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Identi�cation of
Pseudocercospora mori as the
causal agent of grey leaf spot
disease in mulberry (Morus
atropurpurea ) from various
localities in Guangdong
Province, China
Izhar Hyder Qazi†, Ting Yuan†, Xi Liu and Jiping Liu*

Guangdong Provincial Key Lab of Agro-Animal Genomics and Molecular Breeding, College of Animal
Science, South China Agricultural University, Guangzhou, Guangdong, China
During periods of high temperature and humidity, mulberry trees become
susceptible to fungal leaf spot disease, which can signi�cantly reduce both the
yield and quality of their leaves. In this study, we collected samples of mulberry leaf
spot disease from six regions of Guangdong province of China. The disease samples
were studied using traditional morphological methods, high-throughput sequencing
technology, molecular phylogenetic analysis, and pathogenicity tests. The observed
morphological features of the pathogen were consistent with those of
Pseudocercospora . High-throughput sequencing results revealed the presence of
multiple fungal species in the samples, with Pseudocercospora spp. comprising the
highest proportion. The complete rDNA and mitochondrial genome sequences of
Pseudocercospora spp. were assembled. Based on the sequencing data, primers
were designed to amplify and sequence barcode gene regions, including ITS, Cyt b,
and COI. Phylogenetic analyses consistently placed the pathogen within the family
Mycosphaerellaceae. ITS-based identi�cation con�rmed the pathogen as a member
of the genus Pseudocercospora , while the Cyt b and COI sequences indicated a
relatively distant relationship with the closely related genus Cercospora , thereby
supporting the morphological classi�cation of the pathogen at the molecular level.
In addition, pathogenicity validation identi�ed Pseudocercospora mori as a primary
causal pathogen of leaf spot disease in mulberry. PCR primers speci�cally designed
based on the rDNA sequence of Pseudocercospora mori achieved a detection
sensitivity as low as 3 × 10� � ng/mL. In conclusion, based on morphological and
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molecular phylogenetic evidence, we identi�ed Pseudocercospora mori as the
causal pathogen of mulberry leaf spot disease. This study provides useful data for
practical management of mulberry leaf spot disease at the �eld level, aiding in the
sustainable development of sericulture.
KEYWORDS

barcoding genes, high-throughput sequencing, leaf spot disease, mulberry,
phylogenetic analysis, sericulture, sub-tropical
Introduction

Mulberry is a perennial herbaceous plant native to China (Huang
et al., 2025). It holds great economic importance in sericulture
industry, as mulberry leaves are used as the only feed resource of
the domesticated silkworms (Ji et al., 2008; Chan et al., 2016; Nguyen
et al., 2025). Due to the presence of essential �avonoids,
oligosaccharides, proteins, and volatile compounds, mulberry and
its byproducts are commonly used in human and animal medicine
and food/feed industries (Bai et al., 2024; Deng et al., 2024; Lin et al.,
2025; Hu et al., 2024; Mao et al., 2025; Zhang et al., 2024; Guo et al.,
2025; Hou et al., 2024; Xie et al., 2025). Due to their above mentioned
versatile medicinal and nutritional utilities, mulberry and its
byproducts generate economy worth billions of yuan (CNY)
annually, supporting China�s silk industry, allied businesses, and
supply chains (Liao and Xiao, 2013). However, the stable
development and growth of sericulture and mulberry production
systems continue to be affected due to several devastating diseases.
For instance, during hot and humid seasons, mulberry trees are
susceptible to fungal diseases (Luo et al., 2024). From these, the fungal
leaf spot disease (also known as leaf stain or blight) is one of the
important diseases affecting mulberry production in China and other
sericulture-intensive countries. The causal pathogens of fungal leaf
spot disease of mulberry are complex and diverse, with varying
occurrence and severity of the disease in different parts of the
world (Arunakumar et al., 2023; Saif et al., 2023; da Costa et al.,
2021; Soylu et al., 2003). Although, the disease is caused by many
different fungi, the fungal leaf spot disease often exhibits similar
pattern and cycles. Importantly, the disease signi�cantly affects the
mulberry leaf quality and nutritional value (Arunakumar et al., 2023).

The grey leaf spot, caused by Pseudocercospora mori, is recognized
as one of the most widespread mulberry diseases in China, severely
impacting the leaf quality and yield of mulberry (Zhang, 1975; Mekala
et al., 2025). Although the disease causes signi�cant economic losses,
little information is available about its distribution and occurrence in
China. In addition, the exact estimation of its economic impact is
dif�cult due to the complexities of farming practices and sericulture
industry (Liu Jiping, personal communication).

The grey leaf spot disease is typically characterized by dark,
mold-like spots and necrotic lesions on the undersides of leaves,
leading to reduced leaf quality and premature leaf drop, which
02
signi�cantly affects sericulture and the medicinal and nutritional
value of mulberry leaves (Teotia et al., 1997; Shree et al., 1997).
The disease reduces chlorophyll, sugars, and proteins in leaves
while increasing phenolic compounds, impairing photosynthesis
and water use ef�ciency (Kumar et al., 2011a; Shree et al., 1997).
The disease has been reported in Australia (Grice et al., 2006), Iran
(Hesami et al., 2012), India (Govindaiah et al., 2002), Pakistan
(Niaz et al., 2010), Thailand (Phengsintham et al., 2013), and
Kenya (Peris et al., 2012).

Pseudocercospora mori primarily overwinters as mycelium in
infected leaf tissues, with overwintering conidia having low viability
in natural conditions are insuf�cient to cause an infection. The
following year, overwintering mycelium produces conidia that spread
and initiate the primary infection, followed by secondary conidia from
new lesions, leading to widespread disease (Zhang, 1975; Wang et al.,
1994; Babu et al., 2002). It is believed that both pathogen accumulation
and environmental in�uences contribute to the intensi�cation of the
disease (Huang and Zhu, 2013). Located in the subtropical climate zone
with ample sunlight and rainfall, Guangdong province is one of the
important sericulture and mulberry production areas in China.
Mulberry trees are typically densely planted as shrubs, creating
favorable conditions for grey leaf spot outbreaks, resulting in
substantial losses to the farmers and industry (Govindaiah et al.,
2002; Maji et al., 2008). Based on the traditional morphological
analysis methods, Pseudocercospora mori is classi�ed in the
Deuteromycotina subphylum, with well-developed mycelium
producing scattered conidia on mycelium or conidiophores, lacking
sexual reproductive characteristics, and belonging to the Dematiaceae
family (Qiu, 1998; A�vila et al., 2005). However, in�uenced by the notion
that �sericulture outweighs mulberry cultivation,� the knowledge of this
pathogen remains limited locally and globally, hindering effective
identi�cation and control of grey leaf spot disease (Zhang, 1975).

Recent technological advancement has helped in molecular
identi�cation of novel plant pathogens based on their DNA
sequence analysis. The ITS sequences, rRNA sequences, and
mitochondrial genes (e.g., COI, Cyt b) are targeted for rapid
fungal identi�cation (Crous et al., 2013a, Crous et al., 2013b;
Schoch et al., 2012; White et al., 1990; Hebert et al., 2003; Stielow
et al., 2015; Gao and Zhang, 2013). ITS sequences, with conserved
�anking regions and moderate variability, are the primary barcode
for fungal identi�cation but they require integration with the host
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and morphological data due to high interspecies similarity or plant
DNA interference (Schoch et al., 2012; White et al., 1990). High-
throughput sequencing enhances identi�cation accuracy,
supporting population dynamics and gene function studies
(Walkowiak et al., 2016). Disease epidemiology is in�uenced by
pruning timing, shoot age, and weather conditions, yet these
relationships remain underexplored (Kumar et al., 2011a; Maji
et al., 2008; Hawksworth, 2003).

Given the economic value of mulberry leaves and the signi�cant
threat of the grey leaf spot disease in Guangdong province of China,
this study integrated traditional morphological, high-throughput
sequencing, and molecular analyses to systematically investigate the
symptoms, describe pathogen morphology, and identify the locally
prevalent causal agent of grey leaf spot disease of mulberry
(Morus atropurpurea).
Materials and methods

Material

The main biological materials in this study were mulberry (Morus
atropurpurea; Guisangyou 12 variety) leaves affected with leaf spot
Frontiers in Plant Science 03
disease (see Figure 1 and Table 1). Mulberry leaves showing typical
symptoms of leaf spot disease were collected from six mulberry
orchards in Guangdong Province of China. Infected leaves had jet-
black to dark gray lesions that were round, irregular, or oval in shape,
measuring 2�10 mm in diameter. Initially, they appeared as small,
dark spots that gradually expanded and merged into larger patches.
These lesions were primarily located in the lower middle side or
margins of leaves. The detailed description of collected material is
given in Table 1. Brie�y, the material was collected from different
localities of Guangdong province including Guangzhou City,
Wengyuan county, Shaoguan city, Yangshan county, Qingyuan
city, Liannan Yao Autonomous county, Qingyuan city, Yingde city,
Qingyuan city, Huazhou city, and Maoming city. In addition, winter
soil and branch materials were collected from Yingde city, Qingyuan
city, Huazhou and Mulberry demonstration base of the South China
Agricultural University, Guangzhou, China.

Identi�cation of causal fungal pathogen of leaf
spot disease based on traditional morphological
analysis

Mycelium, conidial peduncle, conidia, ascospores, spore
producing cells, etc. were photographed and recorded, and
microscopic orders of magnitude such as mycelium width,
FIGURE 1

Map showing sampling locations across Guangdong province and number of samples of leaf spot-infected mulberry leaves. This map shows the
administrative divisions of Guangdong Province, China. Landmarks represent sampling locations in this study. Samples were collected in six locations
across three cities: Guangzhou City, Shaoguan City, Qingyuan City, and Maoming City. Color intensity represents the number of samples collected.
For further details, readers can refer to Table 1.
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conidium size, conidial peduncle length and width, and the number
of conidial septa were described and recorded in detail
(Woudenberg et al., 2013). A �uorescence microscope MF30
(Guangzhou Mingmei Optoelectronics Technology Co., Ltd.) was
used to obtain photographs. A ruler was added using the Mshot
Image Analysis System of Mingmei Microscopic Digital
Measurement and Analysis System. The length and width of
conidia, width of hyphae, length and width of hyphal peduncle,
and size of the septa were measured and the relevant data were
counted. The mycelium and conidia of the fungi were stained and
observed using dyes such as Calco�uor White Stain, Fluorescent
Brightener 28 Stain, and AOPI Stain. Morphological descriptions of
several possible genera of mulberry leaf spot pathogens belonging to
the family Dematiaceae (dark spore family) were compared in an
attempt to identify the genera of the pathogens.

Molecular identi�cation of causal fungal
pathogen of leaf spot disease

In this study, typical samples of grey leaf spot disease of mulberry
(Morus atropurpurea; Guisangyou 12 variety) collected from
Guangzhou, Guangdong Province were observed under a microscope
to ensure that the diseased samples contained abundant target
pathogen spores and very few other pathogens/microorganisms.
Frontiers in Plant Science 04
DNA extraction and PCR ampli�cation

The extraction of fungal genomic DNA was based on the CTAB
method and/or as per the instructions of Genview GV-Filamentous
Fungi Genomic DNA Extraction Kit (LOT: 61014010105). The
extraction of DNA of mulberry leaves was performed using Plant
Genomic DNA Extraction Kit (LOT: 69700110). The bacterial DNA
(where applicable) was extracted using Shanghai Bio-Tech SanPrep
Column Plasmid DNA Mini-Extraction Kit. The DNA from soil
collected from around the morbid mulberry trees was extracted
using the Genview kit with some modi�cations.

PCR was performed using a 2×Taq Master Mix from
Microanalysis Co., Ltd., containing Taq DNA polymerase, Tris-
HCl, (NH4)2SO4, MgCl2, and dNTPs. Primers at 0.4 mmol/L were
provided by Sangon Biotech (Shanghai) Co., Ltd., Guangzhou
Branch. Annealing temperatures were adjusted based on melting
temperatures of primers. The PCR protocol included an initial
denaturation at 94°C for 5 minutes, 30 cycles of 94°C for 30 seconds,
annealing at 55-58°C for 30 seconds, and 72°C for 1 minute, ending
with a �nal extension at 72°C for 10 minutes. PCR products (3�5
mL) were analyzed on 1.4% agarose gels stained with ethidium
bromide and visualized with the Tanon-1200 system. Target
fragments were puri�ed using a DNA kit, involving gel
dissolution, spin column processing, and ethanol washes, then
eluted and stored at -20°C. Sequencing was done by Sangon
Biotech, assembled with Lasergene Seqman, and compared via
NCBI BLAST for species identi�cation.

Phylogenetic analyses (where applicable) were performed using
the Maximum Likelihood (ML) method in MEGA12 software
(Kumar et al., 2024).
High-throughput sequencing of mulberry
leaf spot disease pathogens

The diseased leaves with relatively single colonies were
selected and sent to Guangzhou Ruike Gene Technology Co.
Ltd. for high-throughput sequencing of the whole genome of
ribosomal DNA (rDNA) and mitochondrial DNA (mtDNA).
The presence of fungi in the colonies was analyzed through the
assembly and annotation of the sequencing results. The full length
of the sequences of rDNA and mDNA of the major pathogenic
fungi were also obtained.
DNA extraction, library construction and
sequencing

The total DNA was extracted using the Fungal DNA Extraction
Kit following the manufacturer�s instructions, and the extracted
DNA was stored at -20°C. The total DNA was constructed into a
double-ended, high-throughput sequencing library with a 500-bp
insertion using the Illumina Hiseq2500/4000, and a total of 4.38 Gb
of high-throughput sequencing was generated.
TABLE 1 Number and collection location of mulberry leaf spot
disease leaves.

S. no. Collection area

Geographic
location (east
longitude,
north latitude)

Number
of samples

1
Guangzhou City,
Guangdong
Province (GZ)

113.359528,
23.170115

40

2

Wengyuan County,
Shaoguan City,
Guangdong
Province (WY)

114.143277,
24.369938

20

3

Yangshan County,
Qingyuan City,
Guangdong
Province (YS)

112.639911,
24.471893

20

4

Liannan Yao
Autonomous County,
Qingyuan City,
Guangdong
Province (LN)

112.039816,
24.548602

20

5
Yingde City, Qingyuan
City, Guangdong
Province (YD)

113.457986,
24.184965

20

6

Huazhou City,
Maoming City,
Guangdong Province,
China (HZ)

110.654611,
21.664831

20
Cladosporium sp., Penicillium verruculosum, Aspergillus sp., Phanerina mellea,
Schizophyllum commune, Lasiodiplodia theobromae, Candida mucifera, Phyllactinia
moricola, Ciboria canrunculoides, Lecanicillium psalliotae and Pseudomonas aeruginosa
were obtained from the Regional Sericulture Training Center for the Asia-Paci�c, College
of Animal Science, South China Agriculture University, Guangzhou, China.
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Gene sequence assembly

As the DNA extraction process included leaf material, therefore,
in order to reduce the in�uence of the mulberry genomic data on
the microbial sequence assembly, the genomic DNA sequences of
the mulberry leaves were �rstly removed before performing the
microbial sequence assembly. The whole genome sequence of
Morus notabilis (GCA_000414095.2) and the chloroplast genome
sequence (NC_027110.1) were selected as the reference genome
sequences. The data were compared and analyzed using the BWA
(0.7.12-r1039) mapping software. To map the sequencing data with
the reference genome of mulberry tree and to determine the
sequenced fragments of the reference genome in comparison with
genome sequence of mulberry tree, MEM comparison algorithm
was selected using the double-end comparison method, with default
parameters of the software. A computer program written in python
was used to remove the mulberry sequencing data from the fastq
sequencing data before proceeding to microbial sequence assembly.
Microbial sequence assembly was performed using MetaVelvet
(v1.2.01) assembly software.
Sequence annotation, species identi�cation
and species abundance analysis

The sequence tag annotation was performed using blastn (2.2.31+)
sequence comparison analysis software. The assembled sequence tag
sequences were compared with the nt database of the NCBI. The blastn
comparison was set to an expectation value of <1e-20, and the sequence
tags were annotated based on the comparison results. The rDNA
sequences are important and most commonly used molecular markers
for bacterial and fungal identi�cation, so species taxonomic
identi�cation and quanti�cation use rDNA as the main molecular
marker. Therefore, based on the results of sequence tag annotation,
rDNA sequences were selected as the basis for microbial identi�cation
and quantitative analysis. Using BWA (0.7.12-r1039) + samtools (v1.2)
analysis software, the average sequencing depth of rDNA fragments in
the sequencing data was calculated and used as the abundance value of
the species.
Complete ribosomal DNA assembly and
experimental validation

The rDNA of fungi consists of 18S segment, ITS1 segment, 5.8S
segment, ITS2 segment and 28S segment, with a total length of the
sequence about 6 Kb. The initial sequence tag assembled by
MetaVelvet (v1.2.01) was a broken ribosomal tag. Therefore, in
order to obtain complete rDNA sequences, the analysis was
performed using the sequence capture and de novo assembly
strategy. The rDNA sequence containing the ITS sequence of the
target pathogen was selected as the reference sequence, and BWA
(0.7.12-r1039) software was used to perform 0 mismatch and 0 gap
comparison. Based on the comparison results, the double-ended
Frontiers in Plant Science 05
sequenced fragments were obtained from the sequencing data. The
sequence was further assembled and extended using MetaVelvet
(v1.2.01) assembly software. The complete rDNA sequence was
obtained after multiple cycles.
Annotation and GC ratio analysis of
ribosomal DNA sequences

The rDNA sequences were annotated using blastn (https://
blast.ncbi.nlm.nih.gov/) software of the NCBI to compare the
rDNA sequences with the nt database, and 28S region, ITS1
region, 5.8S region, ITS2 region and 28S region were annotated.
The GC ratios of the sequences were analyzed using a computer
program written in python language to calculate the average GC
ratio of each region. The program calculates the GC ratio
characteristics of rDNA with a window of 100bp and step size
of 10bp.
Calculation of genetic distances and
systematic classi�cation

The 18S sequences, ITS1 + 5.8S+ITS2 sequences, 28S sequences,
and complete rDNA sequences were compared with closely related
species using MUSCLE (v3.8.31) package. Genetic distances
between each segment of the rDNA sequence and the relatives
were calculated separately using MEGA 12 software. The optimal
alternative model for the phylogenetic tree was selected using
jModelTest2 (https://github.com/ddarriba/jmodeltest2) and this
was substituted into the phylogenetic tree constructed using the
maximum likelihood (ML) method, with 1,000 iterations of the
evolutionary tree.
Molecular identi�cation of pathogenic
fungi based on DNA barcoding

The validation and speci�c detection primers for the ITS region
were designed based on the complete rDNA sequence results. Based
on the whole genome sequence annotation results of mtDNA, the
validation and speci�c detection primers were designed for the
ampli�cation of partial regions of Cyt b and CO I genes. These
primers were validated and used for pathogen-related gene
sequence differences in different regions. Primer Premier 5.0 and
NCBI Primer BLAST software were used to design primers. For
PCR ampli�cation conditions and procedures, see sub-section
�DNA extraction and PCR ampli� cation�.

The ampli�ed sequences were compared using the BLAST
function of the NCBI, taking into account Identities and Query
cover, and judged according to the score in ascending (high to low)
order to determine the closest species/strains. The phylogenetic
analysis was performed and trees were constructed using
MEGA12 software.
frontiersin.org
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Isolation and puri�cation of fungal spores
from mulberry leaves

Initial attempts to isolate the fungal pathogen on Potato Dextrose
Agar (PDA) were unsuccessful. As a result, we employed a serial
inoculation technique using fresh mulberry (Morus atropurpurea)
leaves, and the isolate�s purity was con�rmed through microscopic
examination. Symptomatic leaves were rinsed, surface-sterilized with
1% sodium hypochlorite for 60 s, rinsed thrice in sterile water, and
blotted dried. Infected tissue was excised, suspended in 300mL sterile
water, vortexed for 1 min, and �ltered through cheesecloth to yield a
spore suspension (104�105 spores/mL). Healthy mulberry leaves were
sterilized and placed in a double-layer petri dish system, with petioles
accessing water through 5-mm holes. The suspension was diluted
(1:100) and inoculated (10 mL, 4�6 sites/leaf) onto leaves, incubated at
22�25°C with a 12-h photoperiod for 7�14 days. Spores from resulting
lesions were harvested with 300 mL water containing 0.01% Tween 80,
�ltered (40-mm mesh), and re-inoculated onto new leaves for three
cycles. Lesions were examined (400× magni�cation) to con�rm spore
uniformity and purity. Final spores were harvested, centrifuged at
3,000 × g for 5 min, and resuspended to 105�106 spores/mL. Spores
were stored at 4°C (short-term) or � 80°C in 20% glycerol (long-term).
Pathogenicity was con�rmed by inoculating spores onto healthy
leaves to ful�ll Koch�s postulates, and DNA extraction for
molecular identi�cation (Choi et al., 1999; Agrios, 2005).
Re-inoculation experiment for veri�cation
of pathogens based on Koch’s postulates

In this experiment, the conidia of the mulberry leaf spot disease
pathogen were collected and used as a test material. The inoculum was
prepared by eluting the conidia in sterile water and shacked evenly. The
density of conidia suspension was adjusted to a concentration of 1.0
x108 spores/mL (Babu et al., 2002). Detached healthy and mature
mulberry leaves were used for inoculation. The conidia suspension was
applied to the back of the mulberry leaves with sterile absorbent cotton
dipped in the conidia suspension. The process was repeated several
times, and then the material was sealed in sterile bags, and a certain
amount of spore suspension was sprayed with a spray bottle before
�nal sealing. At an interval of 10 days, the inoculated leaves were
randomly picked and observed to check pathogen infection (to check
whether the pathogen infection has entered the latent stage). If conidia
hyphae were observed on the leaves, they were deemed suitable for
downstream analysis. The lesion part of the grafted sample was
observed microscopically, and the morphological characteristics of
the lesion were recorded and compared with the lesion under
natural conditions to determine whether the disease state of the
grafted sample was consistent with the natural disease state.
Detection of pathogenic fungi

The mycelia on diseased mulberry leaves were eluted and pure
DNA of the pathogen was extracted. Mulberry leaves were collected
Frontiers in Plant Science 06
from plants at different stages of the disease, including the early,
peak and late stages. The same weight of leaves was weighed for all
disease stages and used for the DNA extraction. The leaves collected
at the onset (early) of the disease were treated differently to simulate
the degradation process of plant leaves in the outdoor environment,
including aging, air-drying and rotting treatments. In addition, the
DNA was extracted from the soil around the morbid mulberry
leaves in the mulberry orchard and the epidermis of the morbid
mulberry branches. The speci�c primers were designed and used to
verify the presence of the leaf spot disease pathogen in the samples.

In the re-inoculation experiment for the early stage of infection,
the pathogenic fungus invaded into the mesophyll cells of mulberry
leaves but no large number of mycelia, i.e., visible spot and lesions
were formed on the surface of the mulberry leaves. The situation
was similar to that of the leaves before the outbreak of the disease.
The DNA was extracted from the leaves at the early stage of
infection, and then subjected to standard PCR ampli�cation and
electrophoresis to observe the presence of the target bands and to
con�rm the infection.
Results

Observation and comparison of symptoms
of mulberry leaf spot disease in different
regions of Guangdong Province of China

As shown in Figure 2, the manifestation of mulberry leaf spot
disease in the samples collected from six cities or counties in
Guangdong Province were different in different regions and
collection periods. In Guangzhou, the samples were collected
during the transition from the summer and autumn to early
winter, over a time period of three months. During this period,
the mulberry leaf disease gradually spread from the middle and
lower parts of the branches to the whole plant, and even to the top
of the branches. The number of spots on each leaf was higher, and
the spots were in the form of grey mold, indicating abundant
mycelia. In the late stage plantation, the land was relatively dry, and
the aging degree of the leaves was higher, and the diseased leaves
could be seen at the top of the branches (Figures 2a, b). In the
samples collected from Wengyuan county, the leaf spots were black,
with fewer mycelia. The spots appeared like dye, and fewer
discolored spots were observed on the leaf surface (Figures 2c, d).
The samples from Yangshan county were collected in the early
autumn. The management of the mulberry plantation was better,
with minimal incidence of the mulberry leaf spot disease. The
samples were collected from mulberry trees maintained in a low
shrub form, with leaf-bearing branches located close to the ground,
and the back of the leaves showing a lighter black powdery
appearance (Figures 2e, f). In Liannan County, the samples were
collected from middle of the branches mulberry trees planted in the
form of shrubs. The appearance of leaves was poor with grey spots,
and no discoloration spots on the leaf surfaces. At the time of
sampling, there were milder episodes of mulberry leaf spot disease
(Figures 2g, h). The samples were collected from Yingde City in the
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winter, and the episodes of mulberry leaf spot disease were serious.
The lesions of mulberry leaf spot disease were black and almost
covered the back of the leaves, but there were not many discolored
spots on the leaf surface (Figures 2i, j). The samples from Huazhou
city were collected in the summer, when the attack of mulberry leaf
spot disease was mild. The samples were collected from the lower
part of the branches, with lighter characteristics of the disease, a
lighter degree of grey coloration, and a lesser number of leaves
affected with lower number of spots on the leaves (Figures 2k, l).
Pathogen identi�cation based on
morphological observation after host-
based puri�cation of mulberry leaf spot
pathogen spores

The samples of mulberry leaf spot disease collected from six areas
in Guangdong Province were scraped and diluted for observation of
morphology of the pathogen under the microscope. Host-based
puri�cation via three serial leaf inoculations ensured pathogen
purity. The representative images are shown in shown in Figures 3,
4, and Supplementary Figure 1. The microscopic observation revealed
that the longer conidia had six septa crumpling inwards. The widest
part of the conidia was 5.233 mm and the length reached 53.410 mm.
Based on length and number of septa, it was determined that these
were the conidia produced on the hyphae. The shorter conidia had
three septa crumpling inwards. The widest part of the conidia was
5.436 mm, and the length reached 26.220 mm. Based on length and
number of septa, it was determined that the conidia were produced
on the conidiophore.
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As shown in Figure 3, the mycelia were found to be epiphytic
(found on the external surface of leaves; Figure 3a) and endophytic
(found inside the leaves; Figure 3b), with well-developed (Figure 3c)
or smaller ascospores (Figure 3d). According to the morphological
identi�cation methods of related fungi, there were conidiophores on
the ascospores, which were clustered (Figure 3e), zigzag, irregular in
shape, and partially branched, so Clasterosporium was ruled out.
When the conidia are produced, they are produced in the form of
buds, and after falling, the spore-producing cells can continue to
grow and swell, which is a full-wall budding growth. Our
morphological observation revealed that the conidia only had
septa (Figure 3f), which were relatively straight stick-shaped, and
the morphology didn�t conform to the description of Sirosporium.
The conidia were produced on hyphae, and the hyphae were
endophytic or epiphytic, so Cercospora was ruled out. Based on
foregoing typical morphological characteristics, the pathogen of
mulberry leaf disease was presumed to be Pseudocercospora.

As shown in Figures 4a, b, the pathogens produced a higher
brightness when stained with the Calco�uor White, indicating that
their cell wall contained cellulose or chitin, which combined well
with the stain. Using �uorescent colorimetry, it was found that, in
addition to mycelium and conidia, more colorable impurities can
be seen (Figure 4b), most of those were the impurities that cannot
be seen in the ordinary light �eld (Figure 4a). The Fluorescent
Brightener 28 stained the pathogen uniformly. Under the UV light,
the �uorescence brightness was weaker than that of Calco�uor
staining, but the staining was more uniform (Figures 4c, d). The
staining effect of impurities was also weaker, indicating that the
stain didn�t affect the observation of fungi and that the fungal
conidia contained chitin.
FIGURE 2

Symptoms of mulberry leaf spot disease in samples collected from different areas of Guangdong Province. (a, b) are diseased leaves collected from
mulberry demonstration base of South China Agricultural University, Guangzhou city. (c, d) are diseased leaves collected from mulberry orchard of
silkworm farmers in Wengyuan county, Shaoguan city. (e, f) are diseased leaves collected from mulberry orchard at the silkworm extension center of
Yangshan county, Qingyuan city. (g, h) are diseased leaves collected from mulberry orchard at the silkworm extension center of Liannan Yao
Autonomous county, Qingyuan city. (i, j) are diseased leaves collected from mulberry orchard at Yingde silkworm seed farm, Yingde city, Qingyuan
city. (k, l) are diseased leaves collected from mulberry orchard at the silkworm extension center of Huazhou city, Maoming city.
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AOPI staining to determine the activity of
pathogens

The conidia stored at 4°C for 60 days to simulate overwintering
were stained with AOPI to test the viability of conidia when stored
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at low temperature for a longer period of time. As shown in
Figures 4e, f, except for a few, most of the conidia were stained in
each �eld of view, (Figure 4e). The hyphae were weakly stained and
some sections of conidia were orange-red, but there were complete
green conidia (Figure 4f), indicating that there were still many
FIGURE 3

Morphological observations of pathogenic fungi of leaf spot disease. (a). epiphytic mycelium (on the back of the leaf; scale bar is 5 mm); (b).
endophytic mycelium (inside the leaf), (c). developed ascospores, (d). mycelium, (e). conidiophores on the undeveloped ascospores, (scale bar is 50
mm); (f). Mature septate conidia (scale bar is 5 mm). These images are obtained after host-based puri�cation of mulberry leaf spot pathogen spores.
FIGURE 4

Calco�uor white stain (a, b), �uorescent brightener 28 (c, d), and AOPI (e, f) staining of pathogenic fungi. (a, c) are conidia under the normal light
�eld after staining; (b) is the conidia in the UV light �eld after Calco�uor White Stain staining; (d) is the conidia in the UV light �eld after Fluorescent
Brightener 28 staining. (e) is hyphae and conidia under normal light after staining; (f) is hyphae and conidia under blue light after staining. The scale
bar is 20 mm.
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