, Lasiodiplodia, and Botryosphaeria were more
numerous than the other Botryosphaeriaceae species. Protein
members of the MFS family may have different functions in
the influx/efflux of molecules between cells and the exterior
environment, and several cases of fungicide resistances have
been associated with the overexpression of certain MFS channels
(Stergiopoulos et al., 2002; Gulshan and Moye-Rowley, 2007; Dos
Santos et al., 2014; Chen et al., 2017). The former genera have
been reported to have lower sensitivities to almost full resistance
to different synthetic fungicides (Wang et al., 2010; Tennakoon
et al., 2019; Li et al., 2020). Similar behavior was observed
in Do. sarmentorum, were the ATP-binding Cassette (ABC) is
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highly represented. The ABC superfamily plays different roles in
fungicide resistance, mycelial growth, and overall pathogenicity
(Stergiopoulos et al., 2002; Qi et al., 2018). In addition, the array
of secondary metabolite gene clusters is more expanded in the
Botryosphaeriaceae family than in the Basidiomycetes except for
terpene synthase gene clusters. T1PKS, NRPS, and hybrids of
T1PKS-NRPS produce toxic polyketides and toxic polypeptides,
which kill host cells and leads to disease development (Luini et al.,
2010; Andolfi et al., 2011; Morales-Cruz et al., 2015; Pusztahelyi
et al., 2015; Blin et al., 2019).

To evaluate the potential differences in virulence within
the Botryosphaeriaceae family in more detail, we executed
a Computational Analysis of gene Family Evolution (De
Bie et al., 2006). By identifying species and gene families
with higher rates of gain and loss can help us to better
understand the differences in pathogenicity as it relates to
the numbers of copies of virulence genes (Hahn et al.,
2005; Morales-Cruz et al., 2015). Six hundred and sixty-six
gene families of the proteins analyzed in this study have
a significantly higher than expected rate of gain/loss. The
annotation of putative virulence factors in Neofusicoccum,
Lasiodiplodia, and Botryosphaeria shows an average expansion
of these gene families, even if some of the species shows a
contraction, the overall clade rate is positive. Among those
expanded or contracted families there is a set of functions
that are overrepresented. The secreted CAZymes seem to be
expanding in Neof. hellenicum, Neof. nonquaesitum, B. dothidea,
Di. mutila, Do. iberica, and Do. sarmentorum, whereas the
Dothiorella species show contractions in some families. However,
almost no significant gain/loss of secreted CAZymes appears
to be occurring in the genomes of Lasiodiplodia species.
The opposite scenario is observed for the P450s, where
Lasiodiplodia appears to be actively evolving, showing major
expansions in three of the four species in this study. Also,
B. dothidea and three Neofusicoccum species (Neof. parvum,
Neofusicoccum australe, and Neofusicoccum mediterraneum)
show an expansion of these families. On the other side,
Neos. dimidiatum, B. dothidea, Do. sarmentorum, L. exigua,
and L. missouriana are actively expanding their secondary
metabolite gene clusters. Finally, the wide variety of transporters
present in fungi, is the result of the positive selection
pressure over them. The need of the fungi to adapt to new
environments and hosts had selected for multiple mutations
that diversifies the transporters functions (Gladieux et al., 2014).
The MFS (2.A.1) displays the largest effect of expansion and
contraction among all the species. Botryosphaeria dothidea,
L. missouriana, L. exigua, and Di. mutila appear to be actively
expanding the MFS transporters. However, Neos. dimidiatum,
Di. seriata, Neofusicoccum vitifusiforme, Neof. australe, and Neof.
mediterraneum are contracting MFS transporters.

Phylo PCAs results support the idea that within the
Botryosphaeriaceae family, Neofusicoccum, Lasiodiplodia,
and Botryosphaeria genera are the most virulent
(Úrbez-Torres et al., 2008; Úrbez-Torres and Gubler, 2009).
There was a very clear separation of these species from
the Diplodia, Dothiorella, and Neoscytalidium. The secreted
CAZymes that cause the clustering of the Neofusicoccum species

are usually associated with laccases, cellobiose dehydrogenases,
and cellulase activities. These enzymes usually target components
of the plant cell wall such as lignin, cellulose, cellobiose
(Cameron and Aust, 2001; Zamocky et al., 2006; Fillat et al.,
2016; Di Francesco et al., 2020). Among the functions driving
the clustering of Lasiodiplodia and Botryosphaeria, the lytic
polysaccharide monooxygenases (LPMOs, AA9) are one
of the most important. They have a role in the oxidative
degradation of various biopolymers such as cellulose and
chitin. LPMOs can increase the activity of cellulases highly,
and now, they are used in a mixture for the preparation of
biofuels (Frommhagen et al., 2018; Labourel et al., 2020).
Therefore, this set of enzymes may facilitate the colonization
and infection of their hosts. The separation of Neos. dimidiatum
from the rest of species is caused by GH78 which includes
mannanases, α-glucosidase enzymes and the PL3 family
of pectate lyases. As Neos. dimidiatum is also known for
infecting the fruits and soft tissues of their hosts (Marques
et al., 2013; Nouri et al., 2018), this set of enzymes seems to
be well developed.

Lasiodiplodia species have a wide array of secondary
metabolites. Their profile varies according to the species, isolate,
and even the host (Salvatore et al., 2020). These metabolites are
often synthesized by clusters of T1PKS, T1PKS/NRPS, and some
beta-lactones (Félix et al., 2019; Salvatore et al., 2020), which are
some of the major drivers for their clustering in the phylo-PCA
(Figure 5). Neofusicoccum, besides the previous gene clusters,
also have lamanypenes and NRPS, which drives their clustering
in the PCA. Similar results have been presented by Morales-Cruz
et al. (2015) and Massonnet et al. (2018). Very little literature
is available about the effect of the secondary metabolites of B.
dothidea on their plant host; however, this fungus is known for
its remarkable ability to produce secondary metabolites in vitro
(Wang et al., 2018), which recently have been studied for their
potential use as commercial antioxidants (Xiao et al., 2014;
Druzian et al., 2020; Valente et al., 2020).

Few of the fungi in this study have been characterized in terms
of their interactions with wood and individual wood components,
their activation of cell-wall degrading enzymes, or their ability
to tolerate phenolic compounds. Therefore, it is difficult to
connect the pattern of gene family evolution to such aspects of
fungal biology, especially in a comparative way among so many
species, none of which have all been compared at once on a
single host. The pathogenicity test on young, rooted grapevine
plants raises some interesting observations. First, L. theobromae,
Neof. parvum, and Neof. australe are among the species that
induced the most prominent lesions in the plants. These results
are consistent with those of Úrbez-Torres and Gubler (2009),
who found these species to be highly virulent on grape. This
same study found Di. mutila, Di. seriata, Do. iberica, and Do.
viticola to be weakly virulent, which is congruent with the
results presented by this study. Although most Neofusicoccum
species present high numbers of putative virulence factors, the
targets for these may be variable within the genus. In this
pathogenicity experiment, the isolates of Neof. vitifusiforme, Neof.
nonquaesitum, and Neof. hellenicum were isolated from active
cankers in walnut and pistachio trees, and even if some of these
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species can develop disease in grapevine, their virulence on Vitis
vinifera may not be the same. Finally, the reasons why lesions
produced by B. dothidea were not significantly different from
the control are difficult to assess with certainty, but studies had
reported B. dothidea to be weakly or moderately pathogenic on
grapevine (Úrbez-Torres and Gubler, 2009; Pitt et al., 2013).
Some researchers remark that in potted plants after 5–6 weeks
of inoculation with B. dothidea, the plants were not different
compared to the control, whereas the other species in that study
showed poor bud development and stunted green shoot growth
(Úrbez-Torres and Gubler, 2009). Also, in other studies, this
species is presented as endophytic and latent pathogen and they
suggest that the environmental conditions can have a significant
effect on the development of the disease (Piškur and Jurc, 2011;
Marsberg et al., 2017).
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Črešnar, B., and Petrič, Š (2011). Cytochrome P450 enzymes in the fungal kingdom.
Biochimica et Biophysica Acta (BBA)-Proteins Proteomics 1814, 29–35. doi: 10.
1016/j.bbapap.2010.06.020

Crous, P. W., Slippers, B., Wingfield, M. J., Rheeder, J., Marasas, W. F., Philips, A. J.,
et al. (2006). Phylogenetic lineages in the Botryosphaeriaceae. Stud. Mycol. 55,
235–253. doi: 10.3114/sim.55.1.235

Daniel, G., Volc, J., and Kubatova, E. (1994). Pyranose oxidase, a major source
of H2O2 during wood degradation by Phanerochaete chrysosporium, Trametes
versicolor, and Oudemansiella mucida. Appl. Environ. Microbiol. 60, 2524–2532.
doi: 10.1128/aem.60.7.2524-2532.1994

De Bie, T., Cristianini, N., Demuth, J. P., and Hahn, M. W. (2006). CAFE: a
computational tool for the study of gene family evolution. Bioinformatics 22,
1269–1271. doi: 10.1093/bioinformatics/btl097

Del Sorbo, G., Schoonbeek, H. J., and De Waard, M. A. (2000). Fungal transporters
involved in efflux of natural toxic compounds and fungicides. Fungal Genet.
Biol. 30, 1–15. doi: 10.1006/fgbi.2000.1206

Deng, J., Carbone, I., and Dean, R. A. (2007). The evolutionary history of
cytochrome P450 genes in four filamentous Ascomycetes. BMC Evol. Biol. 7:30.
doi: 10.1186/1471-2148-7-30

Denny, T. P., and VanEtten, H. D. (1983). Tolerance of Nectria haematococca MP
VI to the phytoalexin pisatin in the absence of detoxification. Microbiology 129,
2893–2901. doi: 10.1099/00221287-129-9-2893

Denny, T. P., Matthews, P. S., and VanEtten, H. D. (1987). A possible mechanism
of nondegradative tolerance of pisatin in Nectria haematococca MP VI. Physiol.
Mol. Plant Pathol. 30, 93–107. doi: 10.1016/0885-5765(87)90085-3

Desprez-Loustau, M. L., Marçais, B., Nageleisen, L. M., Piou, D., and Vannini, A.
(2006). Interactive effects of drought and pathogens in forest trees. Ann. For.
Sci. 63, 597–612. doi: 10.1051/forest:2006040

Di Francesco, A., Rusin, C., Di Foggia, M., Marceddu, S., Rombolà, A., Botelho,
R. V., et al. (2020). Characterization of apple cultivar susceptibility to
Neofusicoccum parvum Brazilian strains. Eur. J. Plant Pathol. 156, 939–951.
doi: 10.1007/s10658-020-01945-7

Dos Santos, S. C., Teixeira, M. C., Dias, P. J., and Sá-Correia, I. (2014). MFS
transporters required for multidrug/multixenobiotic (MD/MX) resistance in
the model yeast: understanding their physiological function through post-
genomic approaches. Front. Physiol. 5:180.

Druzian, S. P., Pinheiro, L. N., Susin, N. M. B., Dal Prá, V., Mazutti, M. A.,
Kuhn, R. C., et al. (2020). Production of metabolites with antioxidant activity
by Botryosphaeria dothidea in submerged fermentation. Bioprocess Biosyst. Eng.
43, 13–20. doi: 10.1007/s00449-019-02200-y

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/gkh340

Elisashvili, V., and Kachlishvili, E. (2009). Physiological regulation of laccase and
manganese peroxidase production by white-rot Basidiomycetes. J. Biotechnol.
144, 37–42. doi: 10.1016/j.jbiotec.2009.06.020

Enright, A. J., Van Dongen, S., and Ouzounis, C. A. (2002). An efficient algorithm
for large-scale detection of protein families. Nucleic Acids Res. 30, 1575–1584.
doi: 10.1093/nar/30.7.1575

Faure, D. (2002). The family-3 glycoside hydrolases: from housekeeping functions
to host-microbe interactions. Appl. Environ. Microbiol. 68, 1485–1490. doi:
10.1128/aem.68.4.1485-1490.2002

Félix, C., Meneses, R., Gonçalves, M. F., Tilleman, L., Duarte, A. S., Jorrín-Novo,
J. V., et al. (2019). A multi-omics analysis of the grapevine pathogen

Lasiodiplodia theobromae reveals that temperature affects the expression of
virulence-and pathogenicity-related genes. Sci. Rep. 9:13144.

Fillat, Ú, Martín-Sampedro, R., Macaya-Sanz, D., Martín, J. A., Ibarra, D., Martínez,
M. J., et al. (2016). Screening of eucalyptus wood endophytes for laccase activity.
Process Biochem. 51, 589–598. doi: 10.1016/j.procbio.2016.02.006

Finn, R. D., Coggill, P., Eberhardt, R. Y., Eddy, S. R., Mistry, J., Mitchell, A. L., et al.
(2016). The Pfam protein families database: towards a more sustainable future.
Nucleic Acids Res. 44, D279–D285.

Fischer, M. (2006). Biodiversity and geographic distribution of basidiomycetes
causing esca-associated white rot in grapevine: a worldwide perspective.
Phytopathol. Mediterranea 45, S30–S42.

Fischer, M., Knoll, M., Sirim, D., Wagner, F., Funke, S., and Pleiss, J. (2007).
The Cytochrome P450 engineering database: a navigation and prediction tool
for the cytochrome P450 protein family. Bioinformatics 23, 2015–2017. doi:
10.1093/bioinformatics/btm268

Floudas, D., Binder, M., Riley, R., Barry, K., Blanchette, R. A., Henrissat, B., et al.
(2012). The Paleozoic origin of enzymatic lignin decomposition reconstructed
from 31 fungal genomes. Science 336, 1715–1719.

Frommhagen, M., Westphal, A. H., Van Berkel, W. J., and Kabel, M. A. (2018).
Distinct substrate specificities and electron-donating systems of fungal lytic
polysaccharide monooxygenases. Front. Microbiol. 9:1080.

Galarneau, E. R., Lawrence, D. P., Travadon, R., and Baumgartner, K. (2019).
Drought exacerbates botryosphaeria dieback symptoms in grapevines and
confounds host-based molecular markers of infection by Neofusicoccum
parvum. Plant Dis. 103, 1738–1745. doi: 10.1094/pdis-09-18-1549-re

Gladieux, P., Ropars, J., Badouin, H., Branca, A., Aguileta, G., De Vienne,
D. M., et al. (2014). Fungal evolutionary genomics provides insight into the
mechanisms of adaptive divergence in eukaryotes. Mol. Ecol. 23, 753–773. doi:
10.1111/mec.12631

Goodell, B., Qian, Y., and Jellison, J. (2008). Fungal decay of wood: soft rot-brown
rot-white rot. ACS Symp. Ser. 9–31. doi: 10.1021/bk-2008-0982.ch002

Gramaje, D., Agustí-Brisach, C., Pérez-Sierra, A., Moralejo, E., Olmo, D., Mostert,
L. I. Z. E. L., et al. (2012). Fungal trunk pathogens associated with wood
decay of almond trees on Mallorca (Spain). Persoonia 28, 1–13. doi: 10.3767/
003158512x626155

Guan, X., Essakhi, S., Laloue, H., Nick, P., Bertsch, C., and Chong, J. (2016).
Mining new resources for grape resistance against Botryosphaeriaceae: a focus
on Vitis vinifera subsp. sylvestris. Plant Pathol. 65, 273–284. doi: 10.1111/ppa.
12405

Guindon, S., Dufayard, J. F., Lefort, V., Anisimova, M., Hordijk, W., and Gascuel,
O. (2010). New algorithms and methods to estimate maximum-likelihood
phylogenies: assessing the performance of PhyML 3.0. Syst. Biol. 59, 307–321.
doi: 10.1093/sysbio/syq010

Gulshan, K., and Moye-Rowley, W. S. (2007). Multidrug resistance in fungi.
Eukaryot. Cell 6, 1933–1942. doi: 10.1128/ec.00254-07

Guo, M., Guo, W., Chen, Y., Dong, S., Zhang, X., Zhang, H., et al. (2010). The basic
leucine zipper transcription factor Moatf1 mediates oxidative stress responses
and is necessary for full virulence of the rice blast fungus Magnaporthe
oryzae. Mol. Plant Microbe Interact. 23, 1053–1068. doi: 10.1094/mpmi-23-
8-1053

Hahn, M. W., De Bie, T., Stajich, J. E., Nguyen, C., and Cristianini, N.
(2005). Estimating the tempo and mode of gene family evolution from
comparative genomic data. Genome Res. 15, 1153–1160. doi: 10.1101/gr.35
67505

Harreither, W., Sygmund, C., Augustin, M., Narciso, M., Rabinovich, M. L.,
Gorton, L., et al. (2011). Catalytic properties and classification of cellobiose
dehydrogenases from ascomycetes. Appl. Environ. Microbiol. 77, 1804–1815.
doi: 10.1128/aem.02052-10

Henriksson, G., Johansson, G., and Pettersson, G. (2000). A critical review of
cellobiose dehydrogenases. J. Biotechnol. 78, 93–113. doi: 10.1016/s0168-
1656(00)00206-6

Hernández-Ortega, A., Ferreira, P., and Martínez, A. T. (2012). Fungal aryl-alcohol
oxidase: a peroxide-producing flavoenzyme involved in lignin degradation.
Appl. Microbiol. Biotechnol. 93, 1395–1410. doi: 10.1007/s00253-011-
3836-8

Hofrichter, M., Ullrich, R., Pecyna, M. J., Liers, C., and Lundell, T. (2010). New and
classic families of secreted fungal heme peroxidases. Appl. Microbiol. Biotechnol.
87, 871–897. doi: 10.1007/s00253-010-2633-0

Frontiers in Microbiology | www.frontiersin.org 15 March 2021 | Volume 12 | Article 652802198

https://doi.org/10.1094/pdis-07-13-0706-re
https://doi.org/10.1093/gbe/evu132
https://doi.org/10.1186/1471-2180-14-117
https://doi.org/10.1093/bioinformatics/bti610
https://doi.org/10.1093/bioinformatics/bti610
https://doi.org/10.1016/j.bbapap.2010.06.020
https://doi.org/10.1016/j.bbapap.2010.06.020
https://doi.org/10.3114/sim.55.1.235
https://doi.org/10.1128/aem.60.7.2524-2532.1994
https://doi.org/10.1093/bioinformatics/btl097
https://doi.org/10.1006/fgbi.2000.1206
https://doi.org/10.1186/1471-2148-7-30
https://doi.org/10.1099/00221287-129-9-2893
https://doi.org/10.1016/0885-5765(87)90085-3
https://doi.org/10.1051/forest:2006040
https://doi.org/10.1007/s10658-020-01945-7
https://doi.org/10.1007/s00449-019-02200-y
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1016/j.jbiotec.2009.06.020
https://doi.org/10.1093/nar/30.7.1575
https://doi.org/10.1128/aem.68.4.1485-1490.2002
https://doi.org/10.1128/aem.68.4.1485-1490.2002
https://doi.org/10.1016/j.procbio.2016.02.006
https://doi.org/10.1093/bioinformatics/btm268
https://doi.org/10.1093/bioinformatics/btm268
https://doi.org/10.1094/pdis-09-18-1549-re
https://doi.org/10.1111/mec.12631
https://doi.org/10.1111/mec.12631
https://doi.org/10.1021/bk-2008-0982.ch002
https://doi.org/10.3767/003158512x626155
https://doi.org/10.3767/003158512x626155
https://doi.org/10.1111/ppa.12405
https://doi.org/10.1111/ppa.12405
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1128/ec.00254-07
https://doi.org/10.1094/mpmi-23-8-1053
https://doi.org/10.1094/mpmi-23-8-1053
https://doi.org/10.1101/gr.3567505
https://doi.org/10.1101/gr.3567505
https://doi.org/10.1128/aem.02052-10
https://doi.org/10.1016/s0168-1656(00)00206-6
https://doi.org/10.1016/s0168-1656(00)00206-6
https://doi.org/10.1007/s00253-011-3836-8
https://doi.org/10.1007/s00253-011-3836-8
https://doi.org/10.1007/s00253-010-2633-0
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-652802 March 12, 2021 Time: 16:15 # 16

Garcia et al. Phylogenomics of Botryosphaeriaceae

Holland, L. A., Trouillas, F. P., Nouri, M. T., Lawrence, D. P., Crespo, M., Doll,
D. A., et al. (2020). Fungal pathogens associated with canker diseases of almond
in california. Plant Dis. 105, 346–360. doi: 10.1094/pdis-10-19-2128-re

Hrycan, J., Hart, M., Bowen, P., Forge, T., and Úrbez-Torres, J. R. (2020).
Grapevine trunk disease fungi: their roles as latent pathogens and stress factors
that favour disease development and symptom expression. Phytopathologia
Mediterranea 59, 395–424.

Inderbitzin, P., Bostock, R. M., Trouillas, F. P., and Michailides, T. J. (2010). A
six locus phylogeny reveals high species diversity in Botryosphaeriaceae from
California almond. Mycologia 102, 1350–1368. doi: 10.3852/10-006

Inkscape Project (2020). Inkscape. Available online at: from https://inkscape.org
(accessed July 15, 2020).

Jones, L., Riaz, S., Morales-Cruz, A., Amrine, K. C., McGuire, B., Gubler, W. D.,
et al. (2014). Adaptive genomic structural variation in the grape powdery
mildew pathogen, Erysiphe necator. BMC Genomics 15:1081. doi: 10.1186/
1471-2164-15-1081

Keller, N. P. (2019). Fungal secondary metabolism: regulation, function and
drug discovery. Nat. Rev. Microbiol. 17, 167–180. doi: 10.1038/s41579-018-
0121-1

Knob, A., Terrasan, C. F., and Carmona, E. C. (2010). β-Xylosidases from
filamentous fungi: an overview. World J Microbiol. Biotechnol. 26, 389–407.
doi: 10.1007/s11274-009-0190-4

Kubicek, C. P., Starr, T. L., and Glass, N. L. (2014). Plant cell wall–degrading
enzymes and their secretion in plant-pathogenic fungi. Annu. Rev. Phytopathol.
52, 427–451. doi: 10.1146/annurev-phyto-102313-045831

Labourel, A., Frandsen, K. E., Zhang, F., Brouilly, N., Grisel, S., Haon, M., et al.
(2020). A fungal family of lytic polysaccharide monooxygenase-like copper
proteins. Nat. Chem. Biol. 16, 345–350. doi: 10.1038/s41589-019-0438-8

Lambert, C., Bisson, J., Waffo-Téguo, P., Papastamoulis, Y., Richard, T., Corio-
Costet, M. F., et al. (2012). Phenolics and their antifungal role in grapevine
wood decay: focus on the Botryosphaeriaceae family. J. Agric. Food Chem. 60,
11859–11868. doi: 10.1021/jf303290g

Lawrence, D. P., Hand, F. P., Gubler, W. D., and Trouillas, F. P. (2017).
Botryosphaeriaceae species associated with dieback and canker disease of bay
laurel in northern California with the description of Dothiorella californica sp.
nov. Fungal Biol. 121, 347–360. doi: 10.1016/j.funbio.2016.09.005

Lawrence, D. P., Travadon, R., and Baumgartner, K. (2018). Novel seimatosporium
species from grapevine in northern California and their interactions with fungal
pathogens involved in the trunk-disease complex. Plant Dis. 102, 1081–1092.
doi: 10.1094/pdis-08-17-1247-re

Lee, S. Y., Kim, S. H., Hong, C. Y., Kim, H. Y., Ryu, S. H., and Choi, I. G.
(2015). Biotransformation of (−)-α-pinene by whole cells of white rot fungi,
Ceriporia sp. ZLY-2010 and Stereum hirsutum. Mycobiology 43, 297–302. doi:
10.5941/myco.2015.43.3.297

Li, Y., Tsuji, S. S., Hu, M., Câmara, M. P. S., Michereff, S. J., Schnabel, G.,
et al. (2020). Characterization of difenoconazole resistance in Lasiodiplodia
theobromae from papaya in Brazil. Pest. Manag. Sci. 76, 1344–1352. doi: 10.
1002/ps.5645

Liers, C., Arnstadt, T., Ullrich, R., and Hofrichter, M. (2011). Patterns of lignin
degradation and oxidative enzyme secretion by different wood-and litter-
colonizing basidiomycetes and ascomycetes grown on beech-wood. FEMS
Microbiol. Ecol. 78, 91–102. doi: 10.1111/j.1574-6941.2011.01144.x

Linaldeddu, B. T., Deidda, A., Scanu, B., Franceschini, A., Serra, S., Berraf-
Tebbal, A., et al. (2015). Diversity of Botryosphaeriaceae species associated with
grapevine and other woody hosts in Italy, Algeria and Tunisia, with descriptions
of Lasiodiplodia exigua and Lasiodiplodia mediterranea sp. nov. Fungal Divers.
71, 201–214. doi: 10.1007/s13225-014-0301-x

Lo Presti, L., Lanver, D., Schweizer, G., Tanaka, S., Liang, L., Tollot, M., et al. (2015).
Fungal effectors and plant susceptibility. Annu. Rev. Plant Biol. 66, 513–545.
doi: 10.1146/annurev-arplant-043014-114623

Lombard, V., Golaconda Ramulu, H., Drula, E., Coutinho, P. M., and Henrissat,
B. (2014). The carbohydrate-active enzymes database (CAZy) in 2013. Nucleic
Acids Res. 42, D490–D495.

Luini, E., Fleurat-Lessard, P., Rousseau, L., Roblin, G., and Berjeaud, J. M.
(2010). Inhibitory effects of polypeptides secreted by the grapevine pathogens
Phaeomoniella chlamydospora and Phaeoacremonium aleophilum on plant cell
activities. Physiol. Mol. Plant Pathol. 74, 403–411. doi: 10.1016/j.pmpp.2010.
06.007

Luo, Y., Lichtemberg, P. S. F., Niederholzer, F. J. A., Lightle, D. M., Felts, D. G.,
and Michailides, T. J. (2019). Understanding the process of latent infection of
canker-causing pathogens in stone fruit and nut crops in California. Plant Dis.
103, 2374–2384. doi: 10.1094/pdis-11-18-1963-re

Luque, J., Martos, S., and Garcia-Figueres, F. (2010). Effects of water stress and
inoculation with Eutypa lata and Neofusicoccum parvum on young grapevine
plants. Phytopathologia Mediterranea 49:120.

Ma, Z., Boehm, E. W., Luo, Y., and Michailides, T. J. (2001). Population structure
of Botryosphaeria dothidea from pistachio and other hosts in California.
Phytopathology 91, 665–672. doi: 10.1094/PHYTO.2001.91.7.665

Marques, M. W., Lima, N. B., de Morais, M. A., Michereff, S. J., Phillips, A. J., and
Câmara, M. P. (2013). Botryosphaeria, Neofusicoccum, Neoscytalidium and
Pseudofusicoccum species associated with mango in Brazil. Fungal Divers. 61,
195–208. doi: 10.1007/s13225-013-0258-1

Marsberg, A., Kemler, M., Jami, F., Nagel, J. H., Postma-Smidt, A., Naidoo, S.,
et al. (2017). Botryosphaeria dothidea: a latent pathogen of global importance
to woody plant health. Mol. Plant Pathol. 18, 477–488. doi: 10.1111/mpp.12495

Martínková, L., Kotik, M., Marková, E., and Homolka, L. (2016). Biodegradation
of phenolic compounds by Basidiomycota and its phenol oxidases: a review.
Chemosphere 149, 373–382. doi: 10.1016/j.chemosphere.2016.01.022

Massonnet, M., Morales-Cruz, A., Figueroa-Balderas, R., Lawrence, D. P.,
Baumgartner, K., and Cantu, D. (2018). Condition-dependent co-regulation
of genomic clusters of virulence factors in the grapevine trunk pathogen
Neofusicoccum parvum. Mol. Plant Pathol. 19, 21–34. doi: 10.1111/mpp.12491

Mayer, A. M. (2006). Polyphenol oxidases in plants and fungi: going places? a
review. Phytochemistry 67, 2318–2331. doi: 10.1016/j.phytochem.2006.08.006

Mayer, A. M., Staples, R. C., and Gil-ad, N. L. (2001). Mechanisms of survival
of necrotrophic fungal plant pathogens in hosts expressing the hypersensitive
response. Phytochemistry 58, 33–41. doi: 10.1016/s0031-9422(01)00187-x

McDonald, V., Lynch, S., and Eskalen, A. (2009). First report of Neofusicoccum
australe, N. luteum, and N. parvum associated with avocado branch canker in
California. Plant Dis. 93:967. doi: 10.1094/pdis-93-9-0967b

Michailides, T. J. (1991). Pathogenicity, distribution, sources of inoculum, and
infection courts of Botryosphaeria dothidea on pistachio. Phytopathology 81,
566–573. doi: 10.1094/phyto-81-566

Moktali, V., Park, J., Fedorova-Abrams, N. D., Park, B., Choi, J., Lee, Y. H., et al.
(2012). Systematic and searchable classification of cytochrome P450 proteins
encoded by fungal and oomycete genomes. BMC Genomics 13:525. doi: 10.
1186/1471-2164-13-525

Molina, L., and Kahmann, R. (2007). An Ustilago maydis gene involved in H2O2
detoxification is required for virulence. Plant Cell 19, 2293–2309. doi: 10.1105/
tpc.107.052332

Morales-Cruz, A., Allenbeck, G., Figueroa-Balderas, R., Ashworth, V. E., Lawrence,
D. P., Travadon, R., et al. (2018). Closed-reference metatranscriptomics enables
in planta profiling of putative virulence activities in the grapevine trunk disease
complex. Mol. Plant Pathol. 19, 490–503. doi: 10.1111/mpp.12544

Morales-Cruz, A., Amrine, K. C., Blanco-Ulate, B., Lawrence, D. P., Travadon, R.,
Rolshausen, P. E., et al. (2015). Distinctive expansion of gene families associated
with plant cell wall degradation, secondary metabolism, and nutrient uptake
in the genomes of grapevine trunk pathogens. BMC Genomics 16:469. doi:
10.1094/pdis-05-13-0523-re

Morgenstern, I., Robertson, D. L., and Hibbett, D. S. (2010). Characterization of
three mnp genes of Fomitiporia mediterranea and report of additional class
II peroxidases in the order Hymenochaetales. Appl. Environ. Microbiol. 76,
6431–6440. doi: 10.1128/aem.00547-10

Mullen, J. M., Gilliam, C. H., Hagan, A. K., and Morgan-Jones, G. (1991). Canker
of dogwood caused by Lasiodiplodia theobromae, a disease influenced by
drought stress or cultivar selection. Plant Dis. 75, 886–889. doi: 10.1094/pd-75-
0886

Nouri, M. T., Lawrence, D. P., Holland, L. A., Doll, D. A., Kallsen, C. E., Culumber,
C. M., et al. (2019). Identification and pathogenicity of fungal species associated
with canker diseases of pistachio in California. Plant Dis. 103, 2397–2411.
doi: 10.1094/pdis-10-18-1717-re

Nouri, M. T., Lawrence, D. P., Yaghmour, M. A., Michailides, T. J., and Trouillas,
F. P. (2018). Neoscytalidium dimidiatum causing canker, shoot blight and fruit
rot of almond in California. Plant Dis. 102, 1638–1647. doi: 10.1094/pdis-12-
17-1967-re

Ohno, S. (2013). Evolution by Gene Duplication. Berlin: Springer.

Frontiers in Microbiology | www.frontiersin.org 16 March 2021 | Volume 12 | Article 652802199

https://doi.org/10.1094/pdis-10-19-2128-re
https://doi.org/10.3852/10-006
https://inkscape.org
https://doi.org/10.1186/1471-2164-15-1081
https://doi.org/10.1186/1471-2164-15-1081
https://doi.org/10.1038/s41579-018-0121-1
https://doi.org/10.1038/s41579-018-0121-1
https://doi.org/10.1007/s11274-009-0190-4
https://doi.org/10.1146/annurev-phyto-102313-045831
https://doi.org/10.1038/s41589-019-0438-8
https://doi.org/10.1021/jf303290g
https://doi.org/10.1016/j.funbio.2016.09.005
https://doi.org/10.1094/pdis-08-17-1247-re
https://doi.org/10.5941/myco.2015.43.3.297
https://doi.org/10.5941/myco.2015.43.3.297
https://doi.org/10.1002/ps.5645
https://doi.org/10.1002/ps.5645
https://doi.org/10.1111/j.1574-6941.2011.01144.x
https://doi.org/10.1007/s13225-014-0301-x
https://doi.org/10.1146/annurev-arplant-043014-114623
https://doi.org/10.1016/j.pmpp.2010.06.007
https://doi.org/10.1016/j.pmpp.2010.06.007
https://doi.org/10.1094/pdis-11-18-1963-re
https://doi.org/10.1094/PHYTO.2001.91.7.665
https://doi.org/10.1007/s13225-013-0258-1
https://doi.org/10.1111/mpp.12495
https://doi.org/10.1016/j.chemosphere.2016.01.022
https://doi.org/10.1111/mpp.12491
https://doi.org/10.1016/j.phytochem.2006.08.006
https://doi.org/10.1016/s0031-9422(01)00187-x
https://doi.org/10.1094/pdis-93-9-0967b
https://doi.org/10.1094/phyto-81-566
https://doi.org/10.1186/1471-2164-13-525
https://doi.org/10.1186/1471-2164-13-525
https://doi.org/10.1105/tpc.107.052332
https://doi.org/10.1105/tpc.107.052332
https://doi.org/10.1111/mpp.12544
https://doi.org/10.1094/pdis-05-13-0523-re
https://doi.org/10.1094/pdis-05-13-0523-re
https://doi.org/10.1128/aem.00547-10
https://doi.org/10.1094/pd-75-0886
https://doi.org/10.1094/pd-75-0886
https://doi.org/10.1094/pdis-10-18-1717-re
https://doi.org/10.1094/pdis-12-17-1967-re
https://doi.org/10.1094/pdis-12-17-1967-re
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-652802 March 12, 2021 Time: 16:15 # 17

Garcia et al. Phylogenomics of Botryosphaeriaceae

Old, K. M., Gibbs, R., Craig, I., Myers, B. J., and Yuan, Z. Q. (1990). Effect of
drought and defoliation on the susceptibility of Eucalyptus to cankers caused
by Endothia gyrosa and Botryosphaeria ribis. Aust. J. Bot. 38, 571–581. doi:
10.1071/bt9900571

Parra, G., Bradnam, K., and Korf, I. (2007). CEGMA: a pipeline to accurately
annotate core genes in eukaryotic genomes. Bioinformatics 23, 1061–1067. doi:
10.1093/bioinformatics/btm071

Perlin, M. H., Andrews, J., and San Toh, S. (2014). Essential letters in the
fungal alphabet: ABC and MFS transporters and their roles in survival and
pathogenicity Adv. Genet. 85, 201–253. doi: 10.1016/b978-0-12-800271-1.
00004-4

Petrini, O., and Fisher, P. J. (1988). A comparative study of fungal endophytes in
xylem and whole stem of Pinus sylvestris and Fagus sylvatica. Trans. Br. Mycol.
Soc. 91, 233–238. doi: 10.1016/s0007-1536(88)80210-9

Peyraud, R., Mbengue, M., Barbacci, A., and Raffaele, S. (2019). Intercellular
cooperation in a fungal plant pathogen facilitates host colonization. Proc. Natl.
Acad. Sci. U.S.A. 116, 3193–3201. doi: 10.1073/pnas.1811267116

Phillips, A. J. L., Alves, A., Pennycook, S. R., Johnston, P. R., Ramaley, A., Akulov,
A., et al. (2008). Resolving the phylogenetic and taxonomic status of dark-
spored teleomorph genera in the Botryosphaeriaceae. Persoonia 21, 29–55. doi:
10.3767/003158508x340742

Phillips, A. J. L., Lopes, J., Abdollahzadeh, J., Bobev, S., and Alves, A. (2012).
Resolving the Diplodia complex on apple and other Rosaceae hosts. Persoonia
29, 29–38. doi: 10.3767/003158512x658899

Phillips, A., Alves, A., Correia, A., and Luque, J. (2005). Two new species of
Botryosphaeria with brown, 1-septate ascospores and Dothiorella anamorphs.
Mycologia 97, 513–529. doi: 10.3852/mycologia.97.2.513

Piškur, B., and Jurc, D. (2011). Unusual weather conditions as triggers of
pathogenic activities of endophytic fungi-Botryosphaeria dothidea as an
example. Zbornik Predavanj in Referatov, 10. Slovenskega Posvetovanja o
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The northern corn leaf blight (NCLB) pathogen Setosphaeria turcica (Luttrell) Leonard
and Suggs is one of the main biotic constraints on sweet corn (Zea mays L.) yield
and quality in Fujian Province, China. Currently, however, there is comparatively little
information available regarding the distribution of mating types, population genetics,
and reproductive strategies of this pathogen in Fujian. In this study, we investigated
the distribution of mating types and population genetics of 117 isolates of S. turcica
collected from seven of the main sweet corn-growing regions in Fujian Province, based
on multiple polymerase chain reaction analyses using two mating type-specific primer
pairs and 11 inter-simple sequence repeat markers. Furthermore, we examined the
mode of reproduction of Fujian S. turcica populations. Both MAT1-1 and MAT1-2
mating types were detected throughout all seven sampling locations. The majority
of MAT1-2 isolates were detected from Dongyou, Jian’ou, Pingnan, Songxi, and
Longyan, whereas a large proportion of the detected MAT1-1 isolates were among
those collected from Dongfeng and Nanjing. Furthermore, we detected five shared multi-
locus haplotypes among S. turcica isolates from Dongyou, Jian’ou, Pingnan, Nanjing,
and Songxi, whereas no shared haplotypes were observed between the Dongfeng (or
Longyan) population and these five populations. Pairwise comparisons of the indices
8PT and Nm, and population structure and principal coordinate analyses indicated
genetic differentiation between both the regional and the mating type populations of
S. turcica in Fujian. The skewed mating type ratio associated with low a haplotypic
diversity and evident linkage disequilibrium reveals a mixed reproductive strategy for
S. turcica populations in Fujian Province. The findings of this study advance our current
understanding of the genetic diversity, population structure, and reproductive strategies
of S. turcica populations infecting sweet corn in Fujian Province, and will potentially
contribute to further resistance breeding efforts.

Keywords: Setosphaeria turcica, northern corn leaf blight, mating type, genetic diversity, population structure,
sexual reproduction
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INTRODUCTION

The heterothallic ascomycetous phytopathogen Setosphaeria
turcica (Luttrell) Leonard and Suggs) [anamorph, Exserohilum
turcicum (Pass.) Leonard and Suggs], the causal agent of northern
corn leaf blight (NCLB), is a biotic constrain factor, which
worldwide is responsible for substantial reductions in the yield
and quality of corn (Zea mays L.), a vital basic human food
source. Moreover, more than half of the global production is
used as an industrial raw material and as a source of livestock
fodder (Zwonitzer et al., 2009; Nieuwoudt et al., 2018). The
symptoms of NCLB initially appear on the basal leaves and
subsequently spread to the middle and upper leaves. The typical
NCLB symptoms manifest as gray-green, long fusiform, water-
soaked lesions on young leaves and later developed into larger
necrotic lesions (Vieira et al., 2014; Shi et al., 2017). In susceptible
corn cultivars, these necrotic lesions expand and merge, causing
extensive damage to the majority of leaves, thereby markedly
weakening the photosynthetic capacity of corn plants (Saito et al.,
2018; Kotze et al., 2019). Although outbreaks of NCLB occur
worldwide, and in susceptible corn cultivars can result in severe
yield losses of more than 60%, these outbreaks tend to be most
frequent in low latitude regions characterized by temperate and
humid conditions (Dingerdissen et al., 1996; Tefferi et al., 1996;
Ferguson and Carson, 2004).

The destructive phytopathogenic foliar fungus S. turcica is
a heterothallic ascomycete that harbors a specific mating type
(MAT) gene locus that can occur in two alternative allelic
forms, designated MAT1-1 and MAT1-2 (Luttrell, 1958; Gao,
2009). Although the sexual stage for S. turcica has rarely been
observed on corn leaves in the field, it can frequently be induced
under laboratory conditions (Luttrell, 1958; Fan et al., 2007),
and the findings of previous studies have indicated that the
pathogenicity and parasitic fitness of some sexual progenies of
S. turcica are markedly enhanced following sexual reproduction
(Nelson et al., 1965; Guo et al., 2013). Moreover, some studies
have demonstrated that different physiological races of S. turcica
isolates, characterized by different mating types, can randomly
mate and generate diverse novel physiological races with varying
degrees of pathogenicity (Moghaddam and Patak, 1994; Hou
et al., 2006). Accordingly, these observations indicate that sexual
reproduction may be an important source of genetic diversity in
S. turcica. With numerous new physiological races continually
appearing in the main corn-growing countries (Welz et al., 1993;
Ferguson and Carson, 2007; Muiru et al., 2010b; Zhang et al.,
2011, 2012; Weems and Bradley, 2018; Jindal et al., 2019), an
increasing number of studies have focused on investigating the
distribution of mating types, genetic diversity, and population
structure of S. turcica (Borchardt et al., 1998b; Ferguson and
Carson, 2004; Haasbroek et al., 2014; Tang et al., 2015; Human
et al., 2016; Nieuwoudt et al., 2018; Ma et al., 2020).

To date, several types of molecular marker have been
successfully applied in analyzing the genetic diversity and
population structure of S. turcica populations from Europe
(Borchardt et al., 1998a,b; Muiru et al., 2010a), the United States
(Ferguson and Carson, 2004, 2007), South Africa (Haasbroek
et al., 2014; Human et al., 2016; Nieuwoudt et al., 2018), and

northern and southwest China (Fan et al., 2007; Gu et al., 2008;
Tang et al., 2015; Li et al., 2019; Ma et al., 2020), including
amplified fragment length polymorphism (AFLP), universally
primed polymerase chain reaction (UP-PCR), random amplified
polymorphic DNA (RAPD), simple sequence repeat (SSR;
or microsatellite), sequence-related amplified polymorphism
(SRAP), and inter-simple sequence repeat (ISSR) markers. Due
to the notable sensitivity, reproducibility, dependability, and
preponderance in simultaneous analysis of a large number of
loci, ISSR markers are frequently used in population genetic
investigations (Kantety et al., 1995; Dai et al., 2020a), and
previous genetic analyses using these markers have indicated
that S. turcica populations from northern China (northeast,
north, and northwest) exhibit high within population genetic
similarities, but show evident genetic differentiation from
S. turcica populations in southwestern China (Ma et al., 2020).
These observations thus imply that S. turcica populations in
northern China may be genetically differentiated from those
in other corn-growing regions in China (e.g., the south and
southeast). However, although natural populations of S. turcica
in north and southwest China tend to be well characterized with
respect to mating type distribution, genetic diversity, population
structure, and mode of reproduction (Fan et al., 2007; Guo et al.,
2013; Li et al., 2019; Ma et al., 2020), there have been relatively
few similar studies on S. turcica isolates collected from southeast
China, where Fujian Province is one of the most important sweet
corn-producing regions in China (Dai et al., 2020a).

Given the high frequency of NCLB outbreaks on sweet corn
in Fujian, we sought in the present study to determine the
mating type distribution, genetic differentiation, and population
structure of S. turcica isolates from sweet corn in this
province based on multiple PCR analysis using two previously
developed mating type-specific primers and ISSR markers (Dai
et al., 2019). In addition, we also wished to determine the
potential reproductive strategy of S. turcica isolates in Fujian.
We believe that the findings of this study will enhance our
current understanding of the genetic diversity and structure and
reproductive strategies of S. turcica populations infecting sweet
corn in Fujian Province.

MATERIALS AND METHODS

Isolation of Setosphaeria turcica
Fujian Province has a subtropical maritime monsoon climate
characterized by warmth and humidity and contains three
representative sweet corn-growing regions: the east alpine
single-cropping sweet corn region, the west-central mountainous
double-cropping sweet corn region, and the north and south
mountainous triplex-cropping sweet corn regions. In the
present study, typical NCLB-symptomatic leaves were randomly
collected from the following seven sweet corn-growing regions in
Fujian Province: Dongyou (DY; 118◦38′15′′E, 27◦10′44′′N),
Dongfeng (DF; 118◦29′58′′E, 27◦06′06′′N), Jian’ou (JO;
118◦18′06′′E, 27◦01′30′′N), and Songxi (SX; 118◦47′56′′E,
27◦32′40′′N) regions, which are located in north Fujian; Pingnan
(PN; 118◦59′58′′E, 27◦54′27′′N), Nanjing (NJ; 117◦21′45′′E,

Frontiers in Microbiology | www.frontiersin.org 2 May 2021 | Volume 12 | Article 632575203

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-632575 May 20, 2021 Time: 17:4 # 3

Dai et al. Genetic Differentiation in Setosphaeria turcica

24◦30′41′′N), and Longyan (LY; 117◦01′59′′E, 24◦59′37′′N)
regions located in east, south and west Fujian, respectively. The
straight-line distance between any two adjacent regions is at least
15 km (Supplementary Table 1). Three leaves were randomly
collected from each field when sweet corn was approaching
the silking stage and at least nine fields were sampled at each
location. One isolate was recovered from each leaf through
surface sterilizing infected leaf tissues (4 mm × 10 mm) in 75%
(v/v) alcohol for 2 min and in 0.1% (w/v) corrosive sublimate
water solution for 90 s, with three subsequent washes in sterilized
water, and air drying on germ-free cotton gauze. The sterilized
tissues were placed on the surface of potato dextrose agar
(PDA) (potato 200 g L−1, dextrose 20 g L−1, agar 18 g L−1)
and incubated in darkness at 25◦C for 3–5 days (Dai et al.,
2020a). Thereafter, a 6-mm piece of agar containing fresh tip
mycelia from the margin of 5-day-old colonies of each isolate
was transferred onto a fresh plate containing 20 mL PDA, and
single-spore isolates were obtained as described previously
(Dai et al., 2020a). Finally, one rapidly developed well-grown
single-spore isolate from each field was randomly selected to give
a total of 117 natural isolates from the seven sweet corn-growing
regions in Fujian: DY (23 isolates), JO (27), PN (15), NJ (9),
SX (18), DF (14), and LY (11). These pure culture isolates were
subsequently used for analyses of mating type distribution,
genetic diversity, and population structure. In addition, eight
heavily infected sweet corn leaves, which were randomly
collected from eight fields (one leaf in each field) in NJ (three
fields), DF (3), and PN (2) when the corn was nearing maturity,
were used to investigate the mating type distribution within
single leaves. Pure monosporic isolates were recovered from each
lesion and leaf as described above. To identify the fungal isolates,
the morphological characteristics of 7-day-old cultures of each
isolate were observed by light microscopy (Nexcope NE910,
China) under 10 × 40 magnification (Supplementary Figure 1).
In addition, each isolate was also identified based on molecular
method using two mating type-specific primer pairs as described
below. Pure culture isolates were cultivated on pieces of sterile
filter paper (1.0 cm× 1.5 cm) on PDA and placed in sterile Kraft
paper bags (10 cm× 6 cm) for long-term storage at−20◦C.

DNA Extraction
For the purposes of DNA extractions, we cultured individual
S. turcica isolates on PDA at 25◦C under darkness for 7 days,
with each isolate being grown on two 90-mm Petri dishes. For
each isolate, we selected a Petri dish showing good mycelial
growth for the extraction of DNA using a mini-preparation
approach. Mycelia were gently scraped from each Petri dish
and placed into individual 2.0-mL microfuge tubes, to which
was added an 800-µL volume of extraction buffer [2% CTAB
(w/v), 100 mmoL·L−1 Tris–HCl (pH 8.0), 20 mmoL·L−1 EDTA,
1.4 moL·L−1 NaCl, and 10% SDS (w/v)] and an equal volume of
phenol/chloroform/isoamyl alcohol (25:24:1). The tube contents
were then lightly homogenized and incubated in a 180 rpm
shaking incubator at 37◦C for 1–1.5 h. Following centrifugation
at 12000 rpm for 20 min, the liquid supernatant (approximately
600 µL) from each tube was transferred to a fresh 1.5-mL
tube, to which an equal volume of ice-cold isopropanol was

added and allowed to precipitate at −20◦C for more than
30 min. The resulting DNA preparations were washed one to two
times with 70% ice-cold ethanol and resuspended with 50 µL
TE buffer (10 mmoL·L−1 Tris–HCl, 1 mmoL·L−1 EDTA, pH
8.0). The concentration of each DNA sample was measured
using a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Shanghai, China) and adjusted to 100 ng·µL−1 using TE buffer.
The DNA samples were then stored in a freezer at −20◦C until
used for analysis.

Mating Type Determination
The mating type of isolates was determined based
on multiple PCR analyses using two mating type-
specific primer pairs (StMAT01-2 and StMAT02-3), the
sequences of which are as follows: MAT1-1 (StMAT01-
2F: 5′-TGCCTTTGTTGGATTTCG-3′, StMAT01-2R:
5′-CATCGTTCTGGCTGTGGG-3′), with a specific
amplicon size of 816 bp; and MAT1-2 (StMAT02-3F:
5′-TACACCAAACAACATCGCTCCT-3′, StMAT02-3R: 5′-
TCGGCGTCGTAGAACAAG-3′), with a specific amplicon size
of 132 bp (Dai et al., 2020b). PCR was performed using 2×
Premix Taq (Takara Biotech Co., Ltd., Dalian, China), with each
25-µL PCR mixture containing 12.5 µL of Premix Taq, 10 pmol
of each primer, and 100 ng DNA. Reactions were carried out
using a C1000 TouchTM Thermal Cycler (Bio-Rad Laboratories,
Life Science Research, Hercules, CA, United States) with initial
denaturation at 94◦C for 5 min, followed by 35 cycles at 94◦C
for 45 s, 57.2◦C for 45 s, and 72◦C for 60 s, and a final cycle at
72◦C for 10 min. The amplicons were analyzed by 1.0% agarose
gel electrophoresis (Biowest, Nuaillé, France) and stained with
ethidium bromide (Shanghai Sangon Biotech, China). Each
isolate was independently amplified at least three times, and the
sizes of amplicons were estimated using a 2000-bp DNA marker
(Takara Biotech Co., Ltd., Dalian, China). The ratios between
MAT1-1 and MAT1-2 from each geographical population and
combined isolates were subjected to a Pearson Chi-square test
using DPS software v7.05 (Hangzhou Reifeng Information
Technology Ltd., Hangzhou, China) to evaluate divergence from
the expected ratio of 1:1 at the P < 0.05 level. Chi-square tests
were not performed on populations derived from single leaves
owing to the limited population size.

Genetic Diversity Analysis
Eleven highly polymorphic, sensitive, and repeatable ISSR
primers, which were optimized from the ISSR primer database
(Biotechnology Laboratory, University of British Columbia,
Vancouver, BC, Canada) as described previously (Dai et al.,
2019), were used for further population genetic analysis
(Supplementary Table 2). Each 25-µL ISSR-PCR amplification
mixture contained 12.5 µL of Premix Taq, 10 pmol primer, and
100 ng DNA. ISSR-PCR reactions were carried out in a C1000
TouchTM Thermal Cycler (Bio-Rad Laboratories, Life Science
Research, Hercules, CA, United States) with initial denaturation
at 94◦C for 5 min, followed by 35 cycles at 94◦C for 45 s, 48–56◦C
for 45 s, and 72◦C for 1.5 min, and a final cycle at 72◦C for 10 min.
The products were separated on 1.5% agarose gels containing
ethidium bromide (Shanghai Sangon Biotech Co., Ltd., China)
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and visualized using a Gel DocTM XR + Imaging System
(Bio-Rad Laboratories, Life Science Research, Hercules, CA,
United States). DNA fingerprints across the entire population
for each ISSR primer on agarose gels were scanned using Image
Lab software v5.2 (Bio-Rad Laboratories, Life Science Research,
Hercules, CA, United States) and transformed as 0 and 1 (absence
and presence, respectively) matrixes.

For the purposes of genetic analysis, S. turcica populations
from Fujian Province were grouped according to geographical
origins and mating types. Genetic diversity parameters,
including the percentage of polymorphic loci (PL), observed
number of alleles (Na), Shannon’s information index (I), Nei’s
genetic distance, and Nei’s genetic identity, were automatically
calculated based on bootstrap analysis with 1,000 replicates
using POPGENE v1.32 software (Nei, 1973; Yeh et al., 1999).
The number of unique multi-locus haplotypes (NM), number
of private loci (NP), and Nei’s unbiased gene diversity (HU)
were calculated using GenALEx v6.5 based on 999 permutations
(Peakall and Smouse, 2012). Haplotype diversity (HS) was
calculated as HS = (–6(Piln(Pi)))/ln(n), where Pi is the frequency
of the ith haplotype in one population and n is the population size
(Groth and Roelfs, 1987). The clonal fraction (CF) was calculated
using the formula CF = 1–[(NM)/(subpopulation size)]. All the
aforementioned diversity parameters were calculated based on
the full data of the products amplified using the 11 ISSR markers.

Genetic Differentiation Analysis
To assess genetic differentiation (8PT; a measure of population
genetic differentiation that is analogous to GST or FST) for ISSR
markers among regional populations, we calculated the pairwise
matrix of 8PT values with corresponding P values and gene flow
(Nm) among populations of S. turcica from the seven sweet corn-
growing regions in Fujian, using the full datasets in GenALEx
6.5 (Peakall and Smouse, 2012). Randomization tests were carried
out with 999 permutations to obtain P values.

Differentiations within and between the MAT1-1 and MAT1-
2 populations from different locations were evaluated by pairwise
comparisons of 8PT and Nm values, which were calculated
on the basis of the full datasets using GenALEx 6.5 with 999
permutations (Peakall and Smouse, 2012). Genetic distances
between the MAT1-1 and MAT1-2 populations from the
seven sweet corn-growing regions were used to establish a
phylogenetic dendrogram using MEGA X version 10, based
on the unweighted pair-group method with arithmetic averages
(Kumar et al., 2018).

Analysis of molecular variance (AMOVA) was carried
out based on the full datasets in GenAlEx 6.5 using Nei’s
genetic distance with 999 permutations (Nei, 1973; Peakall
and Smouse, 2012). Independent analyses were performed to
assess deviations among isolates from the seven locations and
between the two mating types from different regions. Nei’s
genetic distance among S. turcica isolates, calculated using full
datasets, was used for principal coordinate analysis (PCoA),
using GenAlEx 6.5 with 999 permutations to identify those
coordinates for grouping isolates from the seven locations
(Peakall and Smouse, 2012).

Genetic Structure Analysis
For the purposes of population genetic structure analysis, the
full datasets from the 11 ISSR molecular markers were clustered
in accordance with the sampling locations of S. turcica isolates
and mating types. Population genetic structure analysis was
performed using STRUCTURE v2.3.4, a clustering program
based on a Bayesian model (Pritchard et al., 2000). Two
continuous independent tests, with a burn-in of 100000 iterations
and 10000 replicates after burn-in, were performed using
STRUCTURE v2.3.4 based on the number of populations (K)
from 1 to 8 with six replicates per K value. The optimal K value
with the highest probability and lowest standard deviation was
obtained following the method described by Evanno et al. (2005)
using Structure Harvester1 (Earl and Vonholdt, 2012).

Determination of Reproductive Strategy
To determine the mode of reproduction in S. turcica populations
from the seven sweet corn-growing regions in Fujian, we
calculated two indices, linkage disequilibrium with means of IA
(index of association) and rd, using the full and clone-corrected
(only one representative for each multi-locus haplotype) datasets
from the seven regions using MULTILOCUS v1.3b with 1000
randomizations (Agapow and Burt, 2001). For both datasets,
mating type ratios were subjected to Pearson Chi-square tests to
examine the goodness of fit between the observed and expected
(1:1) ratios using DPS software (Hangzhou Reifeng Information
Technology Ltd., Hangzhou, China) at the P < 0.05 level.

RESULTS

Distribution of Setosphaeria turcica
Mating Types in Fujian
In this study, we successfully determined the mating types of
117 S. turcica isolates obtained from seven locations covering
the main sweet corn production regions in Fujian Province
based on multiple PCR analyses using two mating type-specific
primer pairs, among which, 33.3% (39 isolates) were identified as
MAT1-1 and 66.7% (78 isolates) identified as MAT1-2 (Figure 1).
Isolates characterized by both mating types were identified
in each of the seven sampling locations and we detected a
significantly skewed ratio toward the MAT1-2 type within the
Fujian population as a whole (Figure 1). More precisely, more
than 60% of S. turcica isolates from five sampling locations (DY,
JO, PN, SX, and LY) were characterized as MAT1-2 (Figure 1),
whereas at least 60% of those isolates from DF and NJ were
identified as MAT1-1. Furthermore, we identified a skew in
the ratios of mating type of S. turcica populations from the
seven sampling locations, although differences did not reach the
level of statistical significance in populations from PN, SX, LY,
DF, and NJ (Figure 1). In addition, the results of mating type
detection indicated that both MAT1-1 and MAT1-2 can co-occur
even on single leaves of diverse cultivars and under different
environmental conditions (Table 1). Notably, however, we failed

1http://taylor0.biology.ucla.edu/structureHarvester/

Frontiers in Microbiology | www.frontiersin.org 4 May 2021 | Volume 12 | Article 632575205

http://taylor0.biology.ucla.edu/structureHarvester/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-632575 May 20, 2021 Time: 17:4 # 5

Dai et al. Genetic Differentiation in Setosphaeria turcica

FIGURE 1 | Distribution of the two mating types (MAT1-1 and MAT1-2) of Setosphaeria turcica in Fujian Province, China. DY, JO, PN, SX, LY, DF, and NJ represent
S. turcica isolates collected from the Dongyou (23 isolates), Jian’ou (27), Pingnan (15), Songxi (18), Longyan (11), Dongfeng (14), and Nanjing (9) regions of Fujian
Province, respectively. The mating type of 117 S. turcica isolates was determined based on multiple PCR analyses using two mating type-specific primer pairs.
∗: P < 0.05; ∗∗: P < 0.01; ns: no significant difference.

TABLE 1 | The distribution of mating types of Setosphaeria turcica within single leaves sampled from three locations (eight fields), identified based on multiple
polymerase chain reaction analyses using two mating type-specific primer pairs.

Populations Years of collection Locations Geographical and cropping characterizations No. of corn cultivars Mating types Total

MAT1-1 MAT1-2

NJ Leaf 1 2018 South Fujian Montanic triplex corn cropping regions Three 0 4 4

Leaf 2 2018 4 2 6

Leaf 3 2019 1 6 7

DF Leaf 1 2019 North Fujian Montanic double corn cropping regions One 1 5 6

Leaf 2 2020 4 2 6

Leaf 3 2020 2 6 8

PN Leaf 1 2016 East Fujian Montanic single corn cropping regions Two 1 5 6

Leaf 2 2020 2 3 5

Total 15 33 48

to detect any individual S. turcica isolates characterized by both
MAT1-1 and MAT1-2 mating types among the assessed field
populations, thereby implying that sexual recombination has not
occurred in these populations under natural conditions.

Genetic Diversity Among Regional and
Between Mating Type Populations
Using 11 ISSR markers, we detected a total of 70 reproducible loci
from Fujian S. turcica populations, with the number of loci per
marker ranging from four (at marker UBC873) to nine (at marker
UBC856) (Supplementary Table 2). Of the 70 loci identified for
regional populations, the percentage of polymorphic loci ranged
from 15.7 to 61.4%, with the lowest and highest percentages
being found in the NJ and LY populations, respectively (Table 2).
In addition, we detected 75 multi-locus haplotypes in the 117

examined S. turcica isolates obtained from seven sweet corn-
growing regions, with 60 of these haplotypes being identified
only a single time and the remaining 15 being detected at least
twice (Supplementary Table 3). Furthermore, five shared multi-
locus haplotypes were detected among S. turcica isolates from
DY, JO, PN, NJ, and SX, whereas we detected no multi-locus
haplotypes that were shared between the DF or LY population
and any of the other five populations (Supplementary Table 3).
Among the 75 multi-locus haplotypes, 18 were observed from
JO, whereas only five were observed from NJ (Table 2). The
clonal fraction ranged from 0 to 0.44 with the lowest and highest
values being obtained for the DF population and the LY and
NJ populations, respectively (Table 2). Moreover, we detected
significant differences (P < 0.05) in the observed number of
alleles, Nei’s gene diversity, and Shannon’s information index
among the regional S. turcica populations (Table 2).
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TABLE 2 | Genetic diversity among regional and between mating type populations of Setosphaeria turcica in Fujian Province based on an analysis of inter-simple
sequence repeat markers.

Population n PL NM CF NP Hs Na HU I

DY 23 44.3% 13 0.43 0 0.35 1.44 ± 0.50 0.10 ± 0.02 0.16 ± 0.21

JO 27 55.7% 18 0.33 4 0.41 1.56 ± 0.50 0.12 ± 0.02 0.21 ± 0.23

PN 15 28.6% 12 0.20 0 0.30 1.29 ± 0.46 0.10 ± 0.02 0.12 ± 0.20

NJ 9 15.7% 5 0.44 0 0.20 1.16 ± 0.37 0.05 ± 0.01 0.07 ± 0.18

SX 18 48.6% 11 0.39 0 0.30 1.49 ± 0.50 0.09 ± 0.02 0.17 ± 0.21

DF 14 55.7% 14 0 0 0.31 1.56 ± 0.50 0.18 ± 0.02 0.27 ± 0.28

LY 11 61.4% 11 0 8 0.26 1.61 ± 0.49 0.24 ± 0.02 0.33 ± 0.29

Subtotal 117 100% 75 0.36 12 2.00 ± 0.00 0.13 ± 0.01 0.28 ± 0.19

MAT1-1 39 77.1% 28 0.28 0 1.77 ± 0.42 0.18 ± 0.02 0.37 ± 0.26

MAT1-2 78 97.1% 47 0.40 12 1.97 ± 0.17 0.16 ± 0.02 0.42 ± 0.23

Subtotal 117 100% 75 0.36 12 1.97 ± 0.16 0.17 ± 0.01 0.36 ± 0.23

n: number of isolates; PL: percentage of polymorphic loci; NM: number of unique multi-locus haplotypes detected in the population; CF : clonal fraction, where CF = 1–
(NM/n); NP: number of private loci; Hs: haplotype diversity, calculated as HS = (–6(Pi ln(Pi )))/ln(n), where Pi is the frequency of the ith haplotype in one population and n is
the population size; Na: observed number of alleles; HU: Nei (1987) unbiased average gene diversity; and I: Shannon’s information index.

With respect to populations of the two mating type, we
identified a total 54 and 68 polymorphic loci (77.1 and
97.1%, respectively) from MAT1-1 and MAT1-2 populations,
respectively (Table 2), and among the 75 multi-locus haplotypes,
28 and up to 47 were observed from MAT1-1 and MAT1-2
populations, respectively (Table 2), with corresponding clonal
fractions of 0.28 and 0.40, respectively (Table 2). However, no
significant differences between populations of the two mating
types were observed with respect to the number of alleles, Nei’s
gene diversity, or Shannon’s information index (Table 2).

Six geographical populations of S. turcica from DY, JO, PN, NJ,
SX, and LY were found to show a high genetic similarity based
on the values obtained for Nei’s genetic distance and genetic
identity, which were generally smaller than 0.1 and larger than
0.9, respectively (the only exceptions being between populations
LY and JO) (Table 3). However, the DF population of S. turcica
showed a certain extent genetic distance from those the other six
regions (Table 3).

Genetic Differentiation Among Regional
and Between Mating Type Populations
With regards to the seven regional populations, we detected
a low genetic differentiation and strong gene flow between
S. turcica populations from PN and NJ (8PT = 0.066,
P = 0.065; Nm = 7.067) and DY and JO (8PT = 0.109,
P < 0.001; Nm = 4.104) (Table 3). However, moderate to high
genetic differentiation was detected among populations in the
other sampling regions based on pairwise comparisons of the
coefficient of 8PT values with P values and Nm values (Table 3).

For the two mating type populations, the values of 8PT
ranged from 0.065 (Nm = 7.149) to 0.316 (Nm = 1.082)
on the basis of an analysis of regional populations and
was 0.018 (Nm = 27.559) on the basis of an analysis
of combined isolates (Table 4). Moderate to high genetic
differentiation (8PT > 0.15) was detected between the two
mating type populations in SX, PN, and NJ, whereas we detected
low genetic differentiation (8PT < 0.15) between these two

populations from DY, JO, DF, and LY, respectively (Table 4).
Furthermore, phylogenetic analysis indicated that populations
of the two mating types from SX, PN, and NJ were randomly
clustered into different groups, with different regional sub-
populations clustering into the same group (Figure 2), thereby
indicating a certain level of genetic differentiation among
populations of the two mating types from these three regions.
Contrastingly, in the other four populations (DY, JO, DF, and
LY), populations of the two mating types from the same region
were clustered into the same group (Figure 2), implying no
or little genetic differentiation between the two populations
in these regions.

Genetic Structure Among Regional and
Between Mating Type Populations
Analysis of the full dataset using STRUCTURE HARVESTER
revealed that the optimal number of clusters (highest peak
of 1K appearance) for both the regional and the mating
type populations was two (Figures 3A,B). Therefore, for both
datasets, the 117 S. turcica isolates were divided into two
genetic groups (Figures 3C,D). These results indicated no
evident correlation between genetic groups and regional (or
mating type) populations. A majority of the S. turcica isolates
could be divided into one or other of the two clusters, with
only a small number of isolate admixtures in the two genetic
clusters. PCoA analysis indicated two separated clusters, with
a majority of the S. turcica isolates from different regions
plotting to the left of the y-axis and the remaining isolates
from six locations appearing on the opposite side (Figure 4).
The first and second coordinates of the PCoA were found to
account for 41.34% of the total variation. Thus, collectively,
the results from STRUCTURE and PCoA analyses indicated
that S. turcica isolates from the seven sweet corn-growing
regions in Fujian Province formed two genetically diverged
clusters. Furthermore, AMOVA analysis of all seven regional
datasets indicated that approximately 69.0 and 31.0% of the total
variation occurred within and between populations, respectively
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TABLE 3 | Pairwise matrices of Nei’s genetic identity (GI) and Nei’s genetic distance (GD), and gene flow (Nm) and genetic differentiation (8PT) of regional populations of
Setosphaeria turcica obtained from seven sweet corn-growing locations in Fujian Province, China.

Population GI Nm

DY JO PN NJ SX DF LY DY JO PN NJ SX DF LY

DY (n = 23) 0.979 0.963 0.967 0.969 0.881 0.923 4.104 1.877 1.847 2.082 0.679 1.260

JO (n = 27) 0.021 0.942 0.952 0.951 0.846 0.886 0.109 (**) 1.258 1.440 1.430 0.564 0.889

PN (n = 15) 0.037 0.060 0.986 0.971 0.845 0.911 0.210 (**) 0.284 (**) 7.067 2.348 0.553 1.218

NJ (n = 9) 0.034 0.049 0.014 0.971 0.848 0.913 0.213 (0.002) 0.258 (**) 0.066 (0.065) 1.935 0.517 1.201

SX (n = 18) 0.032 0.050 0.030 0.029 0.854 0.935 0.194 (**) 0.259 (**) 0.176 (**) 0.205 (**) 0.542 1.565

DF (n = 14) 0.127 0.168 0.169 0.165 0.158 0.889 0.424 (**) 0.470 (**) 0.475 (**) 0.492 (**) 0.480 (**) 1.374

LY (n = 11) 0.080 0.121 0.094 0.091 0.067 0.118 0.284 (**) 0.360 (**) 0.291 (**) 0.294 (**) 0.242 (**) 0.267 (**)

GD 8PT with P values

DY, JO, PN, SX, LY, DF, and NJ represent S. turcica isolates collected from the Dongyou, Jian’ou, Pingnan, Songxi, Longyan, Dongfeng, and Nanjing regions in Fujian
Province, respectively. GI and Nm values are presented above the diagonals in the left and right of the table, respectively. Nm was estimated as Nm = 0.5(1–8PT )/8PT .
GD and 8PT with P values presented the below diagonals of the left and right panels, respectively. P values based on 999 permutations are shown in parentheses below
the diagonal of the right panel. **: P < 0.001.

TABLE 4 | Genetic differentiation (8PT) between the two mating type populations of Setosphaeria turcica from seven regions in Fujian Province based on analyses of
inter-simple sequence repeat markers.

Parameters Genetic differentiation between MAT1-1 and MAT1-2 for regional populations

DY JO PN NJ SX DF LY Total

8PT 0.092 0.065 0.270 0.316 0.194 0.133 0.148 0.018

Nm 4.966 7.194 1.355 1.082 2.077 3.259 2.873 27.559

DY, JO, PN, SX, LY, DF, and NJ represent S. turcica isolates collected from the Dongyou, Jian’ou, Pingnan, Songxi, Longyan, Dongfeng, and Nanjing regions of Fujian
Province, respectively. Gene flow (Nm) was estimated as Nm = 0.5(1–8PT )/8PT .

(Table 5). In contrast, AMOVA analysis of populations of
the two mating types revealed within and between population
variations of 99.0 and 1.0%, respectively (Table 5). These
results accordingly revealed that the major source of genetic
variation in Fujian S. turcica populations was derived from
within populations. With respect to genetic differentiation
among the seven regional populations and between mating type
populations, we obtained values of 8PT = 0.310 (P < 0.001)
and 8PT = 0.012 (P = 0.105), respectively (Table 5), indicating
the occurrence genetic differentiation among the geographical
populations of S. turcica, although not between populations of
the two mating types.

Determination of Reproductive Strategy
An expected ratio of 1:1 between MAT1-1 and MAT1-2 alleles
would tend to indicate the likelihood of sexual reproduction
within a specific population. In the present study, however, we
found that the ratio between MAT1-1 and MAT1-2 for the full
and clone-corrected datasets of the DY population was skewed
toward MAT1-2 (Table 6). In the other six populations, we did,
nevertheless, detect approximately equal mating type ratios for
both the full (with the exception of JO) and clone-corrected
datasets (P > 0.05). For all seven regional populations, there were
significant differences in two indices of linkage disequilibrium
(IA and−rd) for both the full and clone-corrected (with the
exception of NJ) datasets, which is consistent with the hypothesis
of non-random mating (Table 6).

DISCUSSION

In this study, using a multiple PCR with mating type-
specific primer pairs and 11 ISSR markers, we investigated
the distribution of mating types, population genetic diversity
and differentiation, population genetic structure, and potential
reproductive strategy of S. turcica populations sampled from
seven locations covering the main sweet corn-producing regions
in Fujian Province, In all seven populations, we identified both
of the two mating types, including the co-occurrence of MAT1-1
and MAT1-2 genotypes within eight specifically collected single
leaves, despite the unequal distribution of the two mating types
in all S. turcica populations, thereby implying the widespread co-
occurrence of MAT1-1 and MAT1-2 under natural conditions in
Fujian. Interestingly, in most sampling locations (DY, JO, PN, SX,
and LY; Figure 1), we found that MAT1-1 and MAT1-2 showed
evident site-specific diversities and an imbalanced distribution
toward MAT1-2, indicating that isolates having a MAT1-2 mating
type are perhaps at a greater advantage under the environmental
conditions characterizing Fujian. Particularly noteworthy in this
regard is that coexistence of S. turcica isolates with different
mating types within a single leaf was observed within eight
fields at three separate sampling locations in Fujian, as this
status would be assumed to markedly heighten the potential for
future random mating. Nevertheless, in this respect, it should
be emphasized that sexual reproduction is not only dependent
on the presence of MAT1-1 and MAT1-2 loci but also the
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FIGURE 2 | Phylogenetic dendrogram of the two mating types of Setosphaeria turcica from seven regions in Fujian Province based of inter-simple sequence repeat
markers. DY, JO, PN, SX, LY, DF, and NJ represent S. turcica isolates collected from the Dongyou (23 isolates), Jian’ou (27), Pingnan (15), Songxi (18), Longyan (11),
Dongfeng (14), and Nanjing (9) regions of Fujian Province, respectively. Isolates of the two mating types obtained from DY, JO, LY, and DF were, respectively
clustered, indicating a lack of genetic differentiation between the MAT1-1 and MAT1-2 populations from these regions. The MAT1-1 and MAT1-2 isolates from PN,
SX, and NJ were randomly clustered into different groups, implying that there is a genetic differentiation between the two mating type populations from these three
regions.

compatibility among isolates, adequate nutritive materials, and
other suitable conditions (Linde et al., 2003; Dai et al., 2020a).
Accordingly, we believe that it would be prudent to initiate a
program to monitor the distribution of S. turcica mating types in
Fujian Province, with the aim of identifying any shifts in mating
type distribution, as such shifts are typically accompanied by
changes in reproductive strategy.

Gaining an understanding of the mating type distribution of a
certain phytopathogens is vital with respect to deducing the level
of population genetic variability attributable to the underlying
sexual recombination (Valent et al., 1991). In this regard, Gu et al.
(2008) revealed that a high level of population genetic variability
in S. turcica from northern China was notably associated with

the distribution of mating types. Our findings for S. turcica
populations in Fujian Province indicated low to moderate
genetic diversities and corresponding DNA polymorphisms
among regional populations. The low genetic diversity detected
in regional populations can be assumed to reflect the genetic
similarity among these populations (Onaga et al., 2015), and
with the exception of DNA polymorphisms, similar results were
obtained for populations of the two mating types.

For most of the S. turcica collection sites in Fujian Province,
we detected shared multi-locus haplotypes among isolates
(Supplementary Table 3), thereby implying that either large-
scale population migration has occurred or that the pathogen
been spread via natural agents such as wind or through the
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FIGURE 3 | Population structure-inferred membership parameter for 75 multi-locus haplotypes of Setosphaeria turcica populations in Fujian Province. Each
haplotype is represented by a thin perpendicular bar and the length of each colored bar indicates the membership parameter for each cluster. Individual haplotypes
are clustered on the basis of geographical origin (A,C) and mating type (B,D), respectively. Sub-figures present the values of 1k and the optimal numbers of K = 2
clusters (A,B), and the membership of each haplotype for the two clusters (C,D). Thick black lines divide individual haplotypes into different sub-populations. DY, JO,
PN, SX, LY, DF, and NJ represent S. turcica isolates collected from the Dongyou, Jian’ou, Pingnan, Songxi, Longyan, Dongfeng, and Nanjing of Fujian Province,
respectively.

FIGURE 4 | Principal component analysis (PCoA) based on inter-simple sequence repeat marker data for 117 individual isolates collected from seven locations in
Fujian Province. Individuals within the same population are marked using the same color and symbol. DY, JO, PN, SX, LY, DF, and NJ represent the S. turcica
isolates collected from the Dongyou, Jian’ou, Pingnan, Songxi, Longyan, Dongfeng, and Nanjing regions of Fujian Province, respectively. The first and second
principal coordinates account for 26.11 and 15.23% of the variation, respectively.

long-distance transportation of fresh corn materials (Robert and
Findley, 1952; Human et al., 2016), particularly fresh corn stalks,
which are a frequently used to prepare silage for livestock.

A multi-locus haplotype that was shared between one S. turcica
isolate from a site in NJ and those from locations in JO, PN,
DY, and SX, separated by respective distances of more than
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TABLE 5 | Analysis of molecular variance (AMOVA) among regional populations and between the two mating type populations of Setosphaeria turcica in Fujian Province,
China, using inter-simple sequence repeat data.

Source Degree of freedom Sum of squares Mean of squares Estimated variance Percentage of total variance 8PT P value

Among regional populations

Among Pops 6 215.904 35.984 1.936 31.0% 0.310 <0.001

Within Pops 110 474.386 4.313 4.313 69.0%

Total 116 690.291 6.249 100%

Between the two mating type populations

Among Pops 1 9.521 9.521 0.069 1.0% 0.012 0.105

Within Pops 115 680.769 5.920 5.920 99.0%

Total 116 690.291 5.989 100%

TABLE 6 | Multi-locus linkage disequilibrium analysis of Setosphaeria turcica populations collected from seven regions in Fujian Province using full and
clone-corrected datasets.

Population Year of collection MAT1-1: MAT1-2 P-valueX IA −rd P-valueY (IA and−rd )

The full datasets

DY 2018 3:20 <0.001 2.662 0.093 <0.01

JO 2017 7:20 0.021 2.080 0.057 <0.01

PN 2016 4:11 0.121 0.954 0.052 <0.01

NJ 2018 6:3 0.505 1.139 0.115 0.01

SX 2018 6:12 0.239 2.578 0.081 <0.01

DF 2019 9:5 0.423 2.145 0.058 <0.01

LY 2018, 2019 4:7 0.547 1.764 0.042 <0.01

Total 39:78 <0.001 3.031 0.051 <0.01

Clone-corrected datasets

DY 2018 2:10 0.043 1.121 0.039 <0.01

JO 2017 3:11 0.061 1.787 0.048 <0.01

PN 2016 3:7 0.343 0.944 0.056 0.01

NJ 2018 3:2 1.000 1.150 0.128 0.07

SX 2018 4:5 1.000 1.268 0.041 0.01

DF 2019 9:5 0.423 2.145 0.058 <0.01

LY 2018, 2019 4:7 0.547 1.764 0.042 <0.01

Total 28:47 0.038 2.152 0.035 <0.01

X P-values were calculated by analysis of mating type ratios with Pearson Chi-square tests using DPS software v7.05 (Hangzhou Reifeng Information Technology Ltd.,
Hangzhou, China). P < 0.05 indicates a skewed mating type ratio and an absence of random mating within populations.
Y Values of IA (index of association) and−rd (multi-locus linkage disequilibrium) were calculated based on an analysis of the ISSR markers data with 1000 randomizations
using MULTILOCUS v1.3b (Agapow and Burt, 2001).−rd values that deviate markedly (P < 0.05) from 0 indicate a clear linkage disequilibrium and support non-
random mating.

290, 310, 320, and 360 km provides compelling evidence for the
large-scale spread of S. turcica. Consistently, we also identified
a potentially high level of gene flow (Nm = 7.067) between
isolates from NJ and those from PN. This evidence for widespread
gene drift between the NJ and PN populations of S. turcica also
tends to be indicative ongoing frequent contact between the
two populations, although as previously mentioned, alternative
explanations are also possible.

Values obtained for genetic differentiation (8PT) among
the Fujian regional populations ranged from 0.066 to 0.492
(Table 3), indicating that that 50.8 to 93.4% of genetic variation
is attributable to that within populations. We also obtained
relatively low Shannon information indices (0.07 to 0.33)
(Table 2), with an index value of 0.33 indicating that more
than 67% of the genetic variability among populations was
accounted for by the diversity among individuals. These findings
are consistent with those reported by Ma et al. (2020), who

obtained Shannon information indices ranging from 0.20 to 0.37,
indicating low variation among populations in southwest and
north China, although they contrast with the results reported
by Human et al. (2016) and Nieuwoudt et al. (2018), who
obtained Shannon diversity indices of 0.87 to 0.90 and 0.66 to
0.94, indicating high levels of diversity among South African
populations of S. turcica from maize and sorghum. We speculate
that the low genetic diversity detected among Fujian S. turcica
populations could be attributed to the fact populations in this
province have become established relatively recently, and to date
there have been only a limited number of generations.

The influences of geographical location and mating type
on population genetic differentiation were examined based on
AMOVA and pairwise genetic differentiation between mating
types from the different locations. We accordingly found that the
within-population variation was lower when S. turcica isolates
were grouped on the basis of collection region, than when
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grouped according to mating type. In addition, we detected
significant genetic differentiation among isolates from different
sampling locations, which was higher than when isolates were
grouped according to mating type. These results thus tend to
indicate that Fujian S. turcica isolates with the same mating
type are more similar than isolates from the same location. The
results also indicate that mating type has an influence on the
genetic differentiation among isolates from the same location.
Results obtained from hierarchical analysis of AMOVA were
found to contrast with those reported in a previous study,
in which the authors examined mating type differentiation of
S. turcica in Heilongjiang Province, China, and found that
within-population variation was higher when isolates were
grouped according to geographic location than when grouped
based on mating type (93.4 and 85.3%, respectively) (Li et al.,
2019). Previous analyses using microsatellite markers have
revealed no significant differentiation in S. turcica population
from the KwaZulu-Natal region in South Africa (Human
et al., 2016), whereas Borchardt et al. (1998a,b) observed a
regional sub-division of S. turcica populations only between
those populations separated by large-scale geographical distance.
Nevertheless, genetic analyses have revealed genetic difference
among South African S. turcica populations from corn and
sorghum (Nieuwoudt et al., 2018). Our findings tend to be
consistent with the conclusions drawn by Borchardt et al.
(1998a); Ferguson and Carson (2004), and Ma et al. (2020) that
genetically differed among regional S. turcica populations from
tropical and temperate climates, the eastern United States and
China, respectively.

In the present study, we used several approaches to investigate
the potential reproductive strategies adopted by S. turcica
populations infecting sweet corn in Fujian Province. The
values we obtained for the haplotypic diversity of S. turcica
isolates (0.20–0.41) differ from those of the high-haplotypic
diversity populations from tropical climates characterized by
frequent sexual reproduction (Borchardt et al., 1998a; Ferguson
and Carson, 2007). Using both the full and clone-corrected
datasets, the values obtained for the MAT1-1 to MAT1-2
ratios of S. turcica isolates from PN, NJ, SX, DF, and LY
provide evidence of random mating interactions, with only JO
isolates showing no significant difference from the expected
1:1 ratio using the clone-corrected dataset. In the case of both
complete and clone-corrected datasets, we found that the DY
population was skewed toward a MAT1-2 mating type and that
the mating type ratio differed significantly from the expected
ratio of 1:1. Furthermore, for both full and clone-corrected
(with the exception of NJ) datasets, we detected significant
differences in linkage disequilibrium (IA and−rd) (P < 0.05),
and thus obtained no convincing evidence in support of the
occurrence of random mating in Fujian S. turcica populations.
Collectively, the low haplotypic diversities, skewed mating
type distribution, and conspicuous linkage disequilibrium (IA
and−rd) tend to be indicative of a clonal or mixed reproductive
strategy within the S. turcica populations distributed throughout
Fujian, which is consistent with finding reported by Human
et al. (2016). In addition, although we successfully identified
the mating types of 117 field S. turcica isolates along with

those of a further 48 single leaf isolates based on multiple
PCR analyses using two mating type-specific primer pairs, we
failed to detect any S. turcica isolate with both MAT1-1 and
MAT1-2 mating types in these populations. Moreover, our
observation of uneven MAT1-1 and MAT1-2 distributions in
all examined geographical populations is inconsistent with the
hypothesis of frequency-dependent selection (Milgroom, 1996;
May et al., 1999), thereby implying that sexual reproduction
probably does not occur under natural conditions in Fujian.
In order to confirm this assumption, however, it will be
necessary to sample at larger spatial and temporal scales in
further investigations.

CONCLUSION

In conclusion, we detected genetic differentiation among
S. turcica populations sampled from seven locations in
Fujian Province. Our results revealing a skewed mating type
distribution, low haplotypic diversities, and significant linkage
disequilibrium are indicative of a mixed reproductive strategy
among the S. turcica populations. Further studies are necessary
to clarify the influence of corn varieties on the selection of this
pathogen, given the important role played by host resistance in
pathogen population selection (Milgroom, 2015). Furthermore,
studies using a series of corn lines carrying single resistance
genes for physiological race identification would provide further
evidence of pathogenic diversity, as currently little is known
regarding the physiological races of S. turcica or their distribution
in Fujian Province.
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Phosphite (Phi) is a chemical analog of orthophosphate [HPO4
3−]. It is a systemic

pesticide generally known to control the prevalence of oomycetes and soil-borne
diseases such as Phytophthora, Pythium, and Plasmopora species. Phi can also control
disease symptoms and the spread of pathogenic bacteria, fungi, and nematodes.
Phi plays critical roles as a fungicide, pesticide, fertilizer, or biostimulator. Overall,
Phi can alleviate the severity of the disease caused by oomycete, fungi, pathogenic
bacteria, and nematodes (leave, stem, fruit, tuber, and root) in various plants (vegetables,
fruits, crops, root/tuber crops, ornamental plants, and forests). Advance research in
molecular, physiological, and biochemical approaches has approved the key role of
Phi in enhancing crop growth, quantity, and quality of several plant species. Phi is
chemically similar to orthophosphate, and inside the cells, it is likely to get involved
in different features of phosphate metabolism in both plants and pathogens. In plants,
a range of physiobiochemical alterations are induced by plant pathogen stress, which
causes lowered photosynthesis activities, enzymatic activities, increased accumulation
of reactive oxygen species (ROS), and modification in a large group of genes. To date,
several attempts have been made to study plant-pathogen interactions with the intent
to minimize the loss of crop productivity. Phi’s emerging function as a biostimulant in
plants has boost plant yield and tolerance against various stress factors. This review
discusses Phi-mediated biostimulant effects against biotic and abiotic stresses.

Keywords: phosphite, oomycete, plant pathogens, biotic stress, abiotic stress, reactive oxygen species, oxidative
stress, gene modification
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INTRODUCTION

Pesticides and fungicides are used extensively during
crop production, but these chemical agents are toxic
to the environment and health. Therefore, the choice of
environmentally friendly agents, which can be used as pesticides
and fungicides, is essential. Salts of phosphorous acid, Phi
(phosphite), are less harmful to the environment and have been
used as a fungicide for over 40 years and still attract attention
to be used as fungicides. Several chemical and biological
compounds, known as resistance inducers, can persuade plant
defense response commotion (Silva et al., 2011). Since the
discovery of its protective effects in 1977, Phi (known as fostyl-Al
Fosjet/Agri-fos) has been applied widely on various crops to
control both disease symptoms and the spread of fungi. The
active ingredient in these chemicals is Phi (H2PO3

2−) (Guest
et al., 1995). The chemical similarity of Phi to phosphate (Pi)
indicates that the center of mechanism relies on disordering
of some desperate aspects of Pi metabolism (McDonald et al.,
2001). Still, no molecular template has been proposed which
qualified to count for all the remarkable effects that Phi have on
Phytophthora spp. and on a major set of plant hosts.

Phi are generally applied as a pesticide (fungicide), fertilizer,
and biostimulator for plant defense responses (McDonald et al.,
2001; Han et al., 2021). As a biostimulator, Phi has been proven
to boost nutrient absorption and assimilation and enhance
product quality and biotic and abiotic stress tolerance. Phi
also improves plant growth, nutritional value, and production
(Ávila et al., 2013). Besides, Phi is extensively applied to prevent
pathogen spreads, and in many countries, it is registered as a
pesticide (Wu et al., 2019). Although, Pi analogs applications
are as fertilizers and its effects limited to phosphorus (P)
nutrition. Phi effectively prevents plant pathogens caused by
oomycetes, particularly Peronospora, Plasmopara, Phytophthora,
and Pythium genus (Silva et al., 2011; Olivieri et al., 2012; Burra
et al., 2014; Groves et al., 2015). Phi can directly inhibit oxidative
phosphorylation of pathogen metabolism (Lobato et al., 2008;
Norton and Swinton, 2018), and indirectly alleviate plant defense
mechanisms, ultimately inhibiting the pathogenesis (Daniel and
Guest, 2005). The pathogenesis-related genes increase resistance
against diseases and increase soluble protein accumulations
in Arabidopsis, potatoes, and tomatoes (Silva et al., 2011;
Chandrasekaran et al., 2017). Besides, Phi increases systemic
acquired resistance (SAR) signaling activities in various plants
against oomycetes, for instance, Phytophthora (Lim et al., 2013),
Pythium (King et al., 2010), and Pseudoperonospora species
(Ramezani et al., 2017b).

In planta, the sensitivity to oxidative stress could result in the
entire balance between factors that increase the production of
antioxidants and cellular compounds. The interaction between
plants and pathogens leads to physiochemical alteration in host
plants. For example, photosynthesis reaction, respiration rate,
and carbon uptake can be highly affected during pathogen
infection (Raggi, 1978; Gonçalves et al., 2019). Damages to
chlorophyll, photosystem II (PS II), and other components
of the electron transport chain lead to a remarkable decrease
in transport of photosynthetic electron chains. Therefore,

considerable light energy is released as heat or fluorescence
(Roháček et al., 2008). Previous reports suggest that several
resistance inducers with low or minimum health risks can
be used as an alternative to chemical fungicides (Thakur
and Sohal, 2013; Tajik et al., 2019). During biotic and
abiotic stresses, a high amount of reactive oxygen species
(ROS) concentrations are induced, which could damage several
introcellular macromolecules (Forouzanfar et al., 2016; Ramezani
et al., 2018). These ROS with high oxidation rate cause damages
to plant tissues, DNA mutation, cell organelle disordering, and
decay of lipid, protein, and photosynthetic apparatus. It has been
shown that a high level of resistance to the Phi-treated plants
against biotic stresses is due to stimulation of antioxidant and
defense enzymes in plant cells (Figure 1) (Oyarburo et al., 2015).

Plant oxidative response system, which includes non-
enzymatic and enzymatic productions, have interfered with an
aerobic process to neutralize oxidative cleavage due to ROS
production (Figure 1). Protective enzymes include catalase
(CAT), ascorbate peroxidase (APX), guaiacol peroxidase (GPX),
superoxide dismutase (SOD), and polyphenol oxidase (PPO),
while glutathione peroxidase (GR), ascorbate (AsA), proline
(Pro), and carotenoids (Car) have non-enzymatic protection
functions (Figure 5) (Jung et al., 2000; Lombardi and Sebastiani,
2005; Singh et al., 2009; Forouzanfar et al., 2016; Debnath et al.,
2018; Ramezani et al., 2018). Like other biological tensions,
fungal infections produce excessive free radicals, such as hydroxyl
radical (•OH), hydrogen peroxide (H2O2), and superoxide
radicals (•O2

−), in cytosol, chloroplast, and mitochondria
(Mofidnakhaei et al., 2016). It has been well documented that
following antioxidant enzyme activation, plant tolerance to biotic
stresses significantly increased (Lobato et al., 2011). The balance
between ROS that resulted from loss to PS II and the alteration of
oxidative stress can limit plant health and normal physiological
process (Figure 1) (Dias et al., 2014). Changes in the expression
of ROS molecules are a vital step in activation of plant response
to phytopathogens. The antioxidant enzyme activities have been
reported to prevent the release of oxidative molecules and permit

FIGURE 1 | Schematic diagram interpreting the phytopathogen stress in
plants.
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cells to resist against the penetration of Aphanomyces euteiches
and Sclerotinia sclerotiorum in plant tissues (Ali et al., 2006;
Peluffo et al., 2010; Djébali et al., 2011).

Invasion and
Phytopathogenesis-Colonization of Plant
Pathogens in Hosts
Vegetative hyphae can infect plant tissues in the same way as
other infectious organelles (Hardham, 2007). Mycelia infection
may occur due to root-to-root contact at the site (McCarren
et al., 2005). The primary multiplication of zoospore pathogen
infection is motile, and it is suggested that these have a radius
of infection of 1–3 cm and can float for hours or even days
(Hardham, 2007). The spores are often absorbing and encyst
by tiny roots and are preferably located in the elongated area
behind the meristems. The encystment may be caused by physical
irritation, cold or increased calcium concentration, and the
contents of the cytoplasmic vesicles secreted in the first few
minutes after contact with the roots, forming a tape that binds
to the plant cell wall (Hardham, 2007; Hardham and Blackman,
2018). The cyst then induces a germ tube that makes a hole
into the cell wall outside or around the edge of the plant root
cells by forming an aspersorium and then produces haustoria-
like structures inside the cell that can absorb nutrients from
the plant’s cell (Hardham, 2001). After getting into the plant
cell, the phytopathogen obtains energy from glycolysis of plant
rather than beta-oxidation (Torto-Alalibo et al., 2007) and grows
asexually (Savidor et al., 2008).

Several pathogens that may be involved in plant inoculation
have been isolated and identified as oomycetes. They consist
of cell wall-destroying enzymes like endocellulase, β-1,3-
glucanase (GLU), β-glucosidase, chitinase (CHI), pectinesterase,
galactinase, and endopolygalacturonases (van West et al.,
2003; Mohammadi et al., 2019). The majority of oomycetes
generate extracellular RNAase, DNAse, phosphatases, lipases,
amylases, proteases, and cellulase, which can all be associated
with phytopathogenesis (Kamoun, 2006; Win et al., 2007).
Phytophthora spp. also produces factors that enhance or
suppress host defense by producing enzymes that chemically
attack the host. Sequencing of Phytophthora infestans genome
and comparison with other stramenopiles including diatoms
and other omomycetes like Phytophthora, Hyaloperonospora,
Arabidopsidis, and Pythium ultimum has revealed plenty of
hydrolases. The ABC transports proteinase inhibitors and a
combination of a wonderful family of 700 proteins with
homology to the hormonal avirulence oomycete genes (Taylor
et al., 2011). Plant defense responses are induced and stained by
plant pathogens, to some extent, pathogenicity relies on protein-
targeting patterns (Govers and Gijzen, 2006). New features
of oomycete genomes contain the proliferation of genes that
encode secretary effectors, plant cell wall-destroying enzymes
in Phytophthora, and the over-representation of genes involved
in photolytic degradation and signal transduction in Pythium
spp. (Adhikari et al., 2013). Plant defense responsive cutters
are induced and secreted by Phytophthora to some extent; it
can be said that pathogenesis relies on protein-targeting motifs

(Bengyella et al., 2019). A necrosis-inducing protein isolated
from P. cinnamon facilitates the colonization of host tissues
during the necrotrophic stage by stimulating plant cell death by
facilitating nutrient uptake by pathogens (Martins et al., 2019).
Effects of fungal and oomycete proteins have been shown to
play an important role in apoplasts for adaptation, with recent
advances in understanding the role of these proteins in escaping
chitin-induced immunity (Rocafort et al., 2020). In this study,
they also demonstrated the ability of apoplastic-affecting proteins
to be incompatible with detection by different plant cell surface
immune receptors and to use their effectiveness to rapidly detect
protein-cell immune receptor interactions and apoplastic cells
(Rocafort et al., 2020).

ENVIRONMENTALLY FRIENDLY
AGROCHEMICAL OHOSPHITE

Phi is an alkali metal salt of phosphoric acid (McDonald
et al., 2001), and it should not be confused with Pi, which
is derived from phosphoric acid (H3PO4). Phi salts contain
a metal cation such as K+, Na+, or Mg+ and any of
the following non-metal anions: Phi (PO3

3−), hydrogen Phi
(HPO3), or dihydrogen Phi (H2PO3). When phosphorous acid
(H3PO3) reacts with water, it forms phosphonic acid, which
is highly acidic and is neutralized by potassium hydroxide
(KOH) to potassium dihydrogen Phi (KH2PO3) or dipotassium
hydrogen Phi (K2HPO3). These two compounds are active
ingredients in several fungicides, pesticides, and fertilizers
(Landschoot and Cook, 2005). Inorganic H3PO3 salts can be
found under various names in the literature. Phi (preferred
here) and phosphonates are widely used, followed by the
synonyms hydrogen phosphonates, ortho-Phi, phosphonic acid,
and phosphorous acid (Hardy et al., 2001). They emphasized that
the use of the term (Phi) clearly distinguishes inorganic salts of
H3PO3 from phosphonates because the latter contains an organic
group that binds to the P ion and is found in conventional
chemical fungicides. The comparative advantage of Phi over
phosphate (Pi) is that Phi can have direct toxic effects on fungi.
The side effect of Phi is high-risk chemical toxicity when use at
doses above 5 g/L or 36 kg/ha (Barrett et al., 2003). The utility
of Phi in agriculture has been studied in relation to its influence
on disease prevention than to be a plant fertilizer. The latter is
possible when Phi is used to the soil and comes in contact with
certain soil bacteria, which can oxidize them to Pi and absorb as P
(Figure 6) (McDonald et al., 2001; Barrett et al., 2003). However,
this process is long and may take 4 months; therefore, it has no
actual significance (McDonald et al., 2001; Lovatt and Mikkelsen,
2006).

The Chemistry of Phi
In an aqueous solution, (H3PO3) is in equilibrium with tautomer
H3PO4 (Equation 1) (Guthrie, 1979), but it turns into a
quadrilateral form (Kraszewski and Stawinski, 2007). At neutral
pH, the solution also contains a mixture of mono- and dianionic
forms of phosphonate ions, known here as Phi (Figure 2;
Equations 2 and 3). In Phi, P+ was oxidized, and the oxygen
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FIGURE 2 | The structure of Phi shows the defined length and angle (Greenwood and Earnshaw, 2012). Broken shadow lines represent the potential H chains of
other molecules.

atom (O2
2+ was replaced by a non-ionized hydrogen atom

(Greenwood, 1984; Greenwood and Earnshaw, 1997).
Tautomeric equilibrium:

P(OH)3HPO(OH)2 (1)

Phi dissociation:

H3PO3 → H2PO3
−
+ H+pKa = 1.3 (2)

H2PO3 → HPO3
2−
+ H+pKa = 6.7 (3)

Phi as an Alternative Fungicide
Phi, a reduced form of Pi, is the oxyanion of phosphoric
acid (H3PO4). When the Phi are dissolved in water, a strong
acid form called phosphonic acid is produced. The addition
of alkaline metal salts, such as K+, Ca+, Mg+, and Al+,
preserves neutral pH; low pH itself is harmful to plant
tissues. KOH is added to form the resulting solution, which is
referred to as potassium mono or di-salt of phosphorous acid
(KH2PO3/K2HPO3). Another solution, fosetyl-Al, was created by
adding Al+ (Guest and Grant, 1991).

In the 1970s, Phi was discovered as an anti-fungal agent
in the laboratory of Ron Polink in France. It is absorbed
by membranes on the leaves and stems of plants and has
good solubility and mobility. Phi is a phloem-mobile molecule
that can be applied by spraying on leaves or injecting the
trunk. Thus, foliar application of Phi based on fungicide
was found with systemic properties to reduce the tumor and
root diseases (Guest and Grant, 1991). Also, Phi fungicides
are safe and environmentally friendly pesticides, according
to the US Environmental Protection Agency (Lobato et al.,
2017). Also, the fungicides resistance action committee (FRAC)
classified Phi as grouped 33, as a low-risk fungicide1. Integrated
pest management (IPM) is the safest and most effective

1www.frac.info

way for pest control while minimizing pesticide use on
plants. In the IPM program, Phi is an alternative product
for promoting the reduction of toxic fungicides application
(Mayton et al., 2008).

Phi Mode of Actions
Phi’s mode of action in plants is divided into direct and
indirect modes. The Phi direct mode of action is complicated
(Massoud et al., 2012). Studies have shown that the direct
mode of action depends on Phi concentration: higher levels
of Phi have a direct inhibitory effect on various fungal and
fungal-like organisms such as oomycetes and other species
(Fo et al., 1990). The direct mode of action is related to the
inhibition growth of zoospores and mycelia production (Cohen
and Coffey, 1986; Wilkinson et al., 2001; Liu et al., 2020).
After the addition of Phi in the culture plates, changes in gene
expression levels were reported in P. cinnamon (King et al.,
2010). Genes involved in the biosynthesis of the pathogen cell
wall, like cellulose and glycan synthases, were inhibited in Phi
(40 µg/ml) medium, and gene expression was not significantly
altered in the medium containing relatively low (5 µg/ml)
Phi. After adding Phi (40 µg/mL) for 4 days, about 70% of
the P. cinnamon culture growth in the medium was inhibited.
These results indicate that Phi directly inhibits the cell wall
biosynthesis of pathogens and relatively low Phi concentration
(5 µg/ml) may not be enough to directly prevent its growth
(King et al., 2010).

In contrast to Phi’s direct mode of action, Phi’s low
concentrations are associated with indirect action to boost plant
defense responses as induced resistance (IR) (Coffey and Joseph,
1985; Jackson and Andrews, 2000). Phi-induced resistance (IR)
studies suggest that Phi operates in more than one way in plants.
Indirect actions of Phi are more useful to suppress pathogens
than the direct effects (Daniel and Guest, 2005). Previous studies
have revealed the biochemical changes that led to the suppression
of pathogens (Guest and Grant, 1991; Jackson and Andrews,
2000; Bengtsson, 2013). Expression of many genes in plants was
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studied, and defense-related genes against P. infestans resistance
were found to be upregulated (Eshraghi et al., 2011). The
indirect molecular mechanism of Phi which inhibits P. infestans
has been determined (Daniel and Guest, 2005; Massoud et al.,
2012).

Phi Uptake and Mobility Within Plants
Plants absorbed Phi easily and transport it in xylem and
phloem as the same mechanism of Pi (Borza et al., 2017).
Evidence suggests that Phi is actively mobile into plants and
controls fungal development (Borza et al., 2014) or indirectly
can become available to the plant as a P-source for plant
nutrition after microbial oxidative reactions and improved the
growth parameter in the host plants (Constán-Aguilar et al.,
2014). The microorganisms in the soil and rhizosphere oxidize
the Phi to Pi, which is easily absorbed by the roots of plants
through the normal Pi channels. However, the process is slow
and may take several months. Transportation, classification,
biostimulant effects, and Phi fungicide effects were recently
investigated in potato leaves using gas chromatography/time-
of-flight mass spectrometry (GC-TOF-MS) (Wu et al., 2019).
GC-TOF-MS showed that the Phi program modified some
metabolite libraries. Phenylalanine (PAL) treatment is associated
with higher levels of pathway accumulation of phenylpropane,
chlorogenic acid, caffeic acid, and salicylic acid (SA). In Pi-
starved tobacco cells, it was found that Phi competitively
inhibits the influx of Pi through multiple transport mechanisms
and accumulates in the cytoplasm, preferably vacuoles. In
contrast, Phi-treated preloaded cells almost exclusively collected
Phi in the vacuole (Danova-Alt et al., 2008). Depending on
Pi status of the plants, the compartmentalization of Phi in
either the cytosol or vacuole may explain why Phi is more
effective in controlling oomycete diseases in low Pi soils
and conversely requires more frequent application in plants
grown on high Pi soils such as in potato fields (Wang-Pruski
et al., 2010). Previously, it was reported that intracellular
orthophosphate is acting as an inductor of adaptive response
to stresses and is stimulated for better plant performance
(Trejo-Téllez and Gómez-Merino, 2018).

The Effects of Phi on Plant Chemistry
Phi seems to have a minor effect on tobacco cell processes and
respiration (Danova-Alt et al., 2008). Unlike Phytophthora spp.,
treatment of tobacco cells with Phi did not reduce nucleoside
triphosphates or glucose-6-phosphate, nor did it stimulate
nucleoside diphosphates or pyrophosphate and adenylate pools.
However, these results were obtained only in 20 h of incubation
after Phi application. Whereas, Gent et al. (2020) documented
that the occurrence of Pseudoprosnopura humoli isolates was at
a higher level of sensitivity to fosetyl-Al and other Phi fungicides.
Plant tissues contain pyrophosphate values in the range of
0.5–40 nmol/g of fresh weight (FW) (equal to 0.5–40 µM)
(Heinonen, 2001). No measurable changes in pyrophosphate
concentration were observed in Brassica nigra seedlings grown at
10 mM Phi concentration (Carswell et al., 1997). In comparison,
the concentration of pyrophosphate in Phytophthora palmivora
increases from the control concentration of 0.2 to 1.5 mm in the

presence of Phi. In Brassica, Arabidopsis thaliana contained high
pyrophosphate levels (Heinonen, 2001).

Phi-Mediated Improvement of Plant
Health
Depending on the concentrations applied, Phi has been
documented to prevent Pi starvation response, alter physiology
metabolism and growth, and enhance plant defenses against
infection by various fungi (Table 1). Research on the effects
of fosetyl-Al and Phi indicated that in general, high exogenous
Phi dosage can be associated with a decline in plant normal
growth and development (Carswell et al., 1997; Trejo-Téllez
and Gómez-Merino, 2018). In addition, Phi reduced tiny root
growth and decreased colonization of mycorrhizal fungi in
onion (Sukarno et al., 1998). Phi application on healthy plants
affects pollen fertility and seed germination of some annual
species of Eucalyptus trees (Fairbanks et al., 2001). It seems
that repeated use of Phi, in long term, can limit the diversity
of plants in the ecosystem, and this effect can be lessened
by proper timing of Phi programs. Avocado plant pollen tube
germination and growth seemed to be sensitive to Phi treatment,
although relatively high concentrations of Phi were used in
these experiments and performed in vitro (Nartvaranant et al.,
2004). Phi could have detrimental effects on plant growth and
overall health, especially in P deficiency in plants (Carswell
et al., 1997). Phi’s long-term effect relies on both type and time
of plant inoculation with pathogens (Wilkinson et al., 2001).
Injection of 50–100 g Phi/L protects Banksias and Eucalyptus
plant infection for a minimum of 4 years, and the lesion
is often present with callus (Shearer et al., 2006). However,
3 weeks after root inoculation with P. cinnamon, stem injection
with Phi could not control Escherichia marginata growth. In
Banksia coccinea, there is a U-shaped relationship between
stem injection of Phi concentration and the effectiveness of
Phi in preventing the spread of Phytophthora cinnamomi, belt
formation, and growth retardation (Shearer et al., 2006; Shearer
and Fairman, 2007). The results of Phi applied on citrus
plants showed that Phi not only enhanced plant growth but
also increased fruit nutrient and yield (Lovatt and Mikkelsen,
2006). Unlike orthophosphate; Phi was readily taken when
citrus-deficient leaves were applied. Phi application improved
various horticultural plant’s agronomical traits, for example,
yield, growth, quality, and biomass stimulation (Gómez-Merino
and Trejo-Téllez, 2015). Phi application on strawberry improves
growth, root, and quality of fruits compared with control
(Glinicki et al., 2010; Estrada-Ortiz et al., 2011). Pretreatment
of isolated chickpea leaves with Phi and later on infection with
Phytophthora cryptogea controlled growth of the pathogen. This
effect was entirely back set by preapplication of Phi on plant
leaves as a PAL pathway inhibitor (Saindrenan et al., 1990). Phi
prevents stem canker in Persea americana and Persea indica
caused by Phytophthora citricola (El-Hamalawi et al., 1995)
and moldy core rot in apple fruits caused by the causal agent
Alternaria alternata (Reuveni et al., 2003).

The similarity between the response of plants to Pi and
the application of Phi, especially in long-term field trials,
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TABLE 1 | Effects of Phi on enhancement on plant growth and physiological and biochemical attributes of different plants grown under different pathogen stressed.

Effect of Phi Plant species, organism References

Diseases suppression in plants Incidence of diseases caused by Phytophthora spp., Verticillium
spp., Fusarium spp., Armillaria luteobubalina, and
Plasmoparaviticola is controlled by Phi treatment in host plants; Phi
suppressed P. infestans, F. solani, and R. solani inoculation in
Solanum tuberosum. Phi alleviated apical necrosis in Mangifera
indica caused by P. syringae. Plants also revealed a delay in
senescence after the Phi application.

Mohammadi et al. (2020); Borza et al.
(2019); Ramezani et al. (2018); Lobato
et al. (2008); and Torés Montosa (2006)

Phi-enhanced plants to Pi
starvation

Phi enhanced the expression of Pi starvation-induced gene
expression, improving the growth and defense system in tomato
plants. Phi applied to Pi-sufficient white lupin elicited a complete Pi
starvation response (PSR) by (enhancing root development and
enzyme activity alleviation) whereas application of Phi to Pi-deficient
plants enhanced PSR. Phi enhanced the PSR in Pi-deficient turnip.

Vinas et al. (2020); Gilbert et al. (2000);
and Carswell et al. (1997)

Prevention of Pi uptake Phi boosted Pi absorption by root protection in Hakea sericea. Sousa et al. (2007)

Decrease pollen fertility and
seed germination

Phi application decreased pollen fertility and seed germination in a
concentration-dependent manner in several plants. Fosetyl-Al on
field-treated apple, pear, and cherry orchards has been revealed to
be very effective on flowering the year following treatment, and a
positive effect was noticed both on the number and quality of flower
buds.

Eshraghi et al. (2011) and Peyrard et al.
(2015)

Improved phytoalexin and
phenolic accumulation

Foliar application of Phi enhanced phytoalexin and phenolic
stimulation by 12–24 h in potato slices after inoculation with
P. infestans. Phi caused defense response and an accumulation of
ROS and ethylene in pepper after pathogen challenged by
P. capsici. Phi treatment reduced Sclerotinia sclerotiorum lesion
development in common bean and was associated with triggered
ROS and MDA accumulation and increase in host defense enzymes
and limitation of pathogen growth.

Mohammadi et al. (2019); Liu et al.
(2016); and Fagundes-Nacarath et al.
(2018)

Improved hypersensitive
reaction

Phi application increased high accumulation of plant defense
response system on suppression of pathogens in apple after apple
scab (Venturia inaequalis) after infection.

Felipini et al. (2016)

Prevention of the plant’s root
elongation

Phi prevents root elongation under Pi stress in A. thaliana. Varadarajan et al. (2002)

Inhibition of pathogen growth
and development

Inhibited growth of the pathogen in vitro culture, enhanced vesicle
formation within hypha, and inhibited zoosporogenesis in
Phytophthora spp. Phi setback development in nematode species.
Phi inhibited growth in vitro in Verticillium spp. Phi caused stunted
growth under suboptimal also optimal Pi absorption in maize. Phi
increased growth, fruit quality, and production in strawberries.

Belhaj (2017); Oka et al. (2007); Borza
et al. (2019); Schroetter et al. (2006);
and Estrada-Ortiz et al. (2011)

Phytotoxicity The side effects of Phi are phytotoxic symptoms in several plant
species including foliar necrosis, defoliation, abnormalities growth,
chlorosis, reduced root growth, at high-dosage rates, and plant
death.

Scott et al. (2016) and Shearer et al.
(2006)

has led us to believe that Phi can act as a biological
fertilizer or biostimulant. However, Thao and Yamakawa (2009)
concluded that increasing plant health attribution due to
Phi being a source of Pi is misleading, because the half-
life of Phi to Pi is several months due to oxidation of soil
microorganisms, and those test plants can become infected
again with pathogenic oomycetes, which are highly decreased
by Phi (Adams, 2004). Although the effects of Phi on plant
health may vary, in most cases, the use of Pi fertilizers, in
general, can increase plant performance and reduce disease
susceptibility (Walters and Bingham, 2007). Phi application
increased cucumber plant resistance to downy mildew by
creating a rapid generation of antioxidants and a high
reduction sensitivity to ROS production that programmed cell
death (Ramezani et al., 2017a). Induction of wheat resistance

to Russian aphid (Diuraph isnoxia) mediated by Phi was
associated with increased PAL and enzymatic activity levels
(Venter et al., 2014).

Systemic resistance induced against rust in Vici faba is shown
by treating the leaf with 10 mM Phi (Walters and Bingham, 2007).
This reaction is very close to the response observed in chestnut
after its trunk is being injecting with different Phi dosages (Daniel
and Guest, 2005). It was shown that plants treated with Phi
after inoculation with P. cinnamomi responded quickly to the
disease severity in injected trees than plants untreated with Phi.
Recently, experiments were conducted in the greenhouse to study
the effects of Ca-Phi (38 kg P/ha 1) on the soil characteristics
and growth parameters of four kinds of soil green manures,
three superphosphates (TSP), and control (no fertilization). After
8 weeks of planting, the soil biomass yield, Phi concentration
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in plant biomass, various soil P pools, and microbial biomass
nutrients were measured. In addition, with the exception of
lupin in the control (Lupinus albus L.), Phi has no negative
effect on green manure performance (Fontana et al., 2021).
The Phi concentration in plant biomass varies with species and
soil types. The maximum concentration of mustard (Brassica
juncea L.) in clay is about 400 mg Phi/kg. Compared with the
control, the fertilization of TSP and Phi had similar effects on
different P pools and microbial biomass nutrients (C, N, and
P), although the response depended on the soil type. In sand,
after adding Phi, the amount of P (PNCHO3) much increased in
TSP treatment, indicating that Phi is partially oxidized. Among
clays with high P stabilization ability, Phi PNaHCO3, which is
higher than TSP, may promote the chemical P form due to
different solubility (Fontana et al., 2021). The Phi-treated roots
of avocado obtained protection from zoospores of P. cinnamomi,
Phi enhanced the root resistance to pathogen invasion (van
der Merwe et al., 1992). Besides, Phi application enhanced
mycorrhizal formation in American chestnut and various other
responses in plants (Table 1).

PHI-TRIGGERED PLANT DEFENSE
RESPONSE AGAINST BIOTIC STRESSES

Phi-treated plants accumulate phytoalexin, phenolic, flavonoids,
proline, hydrazine, H2O2, MDA, and SOD. Tobacco cultivar
(cv.) NC2326 becomes resistant to Phytophthora nicotianae by
rapidly inducing accumulation of sesquiterpenoid phytoalexin
(antimicrobial substance) at the penetration site. After treating
tobacco cultivar NC2326 with mevinolin, an inhibitor of
sesquiterpene biosynthesis, the plants became sensitive to
P. nicotianae. However, pretreatment with Phi in NC2326
followed by mevinolin exposure did not increase its resistance.
Also, the application of Phi on tobacco cv. Hick is susceptible to
P. nicotianae, and Phi applications increased phytoalexin levels,
suggesting that Phi activated more than one defense response
(Guest et al., 1995).

Phenolic compounds play a crucial role in providing physical
and chemical barriers to pathogen growth at the site of
infection. This compound is produced by the phenylpropane
pathway and is derived from the amino acids phenylalanine
and tyrosine (Candela et al., 1995; Jiang et al., 2019). To
study the phenylpropane pathway for Phi protection (Jackson
and Andrews, 2000), the activities of two enzymes involved
in the phenylpropanoid pathways, 4-coumarate coenzyme A
ligase (4-CL) and cinnamyl alcohol dehydrogenase (CAD), and
concentration of soluble phenolic and Phi were measured.
They found that when the Phi concentration in the root
is low, it interacts with the pathogen at the entry site
to stimulate host defense enzymes. At high concentrations
of Phi, it can directly affect the pathogen before it can
communicate with the host to prevent it from growing, and
the host defense remains unchanged. In potato P. infestans
pathosystems, Phi-treated potato leaves had an increased amount
of phenolic and phytoalexin after pathogen infection. The
antioxidant enzyme compounds after Phi treatments were also

increased (Machinandiarena et al., 2012; Mohammadi et al.,
2019).

In addition to the accumulation of phytoalexins and phenolic,
after KPhi application on potatoes sensitive to P. infestans
increased antioxidant enzyme activities levels in potato tubers
(Mohammadi et al., 2019). Under the light microscope, SOD
release, rapid cytoplasmic aggregation, and nuclear migration
were observed in Phi-treated tobacco against P. nicotianae
and Phi-treated Arabidopsis against P. palmivora (Guest and
Grant, 1991; Daniel and Guest, 2005). Recently, Phi-treated
Arabidopsis leaves showed faster and intense callus deposition
and H2O2 production than untreated leaves after infection with
P. cinnamomi (Eshraghi et al., 2011). Olivieri et al. (2012)
reported increased pectin in the cortex of tubers obtained from
Phi-treated plants.

Current knowledge about plant defense responses has been
extensively reviewed (Boller and He, 2009; Gimenez-Ibanez
et al., 2019). The defensive response of plants to pathogens
can be divided into two categories: the initial response to
initial resistance that occurs within minutes and the response
to resistance to specific host-pathogen genes that lasts for
several days. To infect plants, the pathogen must first penetrate
the physical barrier of the cell wall and neutralize any pre-
prepared antimicrobial compounds, such as phytoalexins. The
next hurdle is preventing plants from recognizing pathogen-
related molecular patterns (PAMP) by non-self-aware systems
(Nejat and Mantri, 2017). Examples of PAMP are fungal chitin
and bacterial flagella; PAMP forms a non-specific basic immune
response, including ion penetration, protein phosphorylation
cascade including mitogen-activated protein kinase (MAPK) and
ROS, and signaling molecules such as salicylic acid (SA) and
jasmonic acid (JA) ethylene (ET) production. Induction of genes
related to defense (such as hydrolase), phytoalexin biosynthesis,
callus production, cell wall expansion, and possibly programmed
cell death (Boller and He, 2009; Mohammadi et al., 2020).

In case of attack by pathogens, germinating plants show rapid
defense responses. Natural or synthetic compounds can be used
to chemically induce the onset of plant defense, and plants
with previous experience of pathogen contamination show an
initial defense response (Martinez-Medina et al., 2016). Saffron
leaves that have been pretreated with different concentrations
of SA under greenhouse conditions accumulated high levels
of phenolics and flavonoids; activity and gene expression of
PAL enzymes increased profiled proteins before and after Phi
treatments in potato leaves (Lim et al., 2013; Tajik et al., 2019).
These findings strongly demonstrate that priming plant leaves
for 3 days induced the production of a large number of defense
proteins against P. infestans.

Several crop species that had been sprayed with Phi and
inoculated with different pathogens showed protection functions
to the plants; such protection is related to the rapidly increased
amounts of phytoalexin and ROS than untreated, infected
plants (Ramezani et al., 2017a; Borza et al., 2019; Mohammadi
et al., 2019). Cucumber plants infected with Pythium ultimum
and treated with Phi-evidenced induction of antioxidant
enzymes decreased ROS and alleviated damping-off symptoms
(Mofidnakhaei et al., 2016). Saindrenan et al. (1990) reported
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FIGURE 3 | The schematic presentation showing the mechanism of Phi-induced activities in plants modified from Mohammadi et al. (2020).

that the resistance induced by Phi treatment to the isolated leaves
of cowpea after inoculation with P. cryptogea could be setback
by pre-application of the leaves with aminoxyacetate (AoA) and
PAL ammonialyase inhibitor in the phenylpropanoid pathway.
This suggests that phytoalexin biosynthesis is responsible for
mediating the effects of Phi. Several changes in the host-pathogen
interface have been observed after the treatment of plants with
Phi. For example, Jiang and Hartung (2008) showed that Phi
increases in the development of electron deposits are formed
in uninfected neighboring cells. However, in the extraction
of enhanced defense response, the indispensable factor is the
presence of Phi and pathogens (Figure 3) (Jackson et al., 2000).

Pathogens also produce defense-inducing effects, such as viral
gene product (AVR) proteins, lecithin, and elicitors. Pathogen
molecules can be specifically identified by plant host resistance
proteins (R proteins), which can determine the resistance
between specific pathogens and hosts (Cui et al., 2015). The
detection of pathogen AVR protein through plant dependence
and R protein is more complicated than the simple interaction
proposed by the gene-gene concept and can be described more
accurately by the guard hypothesis (Jones and Dangl, 2006) or
the decoy model (van der Hoorn and Kamoun, 2008). The guard
hypothesis says that plant R-proteins (protectors) are associated
with endogenous host proteins that are common-target proteins
for pathogens. The interaction of effective pathogen proteins with
host proteins changes their structure, which is then recognized
by protective proteins. R-protein activation is highly regulated
in plants because it ultimately leads to programmed cell death.
However, early detection is important to successfully defend
against plants. Any model of the effect of Phi on plants requires
an increase in defense responses in the treated plants. However,
if Phi has a direct effect on pathogens, it is essential. The low
Phi activity in vitro indicates that the plant immune response
is involved to a certain extent, so it is concluded that plants

without a dynamic immune response are not protected by
Phi (Arfaoui et al., 2020). Based on a 2-year field experiment,
Borza et al. (2019) documented that a mixed-mode of Phi affects
both plant defense and pathogen growth in vitro. However,
the results were consistent with the site of Phi operation in
Verticillium spp.; these studies indicate that plant defense plays
a vital role in preventing fungi development.

Phi Mediated Improvement in Alleviation
of Adverse Effects of ROS in Plants After
Being Challenged by Plant Pathogens
Atmospheric oxygen (O2) is a free molecule, and triple oxygen
(3O2) exists on earth. The two electrons of parallel and unpaired
rotation have the same number of rotations and lose their
reactivity. However, the extra energy from other biochemical
reactions, electron transfer chains, ultraviolet B, and ionizing
radiation helps to release 3O2 from the limitation of rotation and
convert it to ROS (Figure 4) (Mailloux, 2016).

Many reports have shown that during several stresses, a
large amount of ROS is produced that can damage intracellular
macromolecules (Forouzanfar et al., 2016; Ramezani et al., 2018).
The balance between ROS due to PS II damages and antioxidant
enzyme activity can determine plant safety (Dias et al., 2014).
Preliminary reports indicated that Phi induces high resistance
on pretreated plants to pathogenic stresses and is mainly related
to the high accumulation of defense enzymes in host plant
(Oyarburo et al., 2015).

Plant antioxidants and oxidative enzyme production are
enhanced by aerobic change, balancing the oxidative damage
caused by ROS. Defense enzymes including CAT, APX, SOD,
and various molecules including GR, Prl, AsA, and Car have
non-enzymatic protective function (Jung et al., 2000; Lombardi
and Sebastiani, 2005; Singh et al., 2009; Forouzanfar et al., 2016;
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FIGURE 4 | Lewis dot structure of oxygen and ROS. The name and chemical formula are given below each structure; bullets (•) represent an unpaired electron.

Debnath et al., 2018; Ramezani et al., 2018). Similar to other
biological stresses, fungal infections cause the excess production
of free radicals, such as hydroxyl radicals (OH•), H2O2,
and SOD production (Mofidnakhaei et al., 2016). It is well
described that after activation of antioxidant enzymes, the plant’s
tolerance to biotic stress significantly increased (Lobato et al.,
2011). Phi has a significant influence on various enzymatic
processes (CAT, POD, SOD, APX, PPO, and GPX) and non-
enzymatic processes (phytoalexins, phenolics, flavonoids, and
anthocyanins), which support the fight in the overproduction
of ROS caused by pathogens in stimulating the integration of
plant cells (Figure 3). O2 acts as an electron receptor with
subsequent accumulation of ROS such as singlet oxygen (1O2),
hydroxyl radical (OH−), superoxide radical (•O2

−2), and H2O2
under stressful conditions. Low concentrations of Phi (0.005%)
have been shown to help protect plants against ROS-induced
oxidative damage; however, higher concentrations of Phi act as
a per oxidant, causing ROS stimulation and oxidative stresses
(Liu et al., 2016).

Many researchers have described Phi for increasing ROS
inhibitory activity, decreasing MDA concentration, membrane
damage, and triggered gene expression (Mofidnakhaei et al.,
2016; Feldman et al., 2020). Besides, reduced production of
H2O2 under Phi treatment has also been confirmed (Novaes
et al., 2019). Under fungi stress, lowered H2O2 contents were
observed in Phi-treated soybean (Batista et al., 2020). Meanwhile,
plants treated by Phi showed fewer amounts of MDA under
heat stress, indicating that Phi is critical in reducing lipid
peroxidation by increasing antioxidant enzymes and protecting
the membrane structures of potato seedlings (Xi et al., 2020),
Cucumis sativus L. (Ramezani et al., 2017a), and Glycine max L.
(Batista et al., 2020). Also, it was observed that the production
of lipid MDA decreases with increasing Phi concentration under
pathogen stress (Mohammadi et al., 2020). The comprehensive
effect of MDA on plant cells is to reduce membrane fluidity to
increase membrane leakage and to prevent damage to proteins,
enzymes, and membrane in ion channels (Saed-Moucheshi
et al., 2014). Appropriate concentrations of Phi are useful

for reducing lipidoxygenase overexpression to maintain the
formation of fatty acids in addition to the reduced generation
of ROS, which is driven by the regulation of antioxidant systems
(Ahanger and Agarwal, 2017).

Phi Mediated Improved Plant Resistance
by Modulation of Enzymatic and
Non-enzymatic Antioxidants
The antioxidant defense system including both non-enzymatic
antioxidants and some antioxidant enzymes consists of lower
molecular weight (Hasanuzzaman et al., 2019). Non-enzymatic
antioxidants like AsA, reduced gluthione (GSH), α-tocopherol,
phenolic, flavonoids, alkaloids, and non-protein amino acids
work in a coordinated path with antioxidant enzymes such
as SOD, CAT, POD, PPO, APX, monodehydroascorbate
reductase (MDHAR), dehydroascorbate reductase (DHAR),
GR, GPX, gluthione-S-transferase (GST), thioredoxin (TRX),
and peroxireductinase (PRX) to control ROS production
(Figure 5) (Nath et al., 2018; Laxa et al., 2019). In planta, SOD
is directly related to the stress that initiates the first line of
defense, by converting O2

− to H2O2 (Table 2) (Biczak, 2016;
Luis et al., 2018). Produced H2O2 can be further converted
to H2O by CAT, APX, and GPX enzymes or catalyzed by the
AsA-GSH cycle. In a plant cell, the AsA-GSH is the main
antioxidant defense pathway in H2O2 detoxification, which
consists of non-enzymatic antioxidants AsA and GSH, as
well as the four important enzymes APX, MDHAR, DHAR,
and GR. In antioxidant defense system, the AsA-GSH cycle
plays a key role in minimizing H2O2 homeostasis and redox
(Hasanuzzaman et al., 2019). Furthermore, the GPX-GST is
also an essential enzyme for H2O2 and xenobiotic detoxification
(Figure 5) (Hasanuzzaman et al., 2018). Among the non-
enzymatic antioxidants, AsA and GSH are the most abundant
soluble antioxidants in higher plants, which play an important
role as electron donors, and capture ROS directly in the
AsA-GSH cycle (Hasanuzzaman et al., 2019). Furthermore,
β-carotene reacts with •OH, •O2

− and ROO• radicals which
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FIGURE 5 | Schematic overview of plant antioxidant system; (A) types of antioxidants and (B) combined mechanism of enzymatic and non-enzymatic antioxidants.
See the text for more information.

TABLE 2 | Phosphite mitigates pathogen stress-induced oxidative damage by changes in different antioxidant enzyme activities in several plant species.

Plant species Diseases Causal agent Method
application of

Antioxidant
activity

References

Avena sativa L. White mold Sclerotinia sclerotiorum Foliar application CHI ↑
GLU ↓
PPO ↓
SOD ↑
APX ↑

Fagundes-
Nacarath et al.
(2018)

Common bean Without inoculation Normal condition Root application CAT ↑
POD ↑

Ávila et al. (2013)

Cucumis sativus L. Damping off Pythium ultimum var. Foliar spray SOD ↑
POD ↑ CAT ↑

Mofidnakhaei et al.
(2016)

Cucumis sativus L. Downy mildew Pseudoperonospora
cubensis

Foliar spray CHI ↑
GLU ↑ PPO ↓

Ramezani et al.
(2018)

Glycine max L. White mold Sclerotinia sclerotiorum Foliar spray CHI ↑
GLU ↑
SOD ↓
POD ↓
CAT ↑
PAL ↑

Novaes et al. (2019)

Malus pumila Apple scab Venturia inaequalis Foliar spray POD ↑
GLU ↓

Felipini et al. (2016)

Solanum tuberosum L. Late blight Phytophthora infestans Foliar application SOD ↑
POD ↑
CAT ↑
APX ↑

Mohammadi et al.
(2020)

Frontiers in Microbiology | www.frontiersin.org 10 July 2021 | Volume 12 | Article 631318224

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-631318 June 26, 2021 Time: 14:16 # 11

Mohammadi et al. Phosphite Triggered Plants Defense Response

cause a decrease in ROS production in plant cells (Figure 5)
(Kapoor et al., 2019).

Plants produce a set of antioxidant enzymes after exposure
to various stresses, and it is interesting to note that the use
of Phi has been shown to increase the antioxidant enzyme
activities and decrease the ROS overproduction to cope with
stress (Mohammadi et al., 2020; Xi et al., 2020). In pathogen
stress, ROS can be detoxifying by antioxidant compounds
(Table 2). Antioxidant enzymes, such as SOD, POD, APX,
CAT, PPO, CHI, and GLU, are believed to positively react
to Phi application in order to induce pathogen tolerance
in plants (Mohammadi et al., 2019; Novaes et al., 2019).
The researchers hypothesized that increasing the level of Phi-
mediated antioxidant defense is one of the key mechanisms
which can protect the plant from oxidative stress stimulated by
the phytopathogens (Machinandiarena et al., 2012). SOD, APX,
and CAT activities were significantly enhanced by Phi treatment
in potato and cucumber seedlings under P. infestans and
Pseudoperonospora cubensis stress, respectively (Mofidnakhaei
et al., 2016; Ramezani et al., 2018; Mohammadi et al., 2020). In
another study, the accumulation of antioxidants in cucumber
due to Phi mediated increased levels of SOD, POD, APX,
and CAT activities in plants (Mofidnakhaei et al., 2016). An
increase in activities of the SOD, CAT, POD, APX, and PAL
enzymes is observed in different crops like potato, common
bean, Avena sativa L., and Solanum lycopersicum L. (Fagundes-
Nacarath et al., 2018; Mohammadi et al., 2019), as seen in
Table 2. One of the first changes after Phi application on
P. palmivora mycelium treatment is the size of adenylate
nucleotides (Griffith et al., 1993). Adenylate is involved in
the synthesis of purines, pyrimidines, aromatic amino acids,
nicotinamide adenine dinucleotides (NAD+), and nicotinamide
adenine dinucleotide phosphate (NADP+) (Nelson et al., 2008).
The evidence of the increases in enzyme activity observed in
the body can be explained as a secondary effect of Phi. This is
because transcriptional induction is a homeostatic reaction that
limits the inhibitory effect of Phi on the enzyme. The organism
tries to increase the metabolism through a pathway (Nelson et al.,
2008). Besides, the increase in SOD accumulation is caused by
the rapid conversion of •O2

− to H2O2, which is produced in
the chloroplast electron transport chain of the mitochondria.
Evolving H2O2 was neutralized by CAT in the cytoplasm or
by APX in the ASA-GSH pathway. In addition, increased SOD
activity in Phi-treated seedlings, following optimum defense
of chloroplast yield, altered the likelihood of •OH− synthesis
(Nouet et al., 2011). Inhibition of H2O2 and MDA to water
and lipid alcohol is performed by two important enzymes: GSH-
POX and GR (Lim, 2012). GSH-PX is considered a vital enzyme,
which is strongly activated by Phi in different plants under
different environmental stresses (Xi et al., 2020). Increasing
the activity of antioxidants reduces the levels of H2O2 and
MDA and improves pepper and cucumber plants by overcoming
oxidative damage stimulated by ROS under pathogen stress (Liu
et al., 2016; Mofidnakhaei et al., 2016). Phi supplementation in
citrus byproducts regulates the antioxidant system by increasing
the activity of SOD, CAT, and APX after four treatments on
coffee seedlings. In addition, increasing the antioxidant content

continuously evolves in defense of the PS electron transport
chain by maintaining better levels of the NADP + and inhibiting
the composition of toxic radicals (Fernandes et al., 2014).
These results show that proper use of Phi can be useful to
improve the antioxidant defense mechanism of plants under
pathogen stress.

Phi Suppresses Adverse Effects of
Oomycete Pathogens
The use of Phi-based fungicides can strengthen plants for a
rapid and vigorous defense response to many diseases, fungi,
and oomycetes, such as the genera Phytophthora, Fusarium,
and Rhizoctonia (Machinandiarena et al., 2012; Alexandersson
et al., 2016). Johnson et al. (2004) evaluated the effectiveness
of the commercial prescription of Phi Phostrol (containing
53.6% of sodium and potassium salts of Phi and ammonium)
to control tuber rot caused by P. infestans and Phytophthora
erythroseptica. The mean prevalence and intensity of late potato
disease and facial rot in tubers obtained from two treatments at
7.49 kg/ha were lower than control tubers. Miller et al. (2006)
reported that the application of twice phostrol (8 pints/acre)
for late blight and three times (10 pints/acre) for pink rot
was significant to protect tubers from these diseases. Moreover,
postharvest application of 14% phostrol for late blight and
pink rot suppression after 77 days in storage was examined;
Phi was able to control 90% of late blight and 61% of pink
rot symptoms when compared with untreated potato tubers
(Şandor and Opruţa, 2012).

Seed tubers and potato leaves pretreated with Ca and K salts
of phosphorous acid were examined (Lobato et al., 2008). With a
ratio of 1% (V/V) as a commercial product equal to 3 L/ha, Phi
provided tubers with a protective level from P. infestans, while
excellent protection of foliage was provided in four application
rates of 2% of the product. In contrast, systemic fungicides, such
as chlorothalonil (Bravo) or mancozeb (Dithane or Manzate),
were applied on potato plants in combination with Phi during
the growing season in Canada (Wang-Pruski et al., 2010). In
a greenhouse study, foliar sprays of 1% KH2PO3 three times
with an interval of 15 days significantly reduced the severity
of late blight in potato tubers of two Chinese potato cultivars
Xinjia No. 2 and Zhongshu No. 3, 50% and 40%, respectively, on
the tubers of untreated potato plant (Mohammadi et al., 2019).
In another experiment by Wang-Pruski et al. (2010), a 3-year
field trial was conducted to evaluate Phi’s efficacy (ConfineTM

containing 45.8% mono- and di-potassium salts of phosphorous
acid) on potato late blight of Prince Edward Island, Canada.
Analysis of the severity of the disease indicated that the leaves
of the potato plants were pretreated five times in 2007 and 2008
at a ratio of 58 L product/ha, and the disease was significantly
less than that of the untreated plants. The combined use of Phi
and chlorothalonil provided better disease inhibition compared
with the use of Phi or chlorothalonil alone. Also, by using Phi
alternately with Bravo, the usage of Bravo was decreased by 50%.
The late blight pressure was high in both field seasons, but Phi
alone or in combination with Bravo provided complete control
of late blight (Wang-Pruski et al., 2010).
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TABLE 3 | Suppression of oomycetes/Phytophthora spp. diseases by different sources of phosphite on several plant species.

Plant Disease Causal agent Experimental details Phosphite source (dosage) References

Avocad o Root rot P. cinnamomi Trunk injection Potassium phosphite Mcleod et al. (2018)

Banksia P. cinnamomi P. cinnamomi Glasshouse Mono-dipotassium phosphite Barrett et al. (2003)

Citrus Brown rot P. citrophthor a Pot culture (soil and foliar
application)

Potassium phosphite Oren and Yogev (2002)

Orange Brown rot P. citrophthora Soilless media culture Potassium phosphite Orbović et al. (2008)

Papaya Fruit rot P. palmivora Growth Potassium phosphite Smillie et al. (1989)

Pepper Crown rot P. capsici Chamber (pot culture)
hydroponic culture

Phosphorous acid Förster et al. (1998)

Potato Pink rot P. erythroseptica Field trial Phosphorous acid Taylor et al. (2011)

Potato Late blight P. infestans Pot culture Peat, perlite, and
vermiculite

Potassium phosphite Mohammadi et al. (2020)

Strawberry Leather rot P. cactorum Pot culture (peat, steam
disinfected soil and sand)

Phosphorous acid Rebollar-Alviter et al. (2007)

Tobacco Black shank P. nicotianae Growth chamber (pot culture) Potassium phosphite Guest et al. (1995)

Vinca Shoot blight P. nicotianae Containers (pine bark medium) Potassium phosphonate Banko and Hong (2004)

In addition, Phi is effective as protectant fungicides against
Dieback disease in indigenous plant species in Australia, like
Banksia brownie (Hardy et al., 2001; Barrett et al., 2003), Brown
rot in two citrus plants, Citrus volkameriana and Citruslimonia
(Förster et al., 1998; Oren and Yogev, 2002). The incidence
of Phytophthora capsici in tomato and pepper plants grown
hydroponically by adding Phi was significantly reduced. On the
other hand, foliar application of Phi in strawberry (Fragaria
ananassa) plants effectively protects fruits against Phytophthora
cactorum leather rot for up to 7 days and also has a therapeutic
activity of at least 36 h (Rebollar-Alviter et al., 2007). Likewise,
foliar application of Phi decreased the prevalence of P. infestans
and P. erythroseptica, although Phi did not affect the suppression
of Pythium ultimate (Johnson et al., 2004). By combining
foliar and postharvest treatment of Phi, potato tubers were
effectively controlled against P. erythroseptica, which induced
pink rot during storage (Taylor et al., 2011). Similarly, the
postharvest application of Phi effectively controlled the spread of
potato tubers during storage (Lobato et al., 2011; Mohammadi
et al., 2019). Also, when the leaves were treated with Phi,
the susceptibility of the tubers to P. infestans was reduced
significantly (Liljeroth et al., 2016). Whereas, the use of Phi on
harvested tubers effectively controlled oomycete during storage
(Lobato et al., 2008). Moreover, combining Phi with a wide
range of non-systemic fungicides like chlorothalonil showed
the most effective control against potato late blight disease
(Liljeroth et al., 2016). In vinca, 0.5 mM foliar application
of Phi in 3–6 days meantime highly protects plants against
P. nicotianae, as performed by spraying 3 g/L Aliette at 14-
day intervals (Banko and Hong, 2004). In Banksia brownii, Phi
gave high resistance to P. cinnamomi in the initial infection
stage (Barrett et al., 2003). In Banksia grandis, B. coccinea,
and Eucalyptus marginata, Phi’s trunk injection gave reasonable
control of P. cinnamomi and provides efficient control of
the endangered native flora against this pathogen (Shearer
et al., 2006). Also, Phi used on leaves alleviate death of four
P. cinnamomi-infected Banksia spp. (Shearer and Fairman, 2007;
Shearer and Crane, 2009). In the species of Banksia (Shearer

and Crane, 2012), the changes in genotype observed follow the
Phi treatment to control this oomycete, and (Eshraghi et al.,
2014) Phi has been reported to induce resistance to those
pathogen in Arabidopsis, which also has been confirmed in
Banksia grandis and Eucalyptusmarginata plant as seen in Table 3
(Scott et al., 2015).

General Characteristics and Economic
Values of Oomycetes
According to Dick’s classification in 2001, the oomycetes belong
to the Chromista/Stramenopile kingdom and are commonly
referred to as water mold and downy mildew. Miscellaneous
algae (including brown algae and golden algae) originated from
Stramenopiles. Sparrow reported the taxonomic classification
of oomycetes in 1960 and 1976 and Dick’s scientific work and
research in 2001 (Birch and Whisson, 2001). They divided all
oomycetes into two main groups, the first group containing
water molds (Eurychasmales, Leptomitales, and Saprolegniales)
and the second group belonging to the Peronosporalean
order (Rhipidiales, Pythiales and Peronosporales). Rhipidiales
and Albuginea belong to the Peronosporalean branch like
Peronosporales (Birch et al., 2012). According to Blum et al.
(2012), the cell wall of the true fungi consists of chitin, but
the oomycete cell wall is formed of cellulose and β-1,3-glucan.
Therefore, it is classified as pseudo-fungi. However, due to
some unique biological characteristics, the difference between
oomycetes and other eukaryotic microorganisms is still in
discussion. The vegetative growth of oomycetes in the filaments
produces mycelium and can go through sexual and asexual spore
replications. Oomycetes contain tubular forms of mitochondria
to synthesize lysine (Vogel et al., 1970). Zoospores are formed
by the cleavage of cytoplasmic membranes of asexual spores
(Latijnhouwers et al., 2003). Zoospores include two flagella,
one’s tinsel anterior flagellum, and another whiplash flagellum.
It contributes to the movement of mononuclear nucleated cells
(Walker and van West, 2007). Oomycetes belong to a diploid
trophic stage, but genetic recombination was not known in
homologous diploid cells of other fungi. Due to the lack of
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TABLE 4 | Plant diseases are suppressed by different sources of phosphite.

Plant Disease Causal agent Experimental details Phosphite source References

Apple Apple scab Venturia inaequalis Pot culture Bovine manure
campus Vermiculite Sand

Potassium phosphite Felipini et al.
(2016)

Apple Fire blight Erwinia amylovora Trunk injection (fiel d trial) Potassium phosphite Aćimović
et al. (2015)

Apple Blue mold Penicillium expansum In vitro and postharvest
treatment

Potassium phosphite Amiri and
Bompeix
(2011)

Apple Moldy-Core Alternaria alternata Field trial Potassium phosphite Reuveni et al.
(2003)

Bok Choy Club rot Plasmodiophor abrassicae Field trial AG3 Phosphonate Abbasi and
Lazarovits
(2006)

Bristle oat Nematode Meloidogyne marylandi Soil drenches Phosphonic acid Oka et al.
(2007)

Cabbage Club rot Plasmodiophor abrassicae Field trial AG3 Phosphonate Abbasi and
Lazarovits
(2006)

Corn Foliar disease Phaeosphaeria maydis
Cercosporazea emaydise

Field trial Potassium phosphite Da Silva et al.
(2020)

Corn Root lesion nematode Exserohilum turcicum Pratylenchus
brachyurus

Pine bark, coconut fiber, and
vermiculite

Manganese phosphite Puerari et al.
(2015)

Corn Downy mildew Peronosclerospora sorghi Pot culture (peat, vermiculite,
and soil)

Phosphonic acid Panicker and
Gangadharan
(1999)

Cucumber Downy mildew Pseudoperonos pora cubensis Pot culture Peat, perlite, and
coco peat

Potassium phosphite Ramezani
et al. (2018)

Cucumber Damping off Pythium ultimum var. Pot culture Peat, perlite, and
coco peat

Potassiumphosphite Mohammadi
et al. (2020)

Grape Downey mildew Plasmopara viticola Field trial Potassium phosphite Speiser et al.
(2000)

Pecan Pecan scab Fusicladium effusum Trunk injection Potassium phosphite Bock et al.
(2013)

Pinus spp. Pitch canker Fusarium circinatum Pot culture, peat, and perlite Potassium phosphite Cerqueira
et al. (2017)

Potato Tuber rot Rhizoctonia solani Fusarium solani
Streptomyces scabies

In vitro culture Calcium phosphite
Potassium phosphite
Copper phosphite

Lobato et al.
(2010)

Rice Stem rot Nakataea oryzae (Catt.) Field trial Potassium phosphite Martinez-
Medina et al.
(2016)

Soybean Charcoal root rot Macrophomina phaseolina In vitro assay Manganese phosphite Scott et al.
(2015)

Soybean White mold Sclerotinia sclerotiorum Pot culture Peat, pine bark, and
vermiculite

Manganese phosphite Novaes et al.
(2019)

Wheat Nematode Heterodera avenae Soil drenches Phosphonic acid Oka et al.
(2007)

homologous recombination, few species of genus Phytophthora
have been reported, such as P. infestans, Phytophthora ramorum,
and Phytophthora sojae (Tyler, 2007; Schornack et al., 2009). The
genome size of oomycetes varies from 18 to 37 Mb (Judelson,
2012). Molecular research revealed that the oomycete genome
consists of repetitive sequences, and some genes such as Cytb
are much conserved among Phytophthora spp. (Mao and Tyler,
1996; Lamour et al., 2007). However, many researchers are still
working on the genome of Phytophthora spp. to study its unique
characteristics.

The habitat of saprophytic oomycetes is primarily humid
and wet soil. Recycling and rotting organic matter is one
of the positive effects of saprophyte (Margulis et al., 2000;
Kamoun et al., 2003). Oomycete plant pathogens are the source
of many types of destructive diseases in crops. The genus
of Phytophthora contained more than 60 species, most of
which vigorously attack dicotyledon crops. Crops like potato,
tomato, pepper, alfalfa, and soybeans were facing devastating
problems by Phytophthora spp. (Agrios, 2005). Phytophthora
infestans is the most critical disease-causing late blight of
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potatoes (Birch and Whisson, 2001; Kamoun, 2003). Worldwide,
approximately US$6.7 billion annual loss occurs from the late
blight of potatoes (Judelson, 2012). Many other economic-
related diseases are caused by Phytophthora spp., such as
P. sojae causing root rot disease in soybeans, P. palmivora
and Phytophthora megacarya cause destructive disease in a
black pod in cocoa, P. cinnamomi causes cranberry root
rot and dieback of eucalypts, P. ramorum causes sudden
death of the oak fish. Albugo and Bremia which cause white
rust, mild mold caused by binding biotrophs Plasmopara
viticola are not included in the Phytophthora genus. Pythium
is another genus that is not included in Phytophthora,
which comprises more than 100 species that cause many
economic diseases.

Phi Mediated Enhancement of Plant
Resistance to Various Plant Pathogens
Phi has been documented as an effective pesticide to control
several phytopathogenic organisms, such as nematode, fungi,
and bacteria (Deliopoulos et al., 2010; Percival and Banks, 2014;
Puerari et al., 2015). Phi induces a wide range of resistance to
plant pathogens (Jost et al., 2015) and plays a vital role as the
initial molecule of plant defense responses (Machinandiarena
et al., 2012; Burra et al., 2014). In the occurrence of pathogenic
bacteria, the use of 1.0 or 0.67 (v/v) Phi inhibits approximately
80% and 60% growth of Streptomyces scabies in potatoes,
respectively (Lobato et al., 2010). When Phi is applied to the
leaves of field-grown potato, the collected tubers showed less
susceptibility to Erwinia carotovora inoculation, indicating that
Phi induced systemic immune resistance (Lobato et al., 2011).
In apples, the use of Phi highly decreased the prevalence of
a blue mold caused by Penicillium expansum in injured and
infected fruits (Amiri and Bompeix, 2011), while trunk injection
was useful in the management of fire blight caused by Erwinia
amylovora in apple trees (Aćimović et al., 2015). It was also used
as a fungicide to control Pseudoperonospora humuli, which causes
mold production in grapes (Salmon and Ware, 1925). In Cucumis
sativus, Phi effectively contains Pythium spp. and suppresses
disease by increasing the Phi concentration (Mofidnakhaei et al.,
2016; Mofid Nakhaei et al., 2018). Researchers reported that
Phi control Plasmopara viticola, but not Oidium tuckeri and
Pseudopezicula tracheiphila in grape (Speiser et al., 2000). In
their study, the use of Phi resulted in Phi residues in wine,
which were nevertheless assessed toxic and safe. According
to Reuveni et al. (2003), Phi treatment on apple fruits or
trees gives a sufficient reduction of moldy core caused by
Alternaria alternate and KPhi trunk injection in apple trees
decreased Erwinia amylovora causal agent fire blight (Aćimović
et al., 2015). In turnip, Chinese cabbage, and cabbage, the Phi
treatment reduced disease severity of clubroot casual agent of
Plasmodiophora brassicae (Abbasi and Lazarovits, 2006). In Pinus
and Pseudotsuga menziesii, Cerqueira et al. (2017) reported that
Phi prohibited Fusarium circinatum mycelium grown in a dose-
dependent path. In corn, there is an efficient reduction in the
occurrence and severity of Peronosclero sporasorghi, at the same
time, yield increased by 73% (Panicker and Gangadharan, 1999).

In Glycine max L. Silva et al. (2011) documented that the Phi
decreased spot losses due to Peronospora manshurica incidence,
while for the first time (Scott et al., 2015) witnessed an
effective reduction of Macrophomina phaseolina by using a
combination treatment with plant growth rhizobacteria (PGPR)
grown under glasshouse conditions. Therefore, Phi can be a
reasonable pesticide to prevent the incidence and prevalence of
such pathogens in crops (Shafique et al., 2016). Because it is a
global pathogen that causes many diseases including root rot,
stem rot, and dry root stem rot around 500 plant species such as
vegetables, fruits, and crops, for detailed information, see Table 4
(Khan, 2007).

Plant-parasitic nematodes are highly economic important
parasites. In maize, Phi application was useful for controlling
Pratylenchusbra chyurus (Dias-Arieria et al., 2012). Phi’s capacity
to accumulate plant defense response primed plants by
phytoalexins synthesis (Dercks and Creasy, 1989). In addition,
manganese Phi was effective against Meloidogyne javanica
prevention in Glycine max and decreased the number of
eggs/gram of root when applied 7 days prior to infection
of nematodes in pest-resistant cultivar (Puerari et al., 2015).
Similarly, Oka et al. (2007) found that the use of Phi in wheat and
oats significantly suppressed Heterodera avenae and Meloidogyne
marylandi, which stimulated Phi’s ability to confirm the synthesis
of phytoalexins in plants (Dercks and Creasy, 1989; Han et al.,
2021). Since nematodes are prevalent in some vegetables and
crops, Phi is a highly effective bactericide to manage such
pathogens in agriculture. The general response of plants to Phi
application is shown in Figure 6).

Phi-Mediated Gene Expression
Modification Under Pathogen Stress
Previously, microarray analysis determined the changes in
gene expression after Phi application and pathogen infection
(Feldman et al., 2020). Their findings indicate a differential
expression of 172 genes after Phi treatment and 22 Phi genes
after pathogen infection, mainly the genes involved in signal
transduction and defense responses, expressed (Feldman et al.,
2020). Plant hormones play a central role in the expression
of defense-related genes. Phi elevated the transcription of the
genes involved in abscisic acid (ABA), ethylene biosynthesis,
and mitogen-activated protein kinase cascade (MAPK) under
P. capsici stress, which in turn elevated H2O2, stimulating
expression and activities of antioxidant enzyme genes in pepper
(Capsicum annum L.) (Liu et al., 2016). Also, the NAD kinase-
2 mutation (NADK2) attenuates the disruption of ABA orifice
closure and the ABA inhibition of light orifice opening. NADK2
disruption also disrupts ABA-stimulated H2O2 accumulation
(Sun et al., 2018). Phi primed the expression of salicylic acid
(SA) and pathogenesis-related protein transcripts, mobilized
essential components of basal resistance, enhanced disease
susceptibility, isolated phytoalexin deficiency, and negatively
regulated MAPK in Arabidopsis, thus triggering SA-dependent
defense responses following inoculation by Hyaloperonospora
arabidopsidis (Massoud et al., 2012). Profiled proteins before and
after Phi treatments in potato leaves demonstrated that priming
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FIGURE 6 | Schematic diagram with an example interpreting the main effects and physiological actions of Phi in the plant.

plant leaves for 3 days induced the production of a large number
of defense proteins against P. infestans (Lim et al., 2013).

In Arabidopsis, PR1, PR5, and NPR are marker genes
involved in salicylic acid pathways, while THI2.1 and PDF1.2
are involved in jasmonic acid/ethylene pathways (Turner et al.,
2002). Investigation includes the expression of the five defense-
related genes at the transcription level by using quantitative
real-time reverse transcription-polymerase chain reaction (qRT-
PCR) (Eshraghi et al., 2011). Phi-treated Arabidopsis showed
enhanced expression of these five genes via SA- or JA/ET-
dependent pathways. In contrast, it was SA dependent rather
than JA or ET dependent, and PR1 expression was induced,
indicating a similarity to SAR with SA-dependent priming
(Massoud et al., 2012).

PHI-MEDIATED ENHANCEMENT OF
PLANT RESISTANCE TO ABIOTIC
STRESSES

Phi also stimulates tolerance mechanisms against many abiotic
stresses. In maize, the replacement of 1/4 Pi by Phi induced POD
activity (Avila et al., 2011). Besides, Phi reduced the biomass
stimulation of plants under low Pi supply, while no effect was
observed in plants grown under efficient Pi supplement (Avila
et al., 2011). In Phi-treated potato leaves exposed to ultraviolet
stress, Phi increases photosynthetic pigments and psbA gene
expression, which encodes the PS II reaction center protein D1
than control (Oyarburo et al., 2015). In addition, potatoes have
been shown to prevent UV-B oxidative stress, thus mediating

UV-B stress tolerance (Oyarburo et al., 2015). In our previous
publication, we reported that Phi application significantly
increased heat resistance in potato seedlings by evaluating
morphological characteristics, photosynthetic apparatus, PS II
efficiency, oxidative stress, and DNA damage level. Also, RNA
sequencing was performed to investigate the role of Phi signals
and mechanisms of basic heat resistance (Xi et al., 2020). The
findings showed that Phi treatment is not only essential for
better plant performance but also improves plant heating by
reducing oxidative stress and DNA damage and improving
the biological synthesis of osmolytes and defense metabolites
in case of exposure to adverse thermal conditions. RNA-Seq
showed that Phi’s immune responses to heat stress were regulated
by reprogramming global gene expressions (Xi et al., 2020).
Recently, it was noticed that the Phi application enhanced the
PS pigments and proline accumulation in leaves under water-
deficit stress with a value equal to those observed in irrigated
control plants (Gonçalves et al., 2019). After the plant’s exposure
to abiotic stress, Phi increases the large number of proteins
involved in cell wall formation as tolerance inducers. Thus, Phi, as
resistance or tolerance inducer is not limited only to trigger plant
defense process against pathogens but also interact to abnormal
condition and incuse abiotic stress resistance.

CONCLUSION

Phi compounds in various plant species suppress most omycete
pathogens. Currently, in agriculture systems, Phi is being used
as a plant biostimulant to boost nutritional efficiency, yield,
crop quality, production, and tolerance to biotic and abiotic
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stresses. Phi is also used as a highly useful resistance or defense
inducer against several plant pathogens. Although, in nature,
plants do not have the mechanisms to utilize Phi as a suitable
P-source fertilizer. If not properly administered, its use can
have devastating effects on plants. Because Phi appears as an
effect of internal secretion, it may increase effective responses
when used in low doses. However, when applied at high levels,
adverse effects can result in cell damage or death. Therefore,
its dosage and usage must be monitored to ensure a better
response in a range of products. Here, we presented evidence
that Phi can be used as biological stimulants in plant resistance.
Phi as a plant biostimulant may activate several micro- and
macromolecules and biochemical and physiological mechanisms
that lead to the induction of plant tolerance response to biotic
and abiotic stress factors and improve crop growth parameters
and productivity. To confirm the efficiency of Phi application
and prohibit adverse effects, the plant condition must first
be considered. Besides, the details of testing and dosing of
Phi for use must be timed appropriately to meet crop needs,
which depends on crop genetic background, environmental signs
and soil status, culture performance, chemical source, and Phi
dosage. Using a new technology facilitated by science provides
us this possibility to explore how and what extent Phi alters the
molecular mechanism that triggers defense responses in several
plant species. A piece of better knowledge on the molecular
mechanisms of P utilization efficiency can be achieved. In crops,
the proper application of Phi could allow plants to grow in
soil with low Pi existence while addressing P degradation and
herbicide resistance challenges.

As a result, Phi can stimulate positive effects on plants if
appropriately combined with other protectant fungicides. Phi can
act as biocellular stimulants in conventional cropping systems
that increase crop yield, quality, and agronomic performance
under stress conditions. Phi may also improve postharvest
application on fruit quality. Also, it can be used to control
pathogenic organisms, including bacteria, oomycete, fungi, and
nematodes. Interestingly, Phi can be used in various methods,
for example, as foliar spraying, trunk injection, postharvest
treatment, hydroponic systems, and through fertilization, soil,
and soil paints. However, the most influential method of
application for different agricultural species and cultivars still

needs to be studied. There are several other factors to consider
regarding the global application of Phi in agriculture, including
the development of pathogen resistance to Phi, the effect of Phi
on soil microorganisms, its potential threat to public health,
etc. Therefore, there is a need to study and document all these
phenomena soon. Environmental impacts and new trends in
international food markets regarding Phi’s residual level must be
considered and ensured.
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Şandor, M., and Opruţa, C. (2012). The effects of mineral and organic fertilizers on
soil respiration in a potato field. Bull. VASVM Agric. 69.

Savidor, A., Donahoo, R. S., Hurtado-Gonzales, O., Land, M. L., Shah, M. B.,
Lamour, K. H., et al. (2008). Cross-species global proteomics reveals conserved
and unique processes in Phytophthora sojae and Phytophthora ramorum. Mol.
Cell. Proteomics 7, 1501–1516. doi: 10.1074/mcp.M700431-MCP200

Schornack, S., Huitema, E., Cano, L. M., Bozkurt, T. O., Oliva, R., Van Damme, M.,
et al. (2009). Ten things to know about oomycete effectors. Mol. Plant Pathol.
10, 795–803. doi: 10.1111/j.1364-3703.2009.00593.x

Scott, P., Bader, M. K. F., and Williams, N. M. (2016). Foliar phosphite application
has minor phytotoxic impacts across a diverse range of conifers and woody
angiosperms. Physiol. Plant. 158, 124–134. doi: 10.1111/ppl.12442

Scott, P., Barber, P., and Hardy, G. S. J. (2015). Novel phosphite and nutrient
application to control Phytophthora cinnamomi disease. Australas. Plant Pathol.
44, 431–436. doi: 10.1007/s13313-015-0365-4

Schroetter, S., Angeles-Wedler, D., Kreuzig, R., and Schnug, E. (2006). Effects
of phosphite on phosphorus supply and growth of corn (Zea mays).
Landbauforschung Volkenrode 56:87.

Frontiers in Microbiology | www.frontiersin.org 20 July 2021 | Volume 12 | Article 631318234

https://doi.org/10.1080/03235408.2016.1180924
https://doi.org/10.1080/03235408.2016.1180924
https://doi.org/10.3390/pathogens9030170
https://doi.org/10.15666/aeer/1702_44994514
https://doi.org/10.1080/14620316.2004.11511741
https://doi.org/10.1080/14620316.2004.11511741
https://doi.org/10.1016/B978-0-444-63987-5.00014-1
https://doi.org/10.1016/B978-0-444-63987-5.00014-1
https://doi.org/10.21775/cimb.023.001
https://doi.org/10.21775/cimb.023.001
https://doi.org/10.1016/j.tplants.2011.03.005
https://doi.org/10.1016/j.tplants.2011.03.005
https://doi.org/10.1007/s11738-019-2976-9
https://doi.org/10.1007/s11738-019-2976-9
https://doi.org/10.1094/PHYTO-97-4-0396
https://doi.org/10.1094/PHYTO-97-4-0396
https://doi.org/10.1016/j.cropro.2011.08.025
https://doi.org/10.1016/j.cropro.2011.08.025
https://doi.org/10.1094/PDIS.1998.82.6.683
https://doi.org/10.1016/j.plaphy.2015.01.003
https://doi.org/10.1016/j.plaphy.2015.01.003
https://doi.org/10.1016/S0261-2194(98)00101-X
https://doi.org/10.1016/j.phytochem.2009.09.018
https://doi.org/10.1016/j.phytochem.2009.09.018
https://doi.org/10.1080/03071375.2014.921396
https://doi.org/10.1007/s12600-014-0447-9
https://doi.org/10.1016/0048-4059(78)90080-2
https://doi.org/10.1016/0048-4059(78)90080-2
https://doi.org/10.1080/03235408.2017.1341140
https://doi.org/10.1080/03235408.2017.1341140
https://doi.org/10.1016/j.scienta.2017.07.022
https://doi.org/10.1016/j.scienta.2018.02.042
https://doi.org/10.1094/PDIS-91-5-0559
https://doi.org/10.1094/PDIS.2003.87.8.933
https://doi.org/10.1016/j.pbi.2020.02.004
https://doi.org/10.1080/01904167.2013.868483
https://doi.org/10.1016/0168-9452(90)90249-N
https://doi.org/10.1038/116134b0
https://doi.org/10.1038/116134b0
https://doi.org/10.1074/mcp.M700431-MCP200
https://doi.org/10.1111/j.1364-3703.2009.00593.x
https://doi.org/10.1111/ppl.12442
https://doi.org/10.1007/s13313-015-0365-4
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-631318 June 26, 2021 Time: 14:16 # 21

Mohammadi et al. Phosphite Triggered Plants Defense Response

Shafique, H. A., Sultana, V., Ehteshamul-Haque, S., and Athar, M. (2016).
Management of soil-borne diseases of organic vegetables. J. Plant Prot. Res. 56,
221–230. doi: 10.1515/jppr-2016-0043

Shearer, B., and Crane, C. (2009). Influence of site and rate of low-volume
aerial phosphite spray on lesion development of Phytophthora cinnamomi and
phosphite persistence in Lambertia inermis var. inermis and Banksia grandis.
Australas. Plant Pathol. 38, 288–304. doi: 10.1071/AP09005

Shearer, B., and Crane, C. (2012). Variation within the genus Lambertia in efficacy
of low-volume aerial phosphite spray for control of Phytophthora cinnamomi.
Australas. Plant Pathol. 41, 47–57. doi: 10.1007/s13313-011-0088-0

Shearer, B., and Fairman, R. (2007). A stem injection of phosphite protects Banksia
species and Eucalyptus marginata from Phytophthora cinnamomi for at least
four years. Australas. Plant Pathol. 36, 78–86. doi: 10.1071/AP06085

Shearer, B., Fairman, R., and Grant, M. (2006). Effective concentration of phosphite
in controlling Phytophthora cinnamomi following stem injection of Banksia
species and Eucalyptus marginata. For. Pathol. 36, 119–135. doi: 10.1111/j.
1439-0329.2006.00440.x

Silva, O., Santos, H., Dalla Pria, M., and May-De Mio, L. (2011). Potassium
phosphite for control of downy mildew of soybean. Crop Prot. 30, 598–604.
doi: 10.1016/j.cropro.2011.02.015

Singh, B. N., Singh, B. R., Sarma, B., and Singh, H. (2009). Potential
chemoprevention of N-nitrosodiethylamine-induced hepatocarcinogenesis by
polyphenolics from Acacia nilotica bark. Chem. Biol. Interact. 181, 20–28. doi:
10.1016/j.cbi.2009.05.007

Smillie, R., Grant, B., and Guest, D. (1989). The mode of action of phosphite:
evidence for both direct and indirect modes of action on three Phytophthora
spp. in plants. Phytopathology 79, 921–926. doi: 10.1094/PHYTO-79-921

Sousa, M. F., Façanha, A. R., Tavares, R. M., Lino-Neto, T., and Gerós, H. (2007).
Phosphate transport by proteoid roots of Hakea sericea. Plant Sci. 173, 550–558.
doi: 10.1016/j.plantsci.2007.08.006

Speiser, B., Berner, A., Häseli, A., and Tamm, L. (2000). Control of downy mildew
of grapevine with potassium phosphonate: effectivity and phosphonate residues
in wine. Biol. Agric. Hortic. 17, 305–312. doi: 10.1080/01448765.2000.9754851

Sukarno, N., Smith, F., Scott, E., Jones, G., and Smith, S. (1998). The effect of
fungicides on vesicular–arbuscular mycorrhizal symbiosis. III. the influence of
VA mycorrhiza on phytotoxic effects following application of fosetyl-Al and
phosphonate. New Phytol. 139, 321–330. doi: 10.1046/j.1469-8137.1998.00204.x

Sun, L. R., Wang, Y. B., He, S. B., and Hao, F. S. (2018). Mechanisms for abscisic
acid inhibition of primary root growth. Plant Signal. Behav. 13:e1500069. doi:
10.1080/15592324.2018.1500069

Tajik, S., Zarinkamar, F., Soltani, B. M., and Nazari, M. (2019). Induction of
phenolic and flavonoid compounds in leaves of saffron (Crocus sativus L.) by
salicylic acid. Sci. Hortic. 257:108751. doi: 10.1016/j.scienta.2019.108751

Taylor, R. J., Pasche, J. S., and Gudmestad, N. C. (2011). Effect of application
method and rate on residual efficacy of mefenoxam and phosphorous acid
fungicides in the control of pink rot of potato. Plant Dis. 95, 997–1006. doi:
10.1094/PDIS-09-10-0694

Thakur, M., and Sohal, B. S. (2013). Role of elicitors in inducing resistance in
plants against pathogen infection: a review. ISRN Biochem. 2013:762412. doi:
10.1155/2013/762412

Thao, H. T. B., and Yamakawa, T. (2009). Phosphite (phosphorous acid): fungicide,
fertilizer or bio-stimulator? Soil Sci. Plant Nutr. 55, 228–234. doi: 10.1111/j.
1747-0765.2009.00365.x

Torés Montosa, J. A. (2006). Field evaluation of treatments for the control of the
bacterial apical necrosis of mango (Mangifera indica) caused by Pseudomonas
syringae pv. syringae. Eur. J. Plant Pathol. 116, 279–288. doi: 10.1007/s10658-
006-9059-7

Torto-Alalibo, T. A., Tripathy, S., Smith, B. M., Arredondo, F. D., Zhou, L., Li,
H., et al. (2007). Expressed sequence tags from Phytophthora sojae reveal genes
specific to development and infection. Mol. Plant Microbe Interact. 20, 781–793.
doi: 10.1094/MPMI-20-7-0781

Trejo-Téllez, L. I., and Gómez-Merino, F. C. (2018). “Phosphite as an inductor
of adaptive responses to stress and stimulator of better plant performance,”
in Biotic and Abiotic Stress Tolerance in Plants, ed. S. Vats (Berlin: Springer).
doi: 10.1007/978-981-10-9029-5_8

Turner, B. L., Papházy, M. J., Haygarth, P. M., and Mckelvie, I. D. (2002). Inositol
phosphates in the environment. Philos. Trans. R. Soc. Lond. Ser B Biol. Sci. 357,
449–469. doi: 10.1098/rstb.2001.0837

Tyler, B. M. (2007). Phytophthora sojae: root rot pathogen of soybean and model
oomycete. Mol. Plant Pathol. 8, 1–8. doi: 10.1111/j.1364-3703.2006.00373.x

van der Hoorn, R. A., and Kamoun, S. (2008). From guard to decoy: a new
model for perception of plant pathogen effectors. Plant Cell 20, 2009–2017.
doi: 10.1105/tpc.108.060194

van der Merwe, M. D. V., Kotzé, J., and Hall, A. (1992). Effect of phosphite in
avocado roots on the zoospores of Phytophthora cinnamomi. South African
Avocado Growers’. Assoc. Yearbook 15, 24–26.

van West, P., Appiah, A. A., and Gow, N. A. (2003). Advances in research on
oomycete root pathogens. Physiol. Mol. Plant Pathol. 62, 99–113. doi: 10.1016/
S0885-5765(03)00044-4

Varadarajan, D. K., Karthikeyan, A. S., Matilda, P. D., and Raghothama,
K. G. (2002). Phosphite, an analog of phosphate, suppresses the coordinated
expression of genes under phosphate starvation. Plant Physiol. 129, 1232–1240.
doi: 10.1104/pp.010835

Venter, E., Mansoor, C. V., Sibisi, P., and Botha, A.-M. (2014). Potassium
phosphate induces tolerance against the Russian wheat aphid (Diuraphis noxia,
Homoptera: Aphididae) in wheat. Crop Prot. 61, 43–50. doi: 10.1016/j.cropro.
2014.03.015

Vinas, M., Mendez, J. C., and Jiménez, V. M. (2020). Effect of foliar applications
of phosphites on growth, nutritional status and defense responses in tomato
plants. Sci. Hortic. 265:109200. doi: 10.1016/j.scienta.2020.109200

Vogel, H., Thompson, J., and Shockman, G. (1970). “Characteristic metabolic
patterns of prokaryotes and eukaryotes,” in Proceedings of the Society for General
Microbiology Symposia, (Cambridge: Cambridge Universirty).

Walker, C. A., and van West, P. (2007). Zoospore development in the oomycetes.
Fungal Biol. Rev. 21, 10–18. doi: 10.1016/j.fbr.2007.02.001

Walters, D., and Bingham, I. (2007). Influence of nutrition on disease development
caused by fungal pathogens: implications for plant disease control. Ann. Appl.
Biol. 151, 307–324. doi: 10.1111/j.1744-7348.2007.00176.x

Wang-Pruski, G., Coffin, R. H., Peters, R. D., Al-Mughrabi, K. I., Platt, H. W., Pinto,
D., et al. (2010). Phosphorous acid for late blight suppression in potato leaves.
Am. J. Plant Sci. Biotechnol. 4, 25–29.

Wilkinson, C., Holmes, J., Tynan, K., Colquhoun, I., Mccomb, J., Hardy,
G. S. J., et al. (2001). Ability of phosphite applied in a glasshouse
trial to control Phytophthora cinnamomi in five plant species native
to Western Australia. Australas. Plant Pathol. 30, 343–351. doi: 10.
1071/AP01055

Win, J., Morgan, W., Bos, J., Krasileva, K. V., Cano, L. M., Chaparro-Garcia, A.,
et al. (2007). Adaptive evolution has targeted the C-terminal domain of the
RXLR effectors of plant pathogenic oomycetes. Plant Cell 19, 2349–2369. doi:
10.1105/tpc.107.051037

Wu, L., Gao, X., Xia, F., Joshi, J., Borza, T., and Wang-Pruski, G. (2019).
Biostimulant and fungicidal effects of phosphite assessed by GC-TOF-MS
analysis of potato leaf metabolome. Physiol. Mol. Plant Pathol. 106, 49–56.
doi: 10.1016/j.pmpp.2018.12.001

Xi, Y., Han, X., Zhang, Z., Joshi, J., Borza, T., Aqa, M. M., et al. (2020).
Exogenous phosphite application alleviates the adverse effects of heat stress
and improves thermotolerance of potato (Solanum tuberosum L.) seedlings.
Ecotoxicol. Environ. Saf. 190:110048. doi: 10.1016/j.ecoenv.2019.110048

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Mohammadi, Cheng, Aslam, Jakada, Wai, Ye, He, Luo, Ye, Dong,
Hu, Priyadarshani, Wang-Pruski and Qin. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 21 July 2021 | Volume 12 | Article 631318235

https://doi.org/10.1515/jppr-2016-0043
https://doi.org/10.1071/AP09005
https://doi.org/10.1007/s13313-011-0088-0
https://doi.org/10.1071/AP06085
https://doi.org/10.1111/j.1439-0329.2006.00440.x
https://doi.org/10.1111/j.1439-0329.2006.00440.x
https://doi.org/10.1016/j.cropro.2011.02.015
https://doi.org/10.1016/j.cbi.2009.05.007
https://doi.org/10.1016/j.cbi.2009.05.007
https://doi.org/10.1094/PHYTO-79-921
https://doi.org/10.1016/j.plantsci.2007.08.006
https://doi.org/10.1080/01448765.2000.9754851
https://doi.org/10.1046/j.1469-8137.1998.00204.x
https://doi.org/10.1080/15592324.2018.1500069
https://doi.org/10.1080/15592324.2018.1500069
https://doi.org/10.1016/j.scienta.2019.108751
https://doi.org/10.1094/PDIS-09-10-0694
https://doi.org/10.1094/PDIS-09-10-0694
https://doi.org/10.1155/2013/762412
https://doi.org/10.1155/2013/762412
https://doi.org/10.1111/j.1747-0765.2009.00365.x
https://doi.org/10.1111/j.1747-0765.2009.00365.x
https://doi.org/10.1007/s10658-006-9059-7 
https://doi.org/10.1007/s10658-006-9059-7 
https://doi.org/10.1094/MPMI-20-7-0781
https://doi.org/10.1007/978-981-10-9029-5_8
https://doi.org/10.1098/rstb.2001.0837
https://doi.org/10.1111/j.1364-3703.2006.00373.x
https://doi.org/10.1105/tpc.108.060194
https://doi.org/10.1016/S0885-5765(03)00044-4
https://doi.org/10.1016/S0885-5765(03)00044-4
https://doi.org/10.1104/pp.010835
https://doi.org/10.1016/j.cropro.2014.03.015
https://doi.org/10.1016/j.cropro.2014.03.015
https://doi.org/10.1016/j.scienta.2020.109200
https://doi.org/10.1016/j.fbr.2007.02.001
https://doi.org/10.1111/j.1744-7348.2007.00176.x
https://doi.org/10.1071/AP01055
https://doi.org/10.1071/AP01055
https://doi.org/10.1105/tpc.107.051037
https://doi.org/10.1105/tpc.107.051037
https://doi.org/10.1016/j.pmpp.2018.12.001
https://doi.org/10.1016/j.ecoenv.2019.110048
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-677836 July 29, 2021 Time: 16:27 # 1

ORIGINAL RESEARCH
published: 04 August 2021

doi: 10.3389/fmicb.2021.677836

Edited by:
Hyang Burm Lee,

Chonnam National University,
South Korea

Reviewed by:
Kerstin Voigt,

Friedrich Schiller University Jena,
Germany

Thuong Nguyen,
Chonnam National University,

South Korea

*Correspondence:
Xiao-Yong Liu

liuxiaoyong@im.ac.cn
Chang-Lin Zhao

fungichanglinz@163.com

Specialty section:
This article was submitted to

Microbe and Virus Interactions with
Plants,

a section of the journal
Frontiers in Microbiology

Received: 10 March 2021
Accepted: 12 July 2021

Published: 04 August 2021

Citation:
Zong T-K, Zhao H, Liu X-L,

Ren L-Y, Zhao C-L and Liu X-Y (2021)
Taxonomy and Phylogeny of Four

New Species in Absidia
(Cunninghamellaceae, Mucorales)

From China.
Front. Microbiol. 12:677836.

doi: 10.3389/fmicb.2021.677836

Taxonomy and Phylogeny of Four
New Species in Absidia
(Cunninghamellaceae, Mucorales)
From China
Tong-Kai Zong1,2, Heng Zhao2,3, Xiao-Ling Liu2,3, Li-Ying Ren4, Chang-Lin Zhao1,5* and
Xiao-Yong Liu2*

1 Key Laboratory for Forest Resources Conservation and Utilization in the Southwest Mountains of China, Ministry
of Education, Southwest Forestry University, Kunming, China, 2 State Key Laboratory of Mycology, Institute of Microbiology,
Chinese Academy of Sciences, Beijing, China, 3 College of Life Science, University of Chinese Academy of Sciences, Beijing,
China, 4 College of Plant Protection, Jilin Agricultural University, Changchun, China, 5 College of Biodiversity Conservation,
Southwest Forestry University, Kunming, China

Four new species within the genus Absidia, A. globospora, A. medulla, A. turgida,
and A. zonata, are proposed based on a combination of morphological traits,
physiological features, and molecular evidences. A. globospora is characterized by
globose sporangiospores, a 1.0- to 3.5-µm-long papillary projection on columellae,
and sympodial sporangiophores. A. medulla is characterized by cylindrical to oval
sporangiospores, a 1.0- to 4.5-µm-long bacilliform projection on columellae, and spine-
like rhizoids. A. turgida is characterized by variable sporangiospores, up to 9.5-µm-long
clavate projections on columellae, and swollen top of the projection and inflated hyphae.
A. zonata is characterized by cylindrical to oval sporangiospores, a 2.0- to 3.5-µm-
long spinous projection on columellae, and as many as eight whorled sporangiophores.
Phylogenetic analyses based on sequences of internal transcribed spacer rDNA and
D1–D2 domains of LSU rDNA support the novelty of these four species within the
Absidia. All new species are illustrated, and an identification key to all the known species
of Absidia in China is included.

Keywords: morphology, molecular phylogeny, taxonomy, Mucoromycetes, Mucoromycota

INTRODUCTION

The genus Absidia Tiegh. (Cunnighamellaceae, Mucorales, Mucoromycetes, Mucoromycota) was
proposed by van Tieghem (1876). Absidia members are ubiquitous in soil and also often associated
with warm decaying plant matter, such as compost heaps. Some Absidia can be used to produce
chitin, chitosan, and chitooligosaccharides (Kaczmarek et al., 2019) and hydrocortisone (Chen
et al., 2020). Absidia species typically have sporangiophores arising from stolons, rhizoids never
opposite the sporangiophores, pyriform sporangia and their deliquescent wall, obvious apophyses,
a septum beneath the sporangium, and zygospores surrounded by appendages from the suspensors
(Hoffmann et al., 2007; Hoffmann, 2010).

The classification and circumscription of the Absidia have been debated since it was described.
According to zygospore morphology, Hesseltine and Ellis (1964) divided Absidia into two
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subgenera, the subgenus Absidia and the subgenus Mycocladus
(Beauverie) Hesselt. & J.J. Ellis. Different from the former, the
subgenus Mycocladus does not form any appendages from the
suspensors of zygospores. This classification framework was
followed by Schipper (1990), who further divided the subgenus
Absidia into six groups. However, this kind of delimitation
are not accepted nowadays, and six genera are synonymized
with the genus Absidia instead (Hawksworth et al., 1995).
They are Tieghemella Berl. & De Toni 1888, Mycocladus
Beauverie 1900, Lichtheimia Vuill 1903, Proabsidia Vuill 1903,
Pseudoabsidia Bainier 1903, and Protoabsidia Naumov 1935.
Among these synonyms, Lichtheimia, Mycocladus, Pseudoabsidia,
and Protoabsidia lack appendages.

Recently, a combined study of molecular phylogenetics,
morphology, and physiology has provided a more reliable
delimitation among Absidia species (Hoffmann et al., 2007),
where Absidia was classified into three groups: (1) the
thermotolerant species with an optimal growth temperature of
37–45◦C, which were then transferred into the genus Lichtheimia
(Hoffmann et al., 2009a); (2) the mesophilic species with an
optimal growth temperature of 25–34◦C, which have been
accepted up to now as Absidia sensu stricto; and (3) the
mycoparasitic species, potential to parasitize other mucoralean
hosts with optimal growth temperatures below 30◦C, which were
then transferred into the genus Lentamyces Kerst. Hoffm. & K.
Voigt (Hoffmann and Voigt, 2008). Currently, 37 species have
been reported worldwide in Absidia (Hesseltine and Ellis, 1961,
1964, 1966; Ellis and Hesseltine, 1965, 1966; Index Fungorum1).
Among these species, 13 were reported in the last decade
using the strategy of combing morphology, physiology, and
phylogeny: Absidia caatinguensis D.X. Lima and A.L. Santiago,
Absidia cornuta D.X. Lima, C.A. de Souza, H.B. Lee, and A.L.
Santiago; Absidia jindoensis Hyang B. Lee, and T.T.T. Nguyen;
Absidia koreana Hyang B. Lee, Hye W. Lee, and T.T. Nguyen;
Absidia multispora T.R.L. Cordeiro, D.X. Lima, Hyang B. Lee,
and A.L. Santiago; Absidia panacisoli T. Yuan Zhang, Ying Yu,
He Zhu, S.Z. Yang, T.M. Yang, Meng Y. Zhang, and Yi X.
Zhang; Absidia pararepens Jurjeviæ, M. Kolaøík, and Hubka;
Absidia pernambucoensis D.X. Lima, C.M. Souza-Motta, and A.L.
Santiago; Absidia saloaensis T.R.L. Cordeiro, D.X. Lima, Hyang B.
Lee, and A.L. Santiago; Absidia stercoraria Hyang B. Lee, H.S. Lee,
and T.T.T. Nguyen; Absidia terrestris Rosas de Paz, Dania García,
Guarro, Cano, and Stchigel; Absidia bonitoensis C.L. Lima, D.X.
Lima, Hyang B. Lee, and A.L. Santiago; and Absidia ovalispora
H. Zhao and X.Y. Liu (Ariyawansa et al., 2015; Li et al., 2016;
Crous et al., 2018, 2020; Wanasinghe et al., 2018; Zhang et al.,
2018; Cordeiro et al., 2020; Lima et al., 2020; de Lima et al., 2021;
Zhao et al., 2021), and nine species have been recorded in China
(Zhang et al., 2018; Zheng and Liu, 2018; Zhao et al., 2021).

Recently, seven strains of Absidia were collected from China
but could not be assigned to any described species. Herein,
morphological, physiological, and molecular phylogenetics
[internal transcribed spacer (ITS) and D1–D2 domains of LSU
rDNA] are presented to support them to four new species in

1http://www.indexfungorum.org

Absidia sensu stricto, and consequently, a revised synoptic key to
all the 13 known species of Absidia in China is provided.

MATERIALS AND METHODS

Isolation and Strains
Strains were isolated from the soil collected in Hubei province,
Shanxi province, Xinjiang province, and Yunnan province,
China. Soil samples (1 g) were suspended in 100 mL sterilized
water and shaken vigorously. Then, a 100 µL of the suspension
was added onto a potato dextrose agar (PDA; Benny, 2008) plate
with antibiotics streptomycin sulfate (100 mg/mL) and ampicillin
(100 mg/mL). The plate was incubated at 27◦C and examined
daily with a stereo microscope (SMZ1500, Nikon Corporation,
Japan). Upon the presence of colonies, a single colony was
picked and transferred to new PDA plates. Living cultures
were deposited in the China General Microbiological Culture
Collection Center, Beijing, China (CGMCC). Dried cultures were
deposited in the Herbarium Mycologicum Academiae Sinicae,
Beijing, China (HMAS).

Morphology and Growth Experiments
Pure cultures were established in triplicate, respectively, with
malt extract agar (MEA; Benny, 2008), modified synthetic mucor
agar (SMA; Zheng and Chen, 2001), and PDA plates. For
morphological observation, they were incubated at 27◦C for 4–
7 days and examined daily under a microscope (Axio Imager A2,
Carl Zeiss Microscopy, Germany). For determining maximum
growth temperatures, pure cultures were initially incubated at
32◦C for 4 days, and then the incubation temperature was
adjusted until the colonies stopped growing. The color of colonies
was designated according to Ridgway (1912).

DNA Extraction, Polymerase Chain
Reaction Amplification, and Sequencing
Mycelia were grown at 27◦C for 5 days on PDA plates, and then
cell DNAs were extracted using a kit (GO-GPLF-400, GeneOnBio
Corporation, Changchun, China). The ITS and D1–D2 domain
of LSU rDNA were amplified with primer pairs NS5M and
LR5M (Wang et al., 2014). The polymerase chain reaction (PCR)
procedure was as follows: an initial temperature at 95◦C for
5 min; then 30 cycles of denaturation at 95◦C for 20 s, annealing
at 55◦C for 60 s, and extension at 72◦C for 60 s; and finally an
extra extension at 72◦C for 10 min. PCR products were purified
and then sequenced with primers ITS5 (White et al., 1990) and
LR5M at BGI Tech Solutions Beijing Liuhe Co., Limited, Beijing,
China. All newly generated sequences were deposited in GenBank
and National Microbiology Data Center (NMDC,2 Table 1).

Phylogenetic Analyses
The software platform Geneious 8.13 was used to assemble and
proofread DNA sequences. All the sequences were realigned
using AliView version 3.0 (Larsson, 2014). The sequence

2http://nmdc.cn/
3http://www.geneious.com
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TABLE 1 | Species, strains, and GenBank/NMDC accession numbers used in this study.

Species Strains GenBank/NMDC* accession no.

ITS LSU

Absidia anomala CBS 125.68 MH859085 NG058562

Absidia bonitoensis URM 7889 MN977786 MN977805

Absidia caatinguensis URM 7156 KT308169 KT308171

Absidia coerulea CBS 101.36 MH855718 MH867230

Absidia californica CBS 314.78 MH861141 MH872902

Absidia cornuta URM 6100 MN625256 MN625255

Absidia cuneospora CBS 101.59 NG058559

A. cuneospora FSU 5890 EF030524

Absidia cylindrospora FSU 906 AY944889

A. cylindrospora CBS 100.08 JN206588

Absidia fusca CBS 102.35 NR103625 NG058552

Absidia glauca CBS 129233 MH865253 MH876693

A. glauca CBS 127122 MH864429 MH875867

Absidia globospora* CGMCC 3.16031 MW671537/NMDCN0000JB7* MW671544/NMDCN0000JB0*

A. globospora* CGMCC 3.16035 MW671538/NMDCN0000JB8* MW671545/NMDCN0000JB1*

A. globospora* CGMCC 3.16036 MW671539/NMDCN0000JB9* MW671546/NMDCN0000JB2*

Absidia heterospora SHTH021 JN942683 JN982936

Absidia jindoensis CNUFC-PTI1-2 MF926623 MF926617

Absidia koreana EML-IFS45-1 KR030062 KR030056

A. koreana EML-IFS45-2 KR030063 KR030057

Absidia macrospora FSU 4746 AY944882 EU736303

Absidia medulla* CGMCC 3.16034 MW671542/NMDCN0000JBC* MW671549/NMDCN0000JB5*

A. medulla* CGMCC 3.16037 MW671543/NMDCN0000JBD* MW671550/NMDCN0000JB6*

Absidia multispora URM 8210 MN953780 MN953782

Absidia ovalispora CGMCC 3.16018 MW264071 MW264130

Absidia panacisoli SYPF 7183 MF522181 MF522180

Absidia pararepens CCF 6352 MT193669 MT192308

Absidia pernambucoensis URM 7219 MN635568 MN635569

Absidia pseudocylindrospora CBS 100.62 MH869688

A. pseudocylindrospora FSU5894 EF030526

Absidia psychrophilia FSU 4745 AY944874 EU736306

Absidia repens CBS 115583 NR103624 HM849706

Absidia saloaensis URM 8209 MN953781 MN953783

Absidia spinosa FSU 551 EU736307

Absidia stercoraria EML-DG8-2 KU168829 KT921999

Absidia terrestris FMR 14989 LT795005

A. terrestris FMR 15024 LT795004

Absidia turgida* CGMCC 3.16032 MW671540/NMDCN0000JBA* MW671547/NMDCN0000JB3*

Absidia zonata* CGMCC 3.16033 MW671541/NMDCN0000JBB* MW671548/NMDCN0000JB4*

Chlamydoabsidia padenii CBS 172.67 JN206294 NG070364

Halteromyces radiatus CBS 162.75 JN206290 NG057938

Cunninghamella elegans CBS 167.53 JN205882 HM849700

Cunninghamella blakesleeana CBS 782.68 JN205869 MH870950

*All strains of the four new species are in bold font, and their sequences are deposited at National Microbiology Data Center (NMDC).

alignments and phylogenetic trees were deposited at TreeBase
(submission ID 27734). Sequences of Cunninghamella elegans
and Cunninghamella blakesleeana retrieved from GenBank
were used as outgroups in the ITS and LSU analyses
following Hoffmann et al. (2007).

Phylogenetic analyses were carried out using maximum
parsimony (MP), maximum likelihood (ML), and Bayesian

inference (BI). MP phylogenetic analyses followed Zhao and
Wu (2017), and the tree construction was performed in PAUP∗
version 4.0b10 (Swofford, 2002). All characters were equally
weighted, and gaps were treated as missing data. Trees were
inferred using the heuristic search option with TBR branch
swapping and 1,000 random sequence additions. Max-trees
were set to 5,000; branches of zero length were collapsed,
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and all parsimonious trees were saved. Clade robustness
was assessed using a bootstrap analysis with 1,000 replicates
(Felsenstein, 1985). Descriptive tree statistics tree length (TL),
consistency index (CI), retention index (RI), rescaled CI (RC),
and homoplasy index (HI) were calculated for each maximum
parsimonious tree generated.

Maximum likelihood phylogenetic analyses were conducted
with raxmlGUI 2.0 beta (Edler et al., 2020). A general time
reversible model was used with a gamma-distributed rate
variation (GTR + G) and 1,000 bootstrap replicates.

Bayesian inference phylogenetic analyses was calculated
with MrBayes 3.2.7a by a general time-reversible model with
an estimate of the proportion of invariant sites and a gamma
distribution for variable rates across sites (GTR + I + G;
Ronquist et al., 2012). Four Markov chains were run
simultaneously from random starting trees, for 2,400,000
generations (ITS) or 300,000 generations (LSU). Trees
were sampled every 100 generations. The chains stopped
once the average standard deviation of split frequencies
decreased lower than 0.01. The first one-fourth generations
were discarded as burn-in. A majority rule consensus
tree of all remaining trees was calculated. Branches were
considered as significantly supported if they received ML
bootstrap > 75%, MP bootstrap > 75%, or Bayesian posterior
probabilities > 0.95.

RESULTS

Phylogenetic Analyses
The ITS dataset included sequences from 38 strains
representing 33 species of Absidia and related genera.
The dataset had an aligned length of 903 characters, of
which 248 characters were constant, 136 were variable
and parsimony-uninformative, and 519 were parsimony-
informative. MP analyses yielded two equally parsimonious
trees (TL = 4163, CI = 0.3394, HI = 0.6606, RI = 0.3446,
RC = 0.1170). At the end of the inference, the average standard
deviation of split frequencies was 0.009990. All BI, ML, and
MP phylogenetic trees resulted in similar topologies. The
phylogram (Figure 1) consists of three clades, although with
relatively low support values: (1) except the A. pararepens
and A. bonitoensis, all members in the cylindrospora clade
produce cylindric sporangiospores; (2) all members in the
globospora clade produce globose sporangiospores; and (3)
the Absidia cuneospora G.F. Orr & Plunkett separately groups
as a cuneospora clade, forming conical sporangiospores
(Orr and Plunkett, 1959).

The LSU dataset included sequences from 39 strains
representing 34 species within Absidia. The dataset
had an aligned length of 967 characters, of which 562
characters were constant, 117 were variable and parsimony-
uninformative, and 288 were parsimony-informative. MP
analyses yielded 20 equally parsimonious trees (TL = 1422,
CI = 0.4339, HI = 0.5661, RI = 0.6443, RC = 0.2795). At
the end of the inference, the average standard deviation
of split frequencies was 0.009767. All BI, ML, and MP

phylogenetic trees resulted in similar topologies. The
phylogram (Figure 2) consists of three clades, similar to
the ITS phylogram (Figure 1) but with relatively high
support values, in detail, clade cylindrospora, globospora,
and cuneospora with a support of 80/-/0.99, 98/98/1.00, and
100/100/1.00, respectively.

Taxonomic Treatments
Absidia globospora T.K. Zong & X.Y. Liu, sp. nov.
Fungal names: FN570833 (Figures 3, 4).

Holotype: China. Hubei Province, Shennongjia Forestry
District, from soil sample, 20 August 1984, Chen
Guiqing (HMAS 249881, living culture CGMCC 3.16031.
GenBank: ITS = MW671537, LSU = MW671544. NMDC:
ITS = NMDCN0000JB7, LSU = NMDCN0000JB0).

Paratype: China. Shanxi Province, Baoji, Tangyu
County, Taibaishan National Forest Park, from soil sample,
11 October 2002, Wang Xuewei (CGMCC 3.16035.
GenBank: ITS = MW671538, LSU = MW671545. NMDC:
ITS = NMDCN0000JB8, LSU = NMDCN0000JB1); Hubei
Province, Shennongjia District, Hubei Shennongjia Forest
Ecosystem National Field Scientific Observation and Research
Station, from an unknown substrate, 16 October 2002, Wang
Xuewei (CGMCC 3.16036. GenBank: ITS = MW671539,
LSU = MW671546. NMDC: ITS = NMDCN0000JB9,
LSU = NMDCN0000JB2).

Etymology: globospora (Lat.) referring to the shape of
sporangiospores.

Description: Colonies on MEA, irregularly zonate, attaining
73-mm diameter after 6 days at 27◦C, white at first and then
elm green (R17) to dark cress green (R31). Hyphae hyaline at
first, becoming brown when mature (6.0–)8.0–13.5(–14.5)-µm
diameter. Stolons branched, hyaline to brown, smooth, with
few septa near the base of sporangiophores (6.0–)7.0–10.5-µm
diameter. Rhizoids root-like, branched mostly twice and rarely
repeatedly, with a septum at the base. Sporangiophores erect or
slightly bent, 1–5 in whorls, unbranched, simple, monopodial or
sympodial, hyaline, or brown, with a septum (9.5–)11.0–21.5 µm
below apophyses, sometimes a swelling beneath sporangia (45.0–
)65.0–350.0(–440.0) × 5.0–8.5(–9.5) µm. Apophyses distinct,
slightly pigmented (3.0–)4.0–14.0(–20.0) µm high, 4.0–11.0(–
13.5) µm wide at the base, and 11.0–24.0(–26.5) µm wide
at the top. Sporangia globose, multispored, deliquescent-
walled (20.5–)23.0–50.0(–55.5) × (17.0–)23.0–40.0(–57.0) µm.
Columellae hemispherical, hyaline, smooth, sometimes with
a 1–3.5 µm papillary projection at the apex, 12.5–33.5(–
48.5)× (8.5–)10.0–31.5(–46.5) µm. Collars present or absent, but
indistinct if present. Sporangiospores globose, hyaline, smooth,
3.0–4.0(–4.5) × 2.5–3.5(–4.0) µm. Chlamydospores absent.
Zygospores not observed.

Media and temperatures: Colonies on SMA, flower-shaped,
attaining 74-mm diameter after 6 days at 27◦C, white at first and
then olive-citrine (R16) to Kronberg’s green (R31). Colonies on
PDA, flower-shaped, attaining 73-mm diameter after 6 days at
27◦C, white at first and then cossack green (R6) to cerro green
(R5). No growth at 29◦C.
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FIGURE 1 | The maximum parsimony strict consensus tree illustrating the phylogeny of four new species of Absidia and related species in Cunninghamellaceae
based on ITS sequences. Cunninghamella elegans and Cunninghamella blakesleeana serve as outgroups. Branches are labeled with maximum likelihood bootstrap
values higher than 70%, maximum parsimony bootstrap values higher than 50%, and Bayesian posterior probabilities more than 0.95. The lower left scale
represents steps.

Absidia medulla T.K. Zong & X.Y. Liu, sp. nov.
Fungal names: FN570836 (Figures 5–7).

Holotype: China. Yunnan Province, Xishuangbanna Dai
Autonomous Prefecture, Xishuangbanna, from soil sample, 16
June 1992, Hu Fumei (HMAS 249884, living culture CGMCC
3.16034. GenBank: ITS = MW671542, LSU = MW671549.
NMDC: ITS = NMDCN0000JBC, LSU = NMDCN0000JB5).

Paratype: China. Yunnan Province, Kunming, Yunnan
Nationalities Village, from soil sample, 25 August 1995, Guo
Yinglan (CGMCC 3.16037. GenBank: ITS = MW671543,
LSU = MW671550. NMDC: ITS = NMDCN0000JBD,
LSU = NMDCN0000JB6).

Etymology: medulla (Lat.) referring to the spine-like
shape of rhizoids.
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FIGURE 2 | The maximum parsimony strict consensus tree illustrating the phylogeny of four new species of Absidia and related species in Absidia based on LSU
sequences. Cunninghamella elegans and Cunninghamella blakesleeana serve as outgroups. Branches are labeled with maximum likelihood bootstrap values higher
than 70%, maximum parsimony bootstrap values higher than 50%, and Bayesian posterior probabilities more than 0.95. The lower left scale represents steps.

Description: Colonies on MEA, regularly zonate, attaining
74-mm diameter after 5 days at 27◦C, white at first and then
smoke gray (R46), sparse, but abundantly sporulated. Hyphae
hyaline at first, becoming brown when mature, septate in age
(5.0–)7.0–15.5-µm diameter. Stolons branched, smooth, with few
septa near the base of sporangiophores, 3.5- to 6.5-µm diameter.
Rhizoids root-like or spine-like, singly to multiply branched,
with a septum at the base. Sporangiophores erect or slightly
bent, 1–6 in whorls, unbranched, simple or monopodial, rarely

sympodial, hyaline, with a septum 12.5–20.5(–27.5) µm below
apophyses (50.0–)75.0–200.0(–220.0) × (2.5–)3.0–6.0(–7.5) µm.
Apophyses slightly pigmented, 3.0–8.0(–8.5) µm high, 3.0–5.5(–
6.5) µm wide at the base, and 7.5–16.5(–17.5) µm wide at the
top. Sporangia globose to pyriform, multispored, deliquescent-
walled (12.0–)16.0–30.5(–41.0) × (11.5–)15.0–30.0(–32.5) µm.
Columellae hemispherical, hyaline, smooth, generally with a
single 1.0- to 4.5-µm-long projection, 8.5–20.5 × 7.0–17.5 µm.
Collars present or absent, distinct if present. Sporangiospores
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FIGURE 3 | Morphologies of Absidia globospora CGMCC 3.16031. (A) Sporangium; (B,C) columellae; (D) sporangiospores; (E,F) rhizoids; (G) swelling on
sporangiospores; (H) sympodial sporangiophores. Scale bars: (A–C,E–G) 20 µm; (D) 5 µm; (H) 100 µm.

FIGURE 4 | Colonies of Absidia globospora CGMCC 3.16031 at 27◦C after 6 days on MEA (A) obverse, (B) reverse; on SMA (C) obverse, (D) reverse; on PDA (E)
obverse, and (F) reverse.

cylindrical to oval, hyaline, smooth, 3.0–4.5 × 2.0–3.0(–3.5) µm.
Chlamydospores absent. Zygospores not observed.

Media and temperatures: Colonies on SMA, cottony, regularly
zonate, attaining 70-mm diameter after 5 days at 27◦C, white at

first and then pale olive-gray (R51). Colonies on PDA, regularly
zonate, attaining 74-mm diameter after 5 days at 27◦C, white at
first and then snuff brown (R29) to deep olive (R40) in center. No
growth at 33◦C.
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FIGURE 5 | Morphologies of Absidia medulla CGMCC 3.16034. (A) Sporangium; (B,C) columellae; (D) sporangiospores; (E,F) rhizoids. Scale bars: (A–C,E,F)
20 µm; (D) 5 µm.

Absidia turgida T.K. Zong & X.Y. Liu, sp. nov.
Fungal names: FN570834 (Figures 8, 9).

Holotype: China. Xinjiang Uygur Autonomous Region,
Urumqi, Urumqi County, Xiejiagou Natural Scenic Resort, from
soil sample, 7 June 2002, Wang Xuewei (HMAS 249882, living
culture CGMCC 3.16032. GenBank: ITS = MW671540,
LSU = MW671547. NMDC: ITS = NMDCN0000JBA,
LSU = NMDCN0000JB3).

Etymology: turgida (Lat.) referring to the swollen hyphae and
the inflate projection on columellae.

Description: Colonies on MEA, irregularly radially gaped,
attaining 23-mm diameter after 3 days, 35-mm diameter
after 7 days, 50-mm diameter after 12 days at 27◦C, white
at first and then drab gray to drab (R45), sparse, but
abundantly sporulated. Hyphae hyaline at first, becoming brown
when mature, occasionally swollen, 9.0- to 23.0-µm diameter.
Stolons branched, smooth, with few septa near the base of
sporangiophores, 8.5- to 16.0-µm diameter. Rhizoids root-like,
thick, short or comparatively long, simple or 2–3 branched, with
a septum at the base. Sporangiophores erect or slight bent, 1–
4 in whorls, unbranched or sometimes simple, hyaline, with

a septum (17.0–)21.0–39.5(–43.5) µm below apophyses, 125.0–
350.0(–370.0) × (3.5–)4.5–10.0(–11.0) µm. Apophyses distinct,
unpigmented (4.5–)5.0–13.5(–16.5) µm high, 3.5–10.0 µm wide
at the base, and (10.0–)11.0–22.0(–23.5) µm wide at the
top. Sporangia globose to pyriform, multispored, deliquescent-
walled, 20.5–42.5 × 20.0–41.5(–46.0) µm. Columellae mostly
hemispherical, sometimes conical, hyaline, smooth, with a single
clavate projection, up to 9.5 µm in length, with a bulbous
swelling at top (13.0–)14.5–25.0(–26.5) × (10.0–)11.5–21.5 µm.
Collars present or absent, distinct if present. Sporangiospores
variable, globose, cylindrical or irregular, hyaline, smooth, 4.0–
5.0(–6.5) × 3.0–4.0 µm when cylindrical, 3.5–4.5 × 3.0–4.0 µm
or 2.0- to 2.5-µm diameter when globose. Chlamydospores
absent. Zygospores not observed.

Media and temperatures: Colonies on SMA, sporadic, nebula-
shaped, attaining 22-mm diameter after 3 days, 32-mm diameter
after 7 days, 47-mm diameter after 12 days at 27◦C, white at first
and then pale drab-gray to light cinnamon-drab (R45). Colonies
on PDA, irregularly tree ring-shaped, attaining 21-mm diameter
after 3 days, 32-mm diameter after 7 days, 44-mm diameter after
12 days at 27◦C, growing slowly when aerial hyphae reaching the
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FIGURE 6 | Colonies of Absidia medulla CGMCC 3.16034 at 27◦C after 5 days on MEA (A) obverse, (B) reverse; on SMA (C) obverse, (D) reverse; after 7 days on
PDA (E) obverse, and (F) reverse.

FIGURE 7 | Colonies of Absidia medulla CGMCC 3.16037 at 27◦C after 5 days on MEA (A) obverse, (B) reverse; after 6 days on SMA (C) obverse, (D) reverse; after
5 days on PDA (E) obverse, and (F) reverse.

lid of the petri dish, white at first and then drab to hair brown
(R45). No growth at 33◦C.

Absidia zonata T.K. Zong & X.Y. Liu, sp. nov.
Fungal names: FN570835 (Figures 10, 11).

Holotype: China. Beijing (39◦57′58′′N, 116◦11′43′′E), from
soil sample, 31 December 2019, Liu Xiaoyong (HMAS 249883,
living culture CGMCC 3.16033. GenBank: ITS = MW671541,
LSU = MW671548. NMDC: ITS = NMDCN0000JBB,
LSU = NMDCN0000JB4).

Etymology: zonata (Lat.) referring to the zonate colony.
Description: Colonies on MEA, regularly concentric ring

zonate, attaining 69-mm diameter after 8 days at 27◦C, white

at first and then smoke gray (R46). Hyphae hyaline at first,
becoming brown when mature, 5.0- to 10.5-µm diameter.
Stolons branched, smooth, with few septa near the base of
sporangiophores, 4.0- to 8.0-µm diameter. Rhizoids root-like or
tentaculiform, simple or 2–3 branched, with a septum at the
base. Sporangiophores erect or slightly bent, 1–5(–8) in whorls,
unbranched, sometimes simple, rarely monopodial, hyaline,
with a septum 16.0–26.5 µm below apophyses (44.0–)55.0–
180.0(–280.0) × 2.5–5.5(–6.0) µm. Apophyses distinct, slightly
pigmented, 3.0–8.0(–8.5) µm high, 3.0–5.5(–6.5) µm wide at the
base, and 7.5–16.5(–17.5) µm wide at the top. Sporangia globose
to pyriform, multispored, deliquescent-walled, 14.0–27.0× 12.5–
26.5 µm. Columellae hemispherical, hyaline, smooth, generally
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FIGURE 8 | Morphologies of Absidia turgida CGMCC 3.16032. (A) Sporangium; (B,C) columellae; (D) sporangiospores; (E) rhizoids; (F) swollen on hyphae. Scale
bars: (A–C,E,F) 20 µm; (D) 5 µm.

FIGURE 9 | Colonies of Absidia turgida CGMCC 3.16032 at 27◦C after 12 days on MEA (A) obverse, (B) reverse; on SMA (C) obverse, (D) reverse; on PDA (E)
obverse, and (F) reverse.

presenting a single spinous projection, up to 2.0–3.5 µm in
length, 9.5–19.0 × (6.0–)7.5–14.5(–16.5) µm. Collars present or
absent, distinct if present. Sporangiospores mostly cylindrical,
sometimes oval, hyaline, smooth, 3.5–4.5(–6.0) × 2.0–3.0(–
3.5) µm. Chlamydospores absent. Zygospores not observed.

Media and temperatures: Colonies on SMA, rough around the
edges, concentric ring-shaped, attaining 69-mm diameter after
8 days at 27◦C, white. Colonies on PDA, regularly wavy zonate,
attaining 72-mm diameter after 7 days at 27◦C, white at first and
then lime green (R31). No growth at 38◦C.
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FIGURE 10 | Morphologies of Absidia zonata CGMCC 3.16033. (A) Sporangium; (B,C) columellae; (D) sporangiospores; (E) rhizoids; (F) verticillately branched
sporangiophores. Scale bars: (A–C,E) 20 µm; (D) 5 µm; (F) 50 µm.

Key to the known species of Absidia in China
1. Sporangiospores typically globose; Colonies greenish

. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .2
1. Sporangiospores typically cylindrical, oval, or other shaped;

Colonies not greenish. . .. . .. . .. . .. . .. . .. . .. . .. . .3
2. Maximum temperatures below 30◦C; Sporangiophores not

reaching 10 µm in width; Sporangia rarely reaching 55-µm
diameter.. . .. . .. . .. . .. . .. . .. . ... . .. . .. . .A. globospora

2. Maximum temperatures above 30◦C; Sporangiophores
reaching 12 µm in width; Sporangia mostly 50- to 60-µm
diameter.. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .A. glauca

3. Columellae without distinct apical projections
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .A. heterospora

3. Columellae with apical projections
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .4

4. Sporangiospores variable, sometimes irregular in shape and
size. . .. . .. . .. . .. . .. . .. . .5

4. Sporangiospores invariable, always regular
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .6

5. Hyphae without swelling, <9-µm diameter;
sporangiophores sometimes simple, more often monopodial
or verticillate; columellae sometimes with a short
projection. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .Absidia
idahoensis

5. Hyphae occasionally swelling, >9-µm diameter;
Sporangiophores unbranched or sometimes simple;
columellae always with a projection up to 9 µm in length
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .A. turgida

6. Abundant secondary sporangia in older cultures
. . .. . .. . .. . .. . .. . .. . .. . .. . .A. repens
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FIGURE 11 | Colonies of Absidia zonata CGMCC 3.16033 at 27◦C after 8 days on MEA (A) obverse, (B) reverse; on SMA (C) obverse, (D) reverse; after 7 days on
PDA (E) obverse, and (F) reverse.

TABLE 2 | Comparisons of morphological characteristics of Absidia zonata and Absidia koreana on SMA media at 25◦C.

Characteristics A. zonata A. koreana

Colonies 5.5 cm after 4 days 6.2–6.5 cm after 4 days, reverse irregularly zonate

Sporangiophores 1–5 per whorl, occasionally simple (2.6–) 3.2 – 5.6 (–6.5) µm wide 1–6 per whorl, occasionally branched, 3.8–4.6 µm wide

Sporangia Globose to pyriform, 15.8 – 28.5 (–33.5) × 15 – 25.5 (–31.0) µm Globose to slightly elliptical, 19.3–23.6 × 21.1–26.4 µm

Columellae Hemispherical, 11.6–19.6 × 8.4–15.0 Globose, 10.9–17.0 × 11.5–18.9 µm

Sporangiospores Cylindrical, 3.3–4.5 (–5.0) × 2.1–3.2 (–3.4) µm Short-cylindrical or cylindrical, 3.5–4.5 × 2.2–2.4 µm

Collars Present or absent, distinct if presence Present

Distance from apophyses to septa (14.2–) 15.2–22.0 (–25.5) µm 17.7–23.5 µm

6. No abundant secondary sporangia in older cultures
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .7

7. Sporangiophores never in pairs or in whorls
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .A. panacisoli

7. Sporangiophores in pairs or in whorls
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .8

8. Sporangiophores no more than 6 in whorls
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .9

8. Sporangiophores as many as 7–11 in whorls
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .11

9. Maximum temperatures below 35◦C.
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .A. medulla

9. Maximum temperatures above 35◦C
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .10

10. Sporangiophores up to 6 in whorls, occasionally swollen
below the sporangia; Collar absent; Sporangiospores ovoid to
ellipsoid. . ... . .. . .. . .. . .. . .. . .. . .A. ovalispora

10. Sporangiophores up to 4 in whorls, no
swollen; Collar always present; Sporangiospores
cylindrical. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .A.
cylindrospora

11. Rhizoids typically aseptate. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .
A. spinosa

11. Rhizoids generally or rarely septate
. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .12

12. The projections on columellae < 5 µm in length, taper at
the end. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .A. zonata

12. The projections on columellae > 5 µm in length, rounded
at the top. . .. . .. . .. . .. . .. . .. . .. . .A. pseudocylindrospora

DISCUSSION

Phylogenetically, the ITS (Figure 1) and LSU (Figure 2)
trees show that four new species cluster in different clades
of Absidia. The A. globospora (100/100/1.00 for both ITS and
LSU) is located in the globospora clade and most closely
related to A. glauca Hagem (88/100/1.00 for ITS). Their
sibling relationship is completely supported by ITS and
LSU, with 99/100/1.00 and 100/100/1.00 support values,
respectively. Physiologically, A. globospora is similar to
A. glauca in heterothallism but differs in maximum growth
temperature (37 vs. 29◦C). Morphologically, A. globospora is
similar to A. glauca in forming green colonies and globose
sporangiospores. However, A. glauca differs in its wider
sporangiophores (up to 12 µm), glaucous stolons, and larger
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sporangia (mostly 50- to 60-µm diameter, Ellis and Hesseltine,
1965).

The other three new species are placed in the cylindrospora
clade where A. zonata is most closely related to A. koreana
(100/100/1.00 for ITS, 99/95/1.00 for LSU), which is strongly
supported with a high value of 100/100/1.00 or 98/99/0.99.
Both A. zonata and A. koreana are physiologically similar
in maximum growth temperatures but morphologically
differentiated by characteristics on SMA media (Table 2;
Ariyawansa et al., 2015). The width of sporangiospores in
A. koreana are more narrow and uniform. In its protologue,
A. koreana did not form projections, but the figure in
the original article illustrated projections. A. turgida is
basal to A. heterospora in ITS tree (Figure 1) or next
to A. repens Tiegh. and A. pararepens in the LSU tree
(Figure 2). A. medulla is closely related to A. repens in ITS
tree (Figure 1) or A. saloaensis and A. ovalispora in LSU
tree (Figure 2).

The two strains, CGMCC 3.16034 and CGMCC 3.16037,
of A. medulla are similar in maximum growth temperature,
micromorphology, and even colonies on MEA and PDA
media, but slightly different in colonies on SMA media.
The ex-paratype CGMCC 3.16037 is more floccose and
thicker and grows more slowly than the ex-holotype CGMCC
3.16034 when they are incubated on SMA at 27◦C, and it
lacks white concentric rings from the reverse side of the
colony (Figure 7).

The species Chlamydoabsidia padenii Hesselt. & J.J.
Ellis and Halteromyces radiatus Shipton & Schipper are
obviously nested within Absidia in LSU tree (Figure 2).
However, morphologically unique multiseptate, easily
pigmented aerial chlamydospores were developed in
C. padenii, whereas dumbbell-shaped sporangia were
formed in H. radiatus (Hesseltine and Ellis, 1966;
Shipton and Schipper, 1975).

The genus Absidia was proposed to be divided into several
groups distinguishable by their sporangiospores (Kwaśna et al.,
2006; Hoffmann et al., 2007, 2009b; Hoffmann and Voigt, 2008;
Hoffmann, 2010), which is confirmed in the present study with
three well-supported clades, i.e., cylindrospora clade, globospora
clade, and cuneospora clade (Figures 1, 2). Two exceptions are
worth noting, specifically, both A. pararepens and A. bonitoensis
have sub-globose to globose sporangiospores, even though they
are in the cylindrospora clade (Crous et al., 2020).
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