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Characteristics of Corynespora
cassiicola, the causal agent

of tobacco Corynespora leaf spot,
revealed by genomic and metabolic
phenomic analysis

Ruichao Feng¥?, Hancheng Wang'*‘, Xinghong Zhang?, Tong Li2, Chunyang Huang*,
Songbai Zhang?*, Meili Sun?, Caihua Shi®, Jingrong Hu® & Jianyu Gou***

Corynespora cassiicola is a highly diverse fungal pathogen that commonly occurs in tropical,
subtropical, and greenhouse environments worldwide. In this study, the isolates were identified as C.
cassiicola, and the optimum growth and sporulation were studied. The phenotypic characteristics of
C. cassiicola, concerning 950 different growth conditions, were tested using Biolog PM plates 1-10.

In addition, the strain of C. cassiicola DWZ from tobacco hosts was sequenced for the using lllumina
PE150 and Pacbio technologies. The host resistance of tobacco Yunyan 87 with different maturity
levels was investigated. In addition, the resistance evaluation of 10 common tobacco varieties was
investigated. The results showed that C. cassiicola metabolized 89.47% of the tested carbon source,
100% of the nitrogen source, 100% of the phosphorus source, and 97.14% of the sulfur source. It can
adapt to a variety of different osmotic pressure and pH environments, and has good decarboxylase
and deaminase activities. The optimum conditions for pathogen growth and sporulation were

25-30 °C, and the growth was better on AEA and OA medium. The total length of the genome was
45.9 Mbp, the GC content was 51.23%, and a total of 13,061 protein-coding genes, 202 non-coding
RNAs and 2801 and repeat sequences were predicted. Mature leaves were more susceptible than
proper mature and immature leaves, and the average diameter of diseased spots reached 17.74 mm
at 12 days. None of the tested ten cultivars exhibited obvious resistance to Corynespora leaf spot of
tobacco, whereby all disease spot diameters reached >10 mm and > 30 mm when at 5 and 10 days after
inoculation, respectively. The phenotypic characteristics, genomic analysis of C. cassiicola and the
cultivar resistance assessment of this pathogen have increased our understanding of Corynespora leaf
spot of tobacco.

Keywords Corynespora cassiicola, Biolog phenotype microarray, Polygenic identification, Cultivar resistant
evaluation, Illumina PE150 and Pacbio

Tobacco (Nicotiana tabacum L.) is an economic crop widely planted in the world of which China accounts for
nearly 40% of the global tobacco leaf production and 40% of the global tobacco consumption’. Tobacco is easily
infected by pathogenic fungi and bacteria during every period of its growth and development?. The four primary
diseases—brown spot, Corynespora leaf spot, wildfire and horn spot—often occur simultaneously during the
field period, causing irreparable damage. Corynespora leaf spot caused by C. cassiicola is a worldwide disease
that infects many economically important crops such as rubber tree (Hevea brasiliensis)®, tomato (Solanum
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lycopersicum L.)*, cucumber (Cucumis sativus L.), cotton (Gossypium hirsutum L.)®, tobacco (Nicotiana tabacum
L.)” and soybean (Glycine max (L.) Merr.)®. It has also been found in nematodes’, sponges'?, and rare cases of
human infection''. Tobacco leaves infected by this disease normally start from the middle and lower tobacco
leaves, with dark green spots which are water-stain-like initially, gradually turning brown, and ultimately expand-
ing or combining to form nearly round spots, in conjunction with irregular large spots'%. Tobacco Corynespora
leaf spot was first reported in Nigeria in 1973”. In China, the disease has been reported in the Guizhou, Guangxi,
and Jiangxi provinces. Corynespora cassiicola has a strong infectivity, a wide range of transmission routes, and
mutates easily. Until now, there are still no effective control measures for Corynespora leaf spot in tobacco.

Corynespora cassiicola isolates exhibits a variety of different lifestyles, including endophyte!*!4, saprophyte
and necrotrophic pathogens'”. It has been shown to have multiple pathogenic types without clear geographic and
host boundaries'®". In addition, C. cassiicola isolates in the same climate had great differences in fungal growth,
sporulation and pathogenicity 2°-22. Some basic biological characters of C. cassiicola from different hosts have
been reported by previous studies. The optimum temperature for the growth and sporulation of C. cassiicola
ranges between 28 and 30 °C. At relative humidity > 90%, the suitable temperature range for spore germination of
the pathogen ranges between 15 °C and 35 °C, with optimum temperature ranging from 25 °C to 30 °C*-%*. How-
ever, the biological characteristics related to the carbon, nitrogen, phosphorus, and sulfur requirements, osmotic
pressure, and the pH of the pathogen are still unknown. These are essential factors affecting the growth of this
species. The phenotypic microarray (PM) system (OmniLog) developed by Biolog (Hayward, CA, United States)
is capable of simultaneously characterizing nearly 1,000 metabolic phenotypes*>?”. PM systems have been used
to analyze the phenotypes of many microorganisms, including Alternaria alternata®®, Pseudomonas syringae®,
Botrytis cineara®, Ralstonia solanacearum®', Phytophora parasicitica®*. Moreover, comparing the metabolic pro-
files of these tobacco pathogens might provide insight into the mechanisms of the mix-infection of these diseases.

Genome sequencing is one of the important tools to study microorganisms. The third generation sequenc-
ing platform plays an indispensable role in genome analysis of microorganisms such as fungi***, bacteria®>¢
and yeasts* due to its extremely long sequencing read length and non-GC bias. The study of Chin et al., (2013)
showed that the SMRT technology was used to assemble 16 microbial genomes, which were 99.99% consist-
ent with the reference genome®®. Brownl et al. 2014 also found that there was still some gap in the genome of
Clostridium autoethanogenum assembled by the second-generation sequencing platform Illumina, while the
third-generation sequencing platform Pacbio could solve this problem perfectly®. Similar results were reported
by Schmid et al.** in Nanopore MinION sequencer, the genome assembly of Pseudomonas koreensis P19E3
was completed for the first time*’. Genome sequencing is an important tool for understanding the pathogenic
mechanisms of microbial pathogens and can be used for phylogenetic analysis of the species*.

Planting resistant cultivars is an important measure for plant disease management. C. cassiicola is listed
as a high-risk pathogen for disease management by the Fungicide Resistance Action Committee*2. Fungicide
resistance to C. cassiicola has been elucidated in numerous crops, including cucumber*?, papaya*!, and tomato™.
Currently, the breeding of varieties resistant to Corynespora Leaf Fall Disease of Hevea Rubber***” and Cucumber
leaf spot*®#° has been focused. The reported methods for identification of cultivar resistance to Corynespora Leaf
Fall Disease of Hevea Rubber primarily included cake puncture, spore fluid spot grafting, the toxin pathogenic
method and the spore fluid spray method*. The reported methods for identification of resistance to cucumber
target leaf spot comprised mainly of artificial inoculation at the seedling stage and an identification of toxin
inoculation*®*°. However in tobacco, cultivar resistance to Corynespora leaf spot is still unclear, and there is still
a lack of methods to identify tobacco resistance to C. cassiicola.

Therefore, the objectives of this study were: (i) to investigate the basic biological characteristics and metabolic
phenotype of C. cassiicola, (ii) to sequence the genome of C. cassiicola, (iii) to investigate the cultivar resistance of
10 tobacco cultivars to Corynespora leaf spot of tobacco. The outcome of this study will increase our understand-
ing of this pathogen and help growers to find potential disease resistant cultivar resources for tobacco breeding.

15,16
>

Materials and methods

Strain materials, culture conditions and phylogenetic tree construction

The isolates of C. cassiicola DWZ, WZ-16, WZ-45 with wild-type sensitivity and pathogenicity to tobacco were
selected for analysis. It was isolated and identified by the microbiology laboratory of Guizhou Academy of
Tobacco Science and stored in a refrigerator at 4 °C. Multigene phylogenetic analysis of these isolates were
performed using ITS*! and EF1-a* gene sequences. The evolutionary history was inferred using the Neighbor-
Joining method™. The evolutionary history was inferred using the neighbor connection method> and the optimal
tree was drawn to scale. The evolutionary distances were computed using the Maximum Composite Likelihood
method. The sequences referenced in this study (Table 1).

The growth and sporulation of C. cassiicola DWZ, WZ-16 and WZ-45 under different temperature and
medium were measured. The experiment was conducted by using different agar media, including potato dextrose
agar medium (PDA), alkyl ester agar medium (AEA), oatmeal agar medium (OA), maltose yeast extract agar
medium (MA), rye agar medium (RA), czapek-Dox agar medium (Czapek), water agar Medium (WA) were
cultured in a temperature range of 10 °C to 35 °C. To ensure the reliability of the results, five replicate plates
were used for each temperature and medium. AEA medium (5 g/L yeast extract, 6 g/L NaNOs, 1.5 g/L KH,PO,,
0.25 g/L MgSO,, 0.5 g/L KCI, 20 mL/L glycerol, 20 g/L agar) was used for the sporulation culture of fungi. After
5 days of culture, fungal growth was assessed by measuring colony diameter. After 8 days of culture, the spore
production and germination were observed by blood cell counting plate. In order to reduce experimental bias,
each treatment was repeated three times and the whole experiment was repeated three times to ensure consist-
ency and repeatability of results.
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Genbank No.

Isolates Host ITS EF-1a

Dwz Nicotiana tabacum L OR764797 | OR785767
WZ-16 Nicotiana tabacum L OR764798 | OR785768
WZ-45 Nicotiana tabacum L OR764799 | OR785769
CCC85 Cucumis sativus L KP748267 | KP748305
LCCI1 Lablab purpureus L KP748268 | KP748306
FCC90 Fragaria ananassa Duch KP748274 | KP748312
PCC86 Phaseolus vulgaris L KP748283 | KP748321
CCC87 Cucumis sativus L KP748287 | KP748325
BCC93 Vaccinium spp. KP748292 | KP748330
ACC10 Actinidia chinensis Planch | KP748298 | KP748336
ACC15 Actinidia chinensis Planch | KP748297 | KP748335
ACC12 Actinidia chinensis Planch | KP748279 | KP748317
CBS 124392 | Solanum melongena L KC584179 | KC584633
CBS 121333 | Nicotiana tabacum L KP124444 | KP125223

Table 1. Phylogenetic tree sequence-related landing number.

Phenotypic characterization

In accordance with the published literature?®™*, the isolate was identified using the PM system (Biolog (https://
www.biolog.de/) Hayward, CA, United States) to determine its phenotype. A total of 950 different growth con-
ditions were tested using the PM system, including 190 different carbon sources, 95 different nitrogen sources,
59 different phosphorus sources, 35 different sulfur sources, 94 biosynthetic pathways, 285 nitrogen pathways,
and 192 tolerances to different osmotic and pH conditions. All materials, media and reagents for the PM system
were purchased from Biolog to ensure experimental consistency. A total of 10 PM plates were used in this study.
Plates 1-8 were used to test for catabolic pathways for carbon (PM 1-2), nitrogen (PM 3,6-8), phosphorus (PM
4), and sulfur (PM 4), as well as for biosynthetic pathways while plates 9-10 were used for osmotic/ion (PM 9)
and pH effects (PM 10).

Conidia suspension of C. cassiicola was prepared according to the following methods and suspended in an
appropriate medium containing sterile FE-IE. After 10 days of incubation, spores produced in the petri dishes
were collected using sterile wet cotton swabs. Then, the swabs were rinsed with FF-IF (BIOLOG catalog #72106)
inoculum, the conidia suspension was filtered with a double layer of sterile gauze and were finally diluted to the
final conidia concentration of 1 x 10° spores/mL*>. One hundred microliters of cell dilution suspension with a
light transmittance of 62% was added to each well of the PM plate. The fungi were then transferred into a sterile
capped tube containing 12 mL of sterile FF-IE The cell suspension was stirred with the swab to obtain a uniform
suspension. The turbidity of the suspension was measured and fungi was continually added to achieve a density
of 62% T (transmittance). FF-IF was used for PM plates 1 and 2. FF-IF plus 100 mM D-glucose, 5 mM potassium
phosphate (pH 6.0) and 2 mM sodium sulfate was used for plates 3, 5, 6, 7, and 8. FF-IF plus 100 mM D-glucose
was used for plate 4. FF-IF plus yeast nitrogen base and 100 mM D-glucose was used for plates 9 and 10°% Plates
were incubated in OmniLog at 28 °C for 7 days and readings were taken every 15 min. Phenotypic data were
recorded by capturing digital images of microarrays and storing turbidity values. Kinetic and Parametric software
(Biolog) was used to analyze the data. The phenotype was estimated according to the area of each well under the
staining formation kinetics curve. The experiment was repeated twice.

26,

Whole genome sequencing of C. cassiicola strain of DWZ
Genome sequencing and assembly
DWZ genomic DNA was extracted by SDS-polyacrylamide gel electrophoresis method, and the collected DNA
was detected by agarose gel electrophoresis and quantified by Qubit®2.0 fluorometer (Thermo Scientific)*®.
Ilumina NovaSeq PE150 and Pacbio platforms were used for Library construction. The total DNA require-
ment per sample in Illumina platform was 1 ug, and the Library construction was generated using the NEBNext®
Ultra™ DNA Library Prep Kit. The DNA sample was segmented into 350 bp by sonication, then the end of the
DNA fragment was polished and connected with the full-length splice, and the PCR products were purified by
AMPure using Agilent2100 bioanalyzer and quantified by real-time PCR*. The PacBio Sequel platform builds
libraries using single-molecule real-time (SMRT) sequencing, inserting 20 kb of templates. Evaluation of library
quality on Qubit®2.0 Fluorometer (Thermo Scientific) and Agilent 2100 (Agilent technology) for detection of
insert fragment size. The genome was initially assembled using SMRT Link v5.0.1 (https://www.pacb.com/suppo
rt/software-downloads/) software to filter raw data smaller than 500 bp*”8. The automatic error correction func-
tion of SMRT portal software was used to correct errors, and variant Caller module of SMRT Link software was
used to correct errors using arrow algorithm.
The sequence data supporting the results of this study has been stored in the NCBI archive with the main
entry code PRINA1056478 (https://www.ncbi.nlm.nih.gov/search/all/?term=PRJNA1056478).
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Genome annotation, gene prediction and functional annotation

The process of genome annotation provides important insights into the genetic makeup of an organism, con-
tributing to the understanding of its biology and evolution. Genome component prediction is divided into
three main parts, including coding gene, repetitive sequence and non-coding RNA prediction. A complete
annotation pipeline (PASA) was developed using the Augustus 2.7 program to retrieve protein-coding genes™.
Protein homology detection and intron analysis were performed using GeneWise version 2.4.1 (https://www.
ebi.ac.uk/~birney/wise2/) software and uniref90 non-redundant protein database. Alignment of known ESTs,
full-length cDNAs, and most recently, Trinity RNA-Seq assemblies to the genome. Align the assembly according
to the PASA aligned by the overlapped transcript. EVM (EVidenceModeler) and PASA were used to annotate
gene structure and update EVM consensus prediction. RepeatMasker v4.0.6 (http://www.repeatmasker.org/)
software was used to predict interspersed repeat sequences®®!. TRF (tandem repeats finder) v4.07b was used to
analyze tandem repeats. TRNAscan-SE (http://tandem.bu.edu/trf/trf.download/) software was used to analyze
transfer RNA (tRNA) genes®?. rRNAmmer v1.2 (http://www.cbs.dtu.dk/services/RNAmmer/) software is used
to predict ribosomal RNA (rRNA) genes®. Small RNA, small nuclear RNA (snRNA), and microRNA (miRNA)
were predicted using the Rfam database BLAST®*.

Multiple nucleotide and protein databases were used to annotate Gene functions to predict their functions,
including GO (Gene Ontology)®, KEGG (Kyoto Encyclopedia of Genes and Genomes)®”, KOG, NR (Non-
Redundant Protein Databases)®®, TCDB (Transporter Classification Database)®’, P4507°, and Swiss-Prot’!. A
whole genome Blast search (E-value less than 1e-5, minimal alignment length percentage larger than 40%) was
performed against above seven databases. Additionally, CAZy (Carbohydrate Active enZYmes) were predicted
by carbohydrate Active enZYmes Database’ The secretory proteins were predicted by the SignalP database”.
Meanwhile, we analyzed the secondary metabolism gene clusters by the antiSMASH”*. We used the PHI (Patho-
gen Host Interactions)” and DFVF (database of fungal virulence factors)” to analyze the pathogenicity and drug
resistance of pathogens.

Pathogenicity of Corynespora cassiicola to different level maturity tobacco leaves

Tobacco plants (cv. Yunyan 87) with no disease and insect pests were selected as experimental materials for the
pathogenicity test of C. cassiicola. Ten pieces of tobacco leaves at of same maturity, both mature (Lower leaf),
proper mature (Middle leaf) and immature (Upper leaf) were used for analyses, respectively. A superficial wound
was made on either side of each leaf. Then, a sterile toothpick was used to take a mycelium plug (5 mm) from the
edge of 7-day colony on the PDA medium and place it upside down on the wound surface. After inoculation,
tobacco leaves were incubated in a climate chamber (28 °C, relative humidity > 80%, under dark conditions). The
diameter of the diseased spot on the leaves was measured at 5, 8, and 12 days after inoculation, respectively, and
the resistance level of tobacco leaves at different maturities to the Corynespora leaf spot was evaluated according
to the diameter of diseased spot.

Tobacco cultivar resistance to Corynespora leaf spot

Tobacco varieties Yunyan 87, Yunyan 85, Yunyan 97, Guiyan 5, Guiyan 8, Honghua Da Jinyuan, Jiucaiping 2,
Bina 1, GZ36 and K326 were provided by Tobacco Breeding Engineering Technology Center of Guizhou Acad-
emy of Tobacco Science. All tobacco cultivar seeds were seeded in a floating seedling tray (160 well/tray) in a
conventional manner, cultured at 15-28 °C under natural light, and managed according to standard seedling
procedures. When tobacco seedlings were at the 7-8 leaf stage, 5 weeks after seeding, the first 3-4 leaves (down
to up direction) were selected for resistance evaluation. They were cleaned with 1% sodium hypochlorite for
5 min, disinfected with 75% alcohol for 30 s, cleaned with sterile water for 4 times, and air dried. Four wounds
were punctured on both sides of the veins of each leaf, and the prepared pathogenic plates were inoculated on
the wounds and regularly moisturized. After inoculation, the tobacco leaves of each cultivar were incubated at
90% relative humidity with 12 h light/12 h darkness alternation in the artificial climate chamber. Diameters of
the disease spot were recorded at 3, 5, 7, and 10 days after inoculation. The experiment was conducted twice
with three replications.

Data analysis
SIBM SPSS Statistics 23 (IBM Corp., New York, United States of America) was used to analyze and process the
data. The difference was statistically significant when p<0.057".

Results

Multigene identification of strain

Three representative strains were selected from isolated C. cassiicola pathogenic fungi, and these strains were
identified using ITS and EF-1a primers. Meanwhile, related strains of other hosts were downloaded accord-
ing to Table 1 for multi-gene combined construction (Fig. 1). The results showed that strains DWZ, WZ-16
and WZ-45 all clustered together with Corynespora cassiicola, and the isolates from tobacco hosts were closely
related to the hosts of cucumber, lentil, and blueberry. The isolates were far related to the hosts of green bean,
strawberry and kiwi fruit.

Growth of Corynespora cassiicola strain under different temperature and medium conditions

The optimum growth temperature range of DWZ, WZ-16 and WZ-45 strains was 15-30 °C, the fastest growth
was at 30 °C, and the growth was limited above 30 °C (Fig. 2A). The optimum temperature range of the three
strains for sporulation was 20-30 °C, and the best sporulation temperature was 25 °C (Fig. 2B). The spores
produced by the three strains could germinate at 10-35 °C, and the optimal germination temperature was 25 °C
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Figure 1. Phylogenetic tree of UPGMA based on ITS and EF1-a gene sequances.
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(Fig. 2C). These isolates all grew faster on AEA, OA and RA, and slower on Czapek medium than on water
medium (Fig. 2D).

Characterization of strain DWZ of C. cassiicola in terms of phenotype

The isolate of C. cassiicola tested in our study presented a typical phenotypic fingerprint. The pathogen could
metabolize 89.47% of tested carbon sources, 100% of nitrogen sources, 97.14% of sulfur sources and 100% of
phosphorus sources. Almost all phosphorus substrates could be efficiently utilized by pathogens. Meanwhile,
the pathogens were efficient in utilizing unusual S-containing compounds. The S-containing compound that
was poorly utilized by C. cassiicola was 1-Thio-B-D Glucose. The pathogen presented 94 different biosynthetic
pathways (Fig. 3).

Using PM1 and PM2 (carbon source) data, the isolate of C. cassiicola could utilize 177 different carbon
sources; about 80 compounds significantly supported the growth of the pathogen (Table 2). In comparison,
around 13 compounds significantly inhibited the growth of the pathogen , including Tricarballylic Acid, Glu-
curonamide, 3-Methylglucose, b-methyl-D-Glucuronic Acid, a-methyl-D-Mannoside, b-methyl-D-Xyloside,
D-Tagatose, Capric Acid, Itaconic Acid, Oxalic Acid, Oxalomalic Acid, D-Tartaric Acid, Acetamide, L-Homoser-
ine, L-Methionine, D,L-Carnitine, sec-Butylamine, 2,3-Butanediol, 2,3-Butanone and 3-Hydroxy 2-Butanone
(Table 3). Using the PM3 (nitrogen pathways) data, the isolate of C. cassiicola was tested for their ability to grow
on 95 different nitrogen sources. The results showed that almost all nitrogen compounds could be efficiently
utilized by the pathogen.

Using the PM6 to PM8 (nitrogen pathways) data, the isolate of C. cassiicola showed 285 different nitrogen
pathways, indicating that multiple amino acid combinations support the growth of pathogens. Plates PM9 and
PM10 were used to test the growth under different osmotic pressures and pH values. C. cassiicola showed active
metabolism with up to 10% sodium chloride, up to 6% potassium chloride, up to 5% sodium sulfate, up to 20%
ethylene glycol, up to 6% sodium formate, up to 2% urea, up to 12% sodium lactate, up to 200 mM sodium
phosphate (pH 7.0), up to 100 mM ammonium sulfate (pH 8.0), up to 100 mM sodium nitrate and up to 80 mM
sodium nitrite. When combined with various osmolytes under the 6% sodium chloride treatment, C. cassiicola
presented active growth in all tests. Active metabolism was also exhibited in the range of pH values between 3.5
and 10, with optimal pH of around 5.5. When combined with various amino acids at a pH of 4.5, C. cassiicola
showed active growth in all tests. In comparison, when combined with various amino acids at a pH of 9.5, the
pathogen presented active growth in all tests except for when combined with the amino acids of phenylethyl-
amine. PM 10, wells B1-D12 and E1-G12, tested the decarboxylase and deaminase activities of the pathogen
in the presence of amino acids at pH 4.5 and pH 9.5, respectively. C. cassiicola showed both decarboxylase and
deaminase activity in the presence of most of the amino acids, except for phenylethylamine.

Whole genome sequencing and statistical analysis

In this study, Illumina PE150 platform with short read length but high quality and Pacbio platform with long
read length but low quality were combined to assemble C. cassiicola genome from tobacco host for the first time.
A total of 623,983 reads were obtained when the quality criteria were met, of which the N50 read length was
9912 bp and the Mean Read Length was 8265 bp. SMRT Link v5.0.1 software was used to assemble the Genome.
The Genome size was 45185409 bp, and 34 contigs were assembled. The contigs N50 length was 2453548 bp.
Maximum contig length is 4574915 bp, Gene total length is 20359313 bp, and G + C content is 51.23% (Table 4).

A total of 13,061 protein-coding genes, 2801 interspersed repetitive sequences, 18,246 tandem repeatsand and
202 nocoding RNAs were annotated. The genome assembly of the organism was annotated and 13,061 Protein-
coding genes were identified (Table 4). The Gene total length is 20,359,313 bp and the Gene average length is
1559 bp. Protein-coding genes account for almost half of the genome length (45.06%). 2801 interspersed repeti-
tive sequences accounted for 1.223% of the entire genome.

These included 1,174 long terminal repeats (LTR), 892 DNA repeat elements, 634 long interspersed nuclear
elements (LINE), 56 short interspersed nuclear elements (SINE), 27 rolling circles (RC) and 18 Unknown
sequences (Table 5). 18,246 tandem repeats accounted for 1.7812% of the entire genome. These include 6,735
minisatellite DNAs, 1,442 microsatellite DNAs, and 10,069 TR. The genome was annotated to 202 No-coding
RNAs, among which the numbers of tRNA, 58, 188, 28S, sSRNA and snRNA were 137, 29, 4, 4, 2, 26, respectively
(Table 5). In addition, the genome mapping (Fig. 4) provided a visual representation of the whole genome struc-
ture of the organism, including the assembled genome sequence, predicted coding genes, and other known data
patterns. Overall, the annotation and analysis of genomic assembly provides insights into the genetic makeup
of organisms and reveals a variety of genomic features.

Of the 13,061 protein-coding genes identified in the genome of C. cassiicola strain DWZ, the numbers aligned
to NR, Swiss-Prot, KOG, TCDB, GO, PHI, DFVE, P450, Secretory Protein, CAZy and Pfam databases were
12,382, 3473, 2128, 541, 8229, 1500, 475, 323, 1202, 694, and 8229. A total of 11,244 gene sequences obtained
from strain DWZ were consistent with C. cassiicola, accounting for 90.81% of protein-coding gene sequences in
NR database. In addition to C. cassiicola, a high number of homologous genes were also found in Stemphylium
lycopersici (130 genes), Alternaria alternata (120 genes), Clohesyomyces aquaticus (100 genes), Periconia mac-
rospinosa (85 genes), Pyrenophora Tritii-Repentis (70 genes), Pyrenochaeta sp. (65 genes), Paraphaeosphaeria
sporulosa (60 genes), Stagonospora sp. (41 genes) and Ascochyta rabiei (41 genes) (Table 6).

Among all predicted genes, approximately 63% (8229 genes) were annotated by the GO pathway, and the
most annotated genes were binding (4299 genes), metabolic process (4283 genes), catalytic activity (4118 genes),
and cellular process (3971 genes) (Fig. 5A). The KEGG pathway is annotated to Cellular Processes (509 genes),
Environmental Information Processing (252 genes), Genetic Information Processing (779 genes), Human Dis-
eases (746 genes), Metabolism (2938 genes) and Organismal Systems (565 genes) ([KEGG Copyright Permission]
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Figure 3. Data for biolog phenotype microarray PM 1-10 plates of the pathogen Corynespora cassiicola
(Utilization of the isolates of C. cassiicola from tobacco was indicated by green areas in the growth curve for each
substrate).

240,634) (Fig. 5B). The KOG pathway is annotated to General function prediction only (257 genes), Posttrans-
lational modification, protein turnover chaperones (218 genes), Translation, ribosomal structure and biogenesis
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Well ‘ Substrate ‘ Well ‘ Substrate ‘ Well ‘ Substrate

PM1

A02 L-Arabinose C07 | D-Fructose F02 | Citric Acid

A03 N-Acetyl-D-Glucosamine | C09 | a-D-Glucose F03 | m-Inositol

A05 Succinic Acid C10 | Maltose F11 | D-Cellobiose

A06 D-Galactose CI1 | D-Melibiose GO01 | Gly-Glu

A07 L-Aspartic Acid D01 | L-Asparagine GO05 | L-Alanine

Al0 D-Trehalose D06 | a-Ketoglutaric Acid G09 | Mono-Methylsuccinate
All D-Mannose D08 | a-Methyl-D-Galactoside | G11 | D-Malic Acid

BO5 D-Glucuronic Acid D09 |a-D-Lactose G12 | L-Malic Acid

BO6 D-Gluconic Acid D10 | Lactulose HO1 | Gly-Pro

B08 D-Xylose D11 | Sucrose HO02 | p-Hydroxyphenyl Acetic Acid
B11 D-Mannitol EO1 | L-Glutamine HO03 | m-Hydroxyphenyl Acetic Acid
B12 L-Glutamic Acid E02 | m-Tartaric Acid HO04 | Tyramine

Co05 Tween 20 E08 | b-Methyl-D-Glucoside HO06 | L-Lyxose

Co06 L-Rhamnose E10 | Maltotriose

PM2

A04 b-Cyclodextrin C03 | D-Lactitol E02 | Caproic Acid

A05 g-Cyclodextrin C04 | D-Melezitose E06 | 2-Hydroxybenzoic Acid
A06 Dextrin C05 | Maltitol E07 | 4-Hydroxybenzoic Acid
A07 Gelatin C06 | a-Methyl-D-glucoside F03 | Melibionic Acid

A08 Glycogen C07 | b-Methyl-D-galactoside F06 | Quinic Acid

Al0 Laminarin C12 | Palatinose F08 | Sebacic Acid

Al12 Pectin D01 | D-Raffinose F09 | Sorbic Acid

B03 b-D-Allose D02 | Salicin F10 | Succinamic Acid

B04 Amygdalin D04 | L-Sorbose G02 | L-Alaninamide

B0O6 D-arabitol D05 | Stachyose G04 | L-Arginine

B08 Arbutin D07 | Turanose G09 | L-Isoleucine

B10 i-erythritol D10 | g-Amino-N-Butyric Acid | HO1 | L-Ornithine

Co1 Gentiobiose D12 | Sodium butyrate HO04 | L-Valine

Table 2. Substrates in PM 1 and 2 MicroPlates significantly supported the growth of Corynespora cassiicola.

Well ‘ Substrate ‘ Well ‘ Substrate ‘ Well ‘ Substrate

PM1

GO2 ‘ Tricarballylic Acid ‘ Ho7 ‘ Glucuronamide ‘ ‘

PM2

Co8 3-Methylglucose E1l | Itaconic Acid G12 | L-Methionine

C09 b-methyl-D-Glucuronic Acid | F04 Oxalic Acid HO05 | D,L-Carnitine

C10 a-methyl-D-Mannoside F05 | Oxalomalic Acid | HO6 | sec-Butylamine

Cl1 b-methyl-D-Xyloside F11 D-Tartaric Acid H10 | 2,3-Butanediol

D06 D-Tagatose GO1 Acetamide HI1 2,3-Butanone

EO1 Capric Acid G07 | L-Homoserine H12 | 3-Hydroxy 2-Butanone

Table 3. Substrates in PM 1 and 2 MicroPlates not utilized by Corynespora cassiicola.

(217 genes), Energy production and conversion (197 genes), and Amino acid transport and metabolism (192
genes) (Fig. 5C).

Among the 541 transporters, “electrochemical potential driving transporter” (229 gene) and “major active
transporter” (152 gene) were the dominant groups, followed by “channel/pore”(62 gene), “incomplete characteri-
zation of transport system” (57 gene), “Accessory Factors Involved in Transport” (32 gene), “Group Transloca-
tors” (7 gene) and “Transmembrane Electron Carriers” (2 gene) (Fig. 5D). PHI Phenotype classification divides
1,500 genes into 30 categories, where reduced virulence (542 gene), unaffected pathogenicity (521 gene), loss of
pathogenicity (109 gene) and NA (157 gene) are the main groups (Fig. 5E). the CAZy database showed that 694
genes were divided into 6 carbohydrate active gene enzyme families, including carbohydrate binding modules
(93 genes), carbohydrate esterases (48 genes), glycoside hydrolases (338 genes), glycosyltransferases (97 genes),
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Type Features Values

Assembly parameters DWZ

Sequencing platform PacBio and Illumina PE150

Assembly method SMRT Link v5.0.1

Genome size(bp) 45,185,409
Genome Number of contigs 34

Maximum contig length (bp) | 4,574,915

Contig N50 length (bp) 2,453,548

G+ C content (%) 51.23

Gene number 13,061

Gene total length (bp) 20,359,313

G+ C content (%) 51.23
Protein-coding genes Gene average length (bp) 1559

Percent of genome (/%) 45.06

Table 4. Statistics of genome assembly and protein-coding genes in Corynespora cassiicola strain DWZ based
on Pacbio sequencing.

Type Sub-type Mumber | Total length (bp) | Average length (bp) | In genome (%)
LTR 1174 175,046 151 0.3874
DNA repeat elements | 892 336,128 384 0.7439
LINE 634 49,474 86 0.1095
Interspersed repetitive sequences SINE 56 3050 56 0.0067
RC 27 1617 60 0.0036
Unknown 18 1274 72 0.0028
Total 2801 552,627 207 1.2230
Minisatellite DNA 6735 290,916 43 0.6438
Tandem repeats Microsatellite DNA 1442 56,799 40 0.1257
TR 10,069 457,129 45 1.0117
Total 18,246 804,844 - 1.7812
tRNA 137 12,851 93 -
5S 29 3375 116 -
5.85 0 0 0 -
No-coding RNAs 18S 4 7196 1799 -
28S 4 21,442 5356 -
sRNA 2 461 230 -
snRNA 26 3056 117 -
miRNA 0 0 0 -
Total 202 48,381 - -

Table 5. Characteristics of repetitive sequences and no-coding RNAs in the genome of Corynespora cassiicola
strain DWZ.

polysaccharide lyases (36 genes) and auxiliary activities (138 genes) (Fig. 5F). The results of DFVF showed that
475 fungal virulence factors were annotated. Among them, the Identity with Alternaria brassicicola can reach
99.1%.

Pathogenicity of Corynespora cassiicola to different level maturity tobacco leaves

In our study, Yunyan 87 tobacco leaves with varied maturity were all affected by C. cassiicola at the occurrence
stage, and the diameter of leaf spot increased gradually with the increase of leaf maturity with significant differ-
ences. Mature leaves were more susceptible than proper mature and immature leaves, and the average diameter
of disease spot was 12.95 mm, 10.37 mm, and 8.31 mm at 5 days, 16.38 mm, 11.92 mm, and 8.98 mm at 8 days,
and 17.74 mm, 13.40 mm, and 10.48 mm at 12 days (Table 7).

Cultivar resistance to Corynespora leaf spot of tobacco
Ten tobacco varieties that were recently grown in a commercial field in the Guizhou province of China were
evaluated for cultivar resistance to Corynespora leaf spot. The results showed that all 10 cultivars (lines) varied
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Figure 4. Genome Mapping. First circle: the outermost circle is the genome sequence position coordinates;
Second circle: genomic GC content: the GC content is counted with a window of 200,000 bp and a step of
(200,000) bp. The inward 1 blue part indicates that the GC content of this region is lower than the average GC
content of the whole genome, the outward purple part is the opposite, and the higher the peak indicates a
greater difference from the average GC content; Third circle: genomic GC skew value: window (200,000) bp,
step (200,000) bp, the specific algorithm is GC/G + C, the inward green part indicates that the content of G in
the region is lower than the content of C, the outward pink part is the opposite; The fourth-seventh circle: Gene
density (with a window of 200,000 bp and a step length of 200000 bp to count the gene density of coding genes,
rRNA, snRNA, tRNA respectively, the darker the color, the greater the density of genes within the window);
Innermost circle: donors and acceptors of segmental duplications on fungus chromosomes are connected by
purple lines.

in their resistance ability to Corynespora leaf spot of tobacco (Fig. 6, Table 8). The highest resistance was found
in GZ36 with a spot diameter of 16.25 mm at 7 days; followed by Yunyan 85 with a spot diameter of 24.06 mm at
7 days, K326 with a spot diameter of 28.13 mm at 7 days, Yunyan 97 with a spot diameter of 29.75 mm at 7 days,
Honghuadajinyuan with a spot diameter of 31.13 mm at 7 days, Yunyan 87 with a spot diameter of 33.92 mm
at 7 days, Guiyan 8 with a spot diameter of 36.75 mm at 7 days, Guiyan 5 with a spot diameter of 40.5 mm at
7 days, Jiucaiping No 2 with a spot diameter of 40.13 mm at 7 days, and the lowest resistance was noted by Bina
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1 Corynespora cassiicola 11244
2 Stemphylium lycopersici 130

3 Alternaria alternata 120

4 Clohesyomyces aquaticus 100

5 Periconia macrospinosa 85

6 Pyrenophora tritici-repentis | 70

7 Pyrenochaeta sp. 65

8 Paraphaeosphaeria sporulosa | 60

9 Stagonospora sp. 41

10 Ascochyta rabiei 41

Table 6. Topl0 species annotations in the DWZ NR database.
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Figure 5. Annotation of protein-coding genes of Corynespora cassiicola DWZ strain in different databases.
(A) GO database; (B) KEGG database; (C) KOG database; (D) TCDB database; (E) PHI database; (F) CAZy
database.
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Mature 12.95+0.73a 16.38+1.09a 17.74+1.11a
Proper mature 10.37£0.69b 11.92+0.84b 13.40+0.89b
Immaturity 8.31+0.54c 8.98+0.52¢ 10.48+0.79¢

Table 7. Damage information of Corynespora leaf spot of tobacco on different mature leaves on tobacco
cultivar Yunyan 87. There was significant difference between different small letters in column (p < 0.05).

Figure 6. Cultivar resistance of ten tobacco varieties to Corynespora leaf spot of tobacco.

Bina No 1 6.25+0.32b 15.31£0.69abc | 44.56+1.45a
Yunyan 85 4.75+0.27de | 10.75+0.44d 24.06 +2.55ef
Yunyan 87 3.61+0.20e 12.67 £2.04bcd | 33.92+5.86bcd
GZ36 3.88+0.46e 15.06 +1.72bc 16.25+1.27f
Guiyan 5 3.56+0.29¢ 14.03 +£1.05bcd 40.5+2.92ab
K326 5.5+0.45cd 12.5+0.69cd 28.13+1.65de
Jiucaiping No 2 5.06+0.40d 12.94+0.79bcd | 40.13+5.14abc
Yunyan 97 9.86+0.57a 18.64+2.19a 29.75+2.92de
Honghuadajinyuan | 6.94+0.43b | 10.75+1.49d 31.13£2.13cde
Guiyan 8 6.5+0.53b 16.25+0.96ab 36.75+2.04abcd

Table 8. Cultivar resistance of ten tobacco varieties to Corynespora leaf spot of tobacco. There was significant

difference between different small letters in column (p < 0.05).

No 1 with a spot diameter of 44.56 mm at 7 days. However, the diameter of the disease spot of GZ36 increased
significantly at 10 days, and 10 varieties were all seriously infected.

Discussion

Corynespora cassiicola is a destructive fungal pathogen distributed throughout the world, existing as a pathogen,
saprophyte, and endophyte that has only been observed as an anamorph!’. As an important plant pathogenic
fungus, the pathogen infects 530 plant species, covering 380 genera, causing irreparable damage'®. Extensive
genetic and molecular biological studies have been carried out on C. cassiicola’”®, but the metabolic phenotypic
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diversity and genome-related information of this pathogen from tobacco hosts remains poorly understood. The
primary objective of the present investigation is to conduct a comprehensive and systematic evaluation of the
growth conditions, metabolic phenotypes and genomics of pathogenic fungi. The results showed that the iso-
lates showed strong metabolic capacity and protein coding ability. Simultaneously, investigations into the varied
pathogenicity of C. cassiicola in accordance with different levels of tobacco leaf maturity and cultivar resistance
to Corynespora leaf spot were carried out, and the results showed that mature leaves were more susceptible to
the disease. No obvious resistant varieties were found among the ten main cultivars in the province of Guizhou,
however the germplasm resources need to be further screened.

The Translation Elongation Factor (EF-1a) gene is a central component of eukaryotic translation and plays
an important role in the initiation, extension and termination of translation, and has been used as a molecular
marker for phylogenetic studies®®®!. In this study, multiple genes were used to construct phylogenetic trees.
The results showed that the isolates from tobacco host were closely related to cucumber and lentil. The results
showed that the optimum growth temperature range of the strain was 15-30 °C and the optimum sporulation
temperature range was 20-30 °C. Spores of the strain could germinate at 10-35 °C. Previous studies had reported
similar results*>*°.

Carbon and nitrogen source were the basic nutrients during microbial growth®. The nutrients released from
plants to the surface of their leaves, including various carbohydrates, organic acids, amino acids, methanol and
various salts, are sufficient to support the growth and development of microorganisms®-%. The results showed
that C. cassiicola could utilize a wide range of carbon compounds, and almost all nitrogen, sulfur and phosphorus
sources were also metabolized. Most of the informative utilization patterns for carbon sources included organic
acids and carbohydrates, among various amino acids and peptides for nitrogen sources.

Corynespora leaf spot of tobacco often occurs simultaneously with other leaf diseases in the field. The meta-
bolic fingerprint of C. cassiicola in this study was significantly different from that of other tobacco leaf patho-
gens, such as Alternaria alternata and Pseudomonas syringae. Alternaria alternata, the pathogen resulting in
tobacco brown spot, has a relatively small range of available carbon compounds whereby most nitrogen, sulfur
and phosphorus sources are metabolized?®. Pseudomonas syringae, the pathogen resulting in tobacco wild-
fire, has a relatively small range of available carbon compounds, and most nitrogen, sulfur and phosphorus
sources cannot be metabolized®. These pathogens may share certain nutrients in tobacco, such as L-arabinose,
D-Galactose, D-Trehalose, D-Mannose, D-xylose, D-Mannitol, L-Rhamnose, D-Fructose, A-d-glucose, Malt-
ose, Maltose, B-methyl-D-glucoside, Maltotriose, D-Cellobiose, Dextrin, and Arbutin (all three pathogens can
metabolize these efficiently), resulting in their frequent mixing. In future studies, more work is needed to verify
this hypothesis.

Additionally, the pathogens had a strong metabolic capacity over various osmotic pressures and pH condi-
tions, which may help C. cassiicola adapt to a variety of environments, enabling it to grow and develop on a variety
of hosts. It also exhibited active metabolism in the range of pH values between 3.5 and 10, with an optimal pH
of around 5.5. Other related reports indicate that the optimal pH is 6%. It has been reported that the pH value of
flue-cured tobacco leaves is primarily concentrated between 4.9 and 5.8 in main tobacco producing areas®”. This
may be due to the tobacco leaves having a more acidic environment, which is more favorable for the growth of
eosinophilic pathogens. It has been reported that the optimal pH for A. alternata is 6.0 and for P. Syringae the
optimal pH is 5.5, which may be one of the prerequisites for the occurrence of this leaf disease combination?®%.

In our study, C. cassiicola from tobacco hosts showed high decarboxylase activity and high deaminase activity.
Deaminase of the pathogen produces acids by catabolism of amino acids, which help to counteract an alkaline
pH®. In contrast, a low pH can be counteracted by decarboxylases that generate alkaline amines®. These results
suggest that C. cassiicola can adapt to a variety of pH values during the tissue development of a plant. Addition-
ally, acid-loving pathogenic fungi may have strong decarboxylase activity in order to avoid over-acid conditions.
This study showed that the growth of C. cassiicola was inhibited in 4% Urea, 20 mM Sodium Benzoate pH 5.2,
and pH 9.5 + phenylethylamine which may provide a basis for further research on disease prevention and con-
trol. This is consistent with the reported results that a urea-rich medium can inhibit the growth of pathogenic
microorganisms®. Related reports showed that A. alternata and P. syringae were also affected by 6% urea, 20 mM
sodium benzoate pH 5.2, and pH 9.5 + phenylethylamine which may also provide a basis for further research on
prevention and control of diseases?®?’. Consequently, the phenotypic characters responsible for the utilization of
those sources and the wide range adaptabilities of C. cassiicola could potentially hold a high value in pathogen-
tobacco interaction studies and survival of the pathogen in the environment.

The present study involves a genomic analysis of C. cassiicola, a fungal pathogen known to cause economic
crop damage, particularly in tobacco. The 45.18 Mb DWZ genome is larger than the average of 36.91 Mb reported
for Ascomycota but close to that of the Dothideomycetes (44.59 Mb). In addition, the DWZ genome has 13,061
genes, more than the average 11,000 genes in ascomycetes®. The genome size of C. cassiicola from rubber host is
44.85 Mb, annotated to 17,167 genes, which may be due to the high degree of variation of C. cassiicola between
different hosts!”. CAZymes play an important role in carbon capture and metabolism?®2, the CAZy database
showed that 694 genes were divided into 6 carbohydrate active gene enzyme families, including carbohydrate
binding modules (93 genes), carbohydrate esterases (48 genes), glycoside hydrolases (338 genes), glycosyltrans-
ferases (97 genes), polysaccharide lyases (36 genes) and auxiliary activities (138 genes). Among pathogens, GHs
and CBM are closely related to carbohydrate utilization. A survey conducted by Gai (2019) on the comparative
genomics of 82 A. alternata strains found that A. alternata annotated an average of 290-299 GHs and 67-76 CBM
genes®®. This may be the reason that C. cassiicola carbon source has better metabolic capacity than A. alternata.

This study showed that tobacco leaves with different levels of maturity showed varied resistance to C. cassii-
cola, the resistance of ten tobacco varieties were different, and all were infected after 10 days. The difference of leaf
susceptibility in different leaf positions may be due to the difference in the content of sugar, nicotine, starch and
other chemical components in tobacco leaves under different levels of maturity. The content of free amino acids,
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nicotine, soluble sugars and reducing sugars in leaf leachate in mature leaves is higher than that in immature
leaves®. These substances comprise important nutrients and may be beneficial to the growth and development
of pathogenic microorganisms, thus the lower, older leaves are more seriously damaged. It was reported that
there were significant differences in invertase activity, nitrate reductase activity, pigment content, total sugar
content, total nitrogen content, and sugar-nitrogen ratio in leaves of different genotypes of flue-cured tobacco®.

The establishment of accurate, efficient, and rapid disease evaluation methods for tobacco varieties is an
important basis for screening resistant varieties. There are many resistance methods for tobacco varieties. The
twelve well plate method and petri dish seedling method cannot reflect the actual resistance of flue-cured tobacco,
and the injection inoculation method has higher requirements for experimental operation®®. The tobacco resist-
ance level was identified by artificial identification of seedling inoculation. This method is simple to operate
and low cost and can be used to quickly and in large quantities to screen the resistance of different varieties of
cassava. However, inoculating in vitro leaves at the seedling stage has certain limitations and cannot simulate
the complex and changing environment in the field. This study provided a basis for the resistance evaluation of
tobacco varieties to Corynespora leaf spot, which needs further evaluation. At the same time, the resistance of
C. cassiicola to different leaf positions at different maturity levels was investigated to provide seed resources for
the breeding of resistant tobacco varieties.

This study also provided a basis for the development of management regimes for C. cassiicola. In our study,
C. cassiicola could not grow with 4% urea, 20 mM sodium benzoate (pH 5.2), 100 mM Sodium Nitrite or pH
9.5+ phenylethylamine. Thus, changing the pH or osmolyte environment in tobacco leaves to make it unadapt-
able for the pathogen C. cassiicola may also reduce the damage caused by Corynespora leaf spot. However, the
environmental conditions required to inhibit the growth of C. cassiicola might be challenging to achieve. Further
studies should be conducted to verify this hypothesis in a future study.

Conclusion

In conclusion, the growth conditions, metabolic phenotypic characteristics, genome and pathogenicity of C.
cassiicola were evaluated in this study, which increased the understanding of this pathogen. Specifically, we
determined the optimal culture conditions for C. cassiicola isolate, in which the optimal temperature for growth
and sporulation was 25-30 °C, and the optimal medium was AEA medium. In addition, we also analyzed the
metabolic Phenotype of C. cassiicola by using Biolog Phenotype MicroArray, and the results showed that C. cas-
siicola showed high metabolic levels for carbon, nitrogen, phosphorus and sulfur sources. In addition, the DWZ
genome was sequenced using Illumina HiSeq and Pacbio bioscience technology and assembled into 45.9 Mbp,
with a total of 13,061 genes predicted and analyzed using various databases. Finally, the resistance evaluation of
leaves with different maturity and ten varieties was carried out. The results showed that mature leaves were more
susceptible to infection and no obvious disease resistance was found in the ten varieties. This study provided a
theoretical basis for the comprehensive control and breeding of tobacco Corynespora leaf spot.

Data availability

The datasets presented in this study can be found in onlinerepositories. The names of the repository/repositories
and accessionnumber(s) can be found in the article/supplementary material. The sequence data supporting the
results of this study has been stored in the NCBI archive with the main entry code PRINA1056478 (https://www.
ncbi.nlm.nih.gov/search/all/?term=PRJNA1056478).
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