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Introduction
Eukaryotic genomes encode a large number of non-
coding transcripts, which function in key biological pro-
cesses [1]. Long non-coding RNAs (lncRNAs) are defined 
as non-coding RNAs longer than 200 nucleotides, which 
are transcribed by RNA polymerase II and share com-
mon features with mRNAs except for protein-coding 
capacity [2]. While lncRNAs may exhibit lower levels of 
conservation and expression compared to mRNAs, they 
demonstrate a greater degree of tissue specificity [3–5]. 
LncRNA acts as a functional biomolecule that interacts 
with other components in the cell, including DNA, RNA 
and proteins [6–8]. The regulatory element responsible 
for gene regulation was found within the region of the 
lncRNA, and the level of expression of the lncRNA was 
observed to have a positive correlation with the activity 
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Abstract
Long non-coding RNA (lncRNA) plays important roles in animals and plants. In filamentous fungi, however, their 
biological function in infection stage has been poorly studied. Here, we investigated the landscape and regulation 
of lncRNA in the filamentous plant pathogenic fungus Botrytis cinerea by strand-specific RNA-seq of multiple 
infection stages. In total, 1837 lncRNAs have been identified in B. cinerea. A large number of lncRNAs were found 
to be antisense to mRNAs, forming 743 sense-antisense pairs, of which 55 antisense lncRNAs and their respective 
sense transcripts were induced in parallel as the infection stage. Although small RNAs were produced from these 
overlapping loci, antisense lncRNAs appeared not to be involved in gene silencing pathways. In addition, we 
found the alternative splicing events occurred in lncRNA. These results highlight the developmental stage-specific 
nature and functional potential of lncRNA expression in the infection stage and provide fundamental resources for 
studying infection stage-induced lncRNAs.
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of the regulatory element [9]. LncRNA can affect gene 
activity by influencing the process of transcription [10, 
11]. Notably, recent studies have revealed that lncRNA 
can also function by encoding micropeptides consisting 
of no more than 100 amino acids [12–14].

The prevalence of lncRNAs has been extensively 
studied in animals and plants. Numerous studies have 
reported an association between long non-coding RNAs 
(lncRNAs) in mammals and cancer, including prostate 
cancer, breast cancer, lung cancer [15]. In plants, there 
has been a rise in comprehensive research exploring the 
roles of lncRNAs, including cold stress tolerance [16], 
drought/salt stress tolerance [17], and immune responses 
[18]. In recent study, lncRNAs also have been reported to 
be involved in plant responses to infection by B. cinerea 
and Verticillium dahliae [19].

Research on the biological function of lncRNAs in 
fungi is limited, with a majority of studies centered 
around yeast, including meiotic divisions [20], repress 
meiosis [21], and homologous chromosome pairing [22]. 
In addition, lncRNAs play an important regulatory role 
in the virulence and growth of plant pathogenic fungi. 
Antisense lncRNA GzmetE-AS was transcribed from 
the opposite strand of GzmetE, regulating its sense gene 
through the RNAi pathway in Fusarium graminearum 
[22]. The lncRsp1 could directly regulate the expression of 
Fgsp1, thereby indirectly regulating the expression of sev-
eral deoxynivalenol (DON) biosynthesis genes, includ-
ing TRI4, TRI5, TRI6 and TRI13 in F. graminearum [23]. 
The latest research shows that several deoxynivalenol 
(DON) biosynthesis genes (including TRI5, TRI6 and 
TRI11) were also regulated by antisense lncRNA in F. 
graminearum [24].

B. cinerea causes disease in more than 1400 plant 
species, including crucial commercial crops such as 
grapes, strawberries, and tomatoes [25, 26]. The com-
plete genome sequence of B. cinerea (strain B05.10) has 
significantly facilitated the detection and characteriza-
tion of genes associated with virulence, metabolism, sig-
nal transduction, and resistance to fungicides [27–30]. 
Despite the prevalence of non-coding regions (52.4%) in 
the genome (data not shown), no functional lncRNAs 
have been identified in B. cinerea.

In this study, we aimed to identify lncRNAs present 
in B. cinerea during the inoculation of tomato leaves 
that may be involved in the infection process. This study 
report the genome-wide identification of lncRNAs dur-
ing successive stages of infection, including conidia ger-
mination (6  h), pre-penetration (12  h), biotrophic stage 
(24  h), and necrotrophic stage (48  h) [31]. Combining 
strand-specific RNA-Seq data from vegetative and infec-
tion stages, we identified infection-specifically expressed 
lncRNAs. Thousands of lncRNAs that exhibit dynamic 

expression patterns were found, expanding the known 
roles of non-coding RNAs in infection.

Materials and methods
Plant, fungal pathogen and inoculations
The tomato (Solanum lycopersicum cv. Moneymaker) 
seedlings were planted in green house at 25 °C with 16 h 
light/8  h dark for four weeks and used for inoculation. 
Wild type strain B05.10 [32] of B. cinerea was used in 
this study for infection experiments. Conidia were har-
vested from the cultures, washed with sterile water, and 
the inoculum suspension with the final concentration 
adjusted to 5 × 106 conidia/mL was used for inoculating 
tomato leaves. Leaves of the seedlings were immersed in 
the conidial suspension for 3  min, and the leaves sam-
ples were collected at 6, 12, 24, and 48  h, respectively. 
Conidia not used for the inoculation were cultured in the 
PDB medium at 22 °C with 180 rpm as the control treat-
ment. Two replicates of the experiments were performed 
during the infection stage (each replicate included 6 
seedlings). Three replicates of the experiments were per-
formed during vegetative stage. All samples were frozen 
in liquid nitrogen and stored at -80 °C.

RNA library construction and strand-specific sequencing
Total RNA were extracted with the RNA prep Pure Plant 
Kit (Tiangen, Beijing, China). Strand-specific cDNA syn-
thesis with NEBNext® Ultra™ DNA Library Prep Kit (San 
Diego, CA, USA) and sequencing was performed on the 
Illumina HiSeq® 2500 System, with a 2 × 150  bp paired-
end read mode. The RNA-seq data generated in this 
project has been deposited in the NCBI Sequence Read 
Archive (SRA) under accession numbers listed in Table 
S1.

Transcriptome assembly
Raw reads were processed to remove low-quality reads 
and trim adapter sequences using NGS QC Toolkit v2.3.3 
[33]. The clean reads were mapped to the B. cinerea ref-
erence genome (ASM83294v1, Ensembl fungi v53) using 
HISAT2 v2.04 [34]. The transcriptome was assembled 
with de novo annotation using StringTie v2.1.3 [35]. 
Transcripts per kilobase million (TPM) were used as 
the expression value. If the expression value of a tran-
script was < 1 TPM across all samples, the transcript was 
defined to be predicted but not detected. Detected tran-
scripts were used for subsequent analysis.

LncRNA identification
Transcripts with sequences shorter than 200 nucleo-
tides were filtered out. The assembled transcripts were 
compared with coding genes and categorized using gff-
compare [36]. Intergenic transcripts (class codes “u” and 
“p”) were regarded, sense transcripts (class codes “m”, 



Page 3 of 13Shi et al. BMC Genomics            (2025) 26:7 

“n”, “o” and “j”), antisense transcripts (class codes “x”) 
and intronic transcript (class codes “i”). Transcripts con-
taining any known Pfam domain and non-coding RNAs 
were removed using the Rfam databases release and 
Pfam database. The coding potential of transcripts was 
assessed using CPAT v.1.2.2 [37].

Differential expression analysis of lncRNAs during infection 
stage
Significantly differentially expressed lncRNAs were iden-
tified from four comparisons, including Inf6 h/Hyp6 h, 
Inf12 h/Hyp12 h, Inf24 h/Hyp24 h and Inf48 h/Hyp48 
h. Transcripts per kilobase million (TPM) were used to 
determine expression values. Salmon v1.9 [38] was used 
to calculate the TPM of lncRNAs in each sample. The 
fold-change in transcript expression value was calculated 
using DESeq2 [39]. Transcripts were identified as differ-
entially expressed between treatment and control with 
parameters of |Log2 FC| >1 and adj P-value < 0.05.

RNA extraction and reverse transcription-quantitative PCR 
(RT-qPCR )
Total RNA was extracted from B. cinerea using RNA 
Purification Kit (TianGen, Beijing, China) and stored at 
-80 °C, and the first strand cDNA was synthesized using 
the TranScript One-Step gDNA Removal and cDNA 
Synthesis SuperMix Kit (TransGen, Beijing, China). 
RT-qPCR was performed using a qPCR SYBR premix 
Ex TaqII kit (TaKaRa, Tokyo, Japan). Relative transcript 
levels of different genes among various treatments were 
evaluated using 2−∆∆CT method [40]. The mRNA expres-
sion levels were normalized using GAPDH. Three bio-
logical replicates were performed for each sample, with 
three technical replicates. The specific primers were 
listed in Table S3.

sRNA-seq analysis
sRNA-Seq data for vegetative and infection stages were 
downloaded from NCBI SRA (PRJNA496584) [41]. Reads 
quality control was performed with the FastQCv.0.11.9 ​(​​​
h​t​​t​p​s​​:​/​/​w​​w​w​​.​b​i​​o​i​n​​f​o​r​m​​a​t​​i​c​s​.​b​a​b​r​a​h​a​m​.​a​c​.​u​k​/​p​r​o​j​e​c​t​s​/​f​a​
s​t​q​c​/​​​​​)​. Adapter trimming, read size was performed with 
the Cutadapt v2.6 using the settings -m 60 -q 30,30 [42]. 
sRNA-Seq data were aligned to the B. cinerea reference 
genome (ASM83294v1, Ensembl fungi v53) using Bow-
tie2 v2.22 [43]. After read mapping, reads with 17–27 nt 
were extracted, using the ‘reformat.sh’ script in BBMap 
tools (https:/​/source​forge.n​et/p​rojects/bbmap). To ​c​o​n​v​e​
r​t the location of sRNA into a bed file format, samtools 
depth was used with the alignment data of each sample. 
A customized Python script was then used to process 
the depth data and define sRNA loci by binding together 
adjacent nucleotides with a depth value more than 10 
reads. Using the feature counts program v2.0.1 [44] and R 

script to calculate sRNA read counts and TPM for differ-
ent transcript types.

Identification of alternative splicing
Alternative splicing landscape were extracted using 
SUPPA2 [45]. Percent Spliced-In (PSI) index using 
SUPPA2 for each AS event.

Results
Genome-wide identification of lncRNAs in Botrytis cinerea
To identify lncRNAs in B. cinerea, RNA-Seq datasets 
from B. cinerea strain B05.10 were cataloged for both 
control and treatment samples that were non-inoculated 
and inoculated on tomato leaves, respectively (Fig.  1A; 
Fig. S1). In total, 386.1  million reads were mapped to 
the B. cinerea genome with 29,424 predicted transcripts 
from 18,063 gene loci (Table S1). Established pipelines 
[46] were used to detect lncRNAs (Fig.  1B). To distin-
guish lncRNAs, following sequential stringent filters 
of the transcripts were employed. Firstly, 26,425 tran-
scripts were detected longer than 200 nucleotides and 
with TPM ≥ 1 at least one developmental or infection 
stage. Novel transcripts (14291) were identified using 
gffcompare [36]. Transcripts with low coding potential 
were further scanned against the Pfam and Rfam data-
bases to filter out transcripts encoding protein domains 
and/or harboring any known structural RNA motifs (E 
value < 0.001). Finally, lncRNAs were distinguished by 
coding potentials of < 0.54. The resulting lncRNA (1837) 
candidates were classified into four categories based on 
their positions (Fig.  1C): 51.4% (945) from intergenic 
regions, 8.1% (148) from the sense strand, 40.4% (743) 
from the antisense strand, and 0.01% (1) from intronic 
regions (Fig. 1D).

Characteristics of lncRNAs in Botrytis cinerea
Properties including exon number, length, GC ratio and 
ORF length were investigated by mRNA comparisons. 
Exon number distribution revealed that lncRNAs gen-
erally contained one or two exons (Fig.  2A). LncRNAs 
(median 865 nt) had shorter transcript lengths than did 
mRNAs (median 1977 nt) (Fig.  2B). GC content results 
revealed that lncRNAs exhibited significantly lower than 
those of protein-coding genes (Fig.  2C). lncRNAs typi-
cally have no protein-coding potential, and the results 
revealed that the length of ORFs in lncRNAs was sig-
nificantly shorter than protein-coding genes (Fig.  2D). 
Collectively, these results demonstrated that lncRNAs 
possessed fewer exons, had shorter ORF lengths, tran-
script lengths and lower GC content.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://sourceforge.net/projects/bbmap
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Antisense lncRNA was the main type of differentially 
expressed lncRNA in Botrytis cinerea during infection stage
The expression dynamics of lncRNAs were assessed 
by generating heatmaps based on TPM from detected 
14,236 mRNAs and 1837 lncRNAs (Fig. 3A and B). The 
result showed that there were stage-specific expression 
patterns in both mRNAs and lncRNAs. TPM values 

indicated that expression levels of lncRNAs were much 
lower than expression levels of mRNAs (Fig. 3C). mRNAs 
had similar expression levels across the vegetative 
and infection stages. Surprisingly, expression levels of 
lncRNAs increased gradually during the vegetative stage 
but maintained high expression levels across all infection 
stages, which indicated lncRNAs played a crucial role in 

Fig. 1  Schematic pipeline for identification of lncRNAs in Botrytis cinerea. A Key time nodes of the infectious process of B. cinerea. B Bioinformatic pipeline 
for lncRNA identification. C Number of predicted transcripts. D Number of lncRNAs classification
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disease development. The expression levels of intergenic 
lncRNAs, sense lncRNAs and antisense lncRNAs were 
similar, suggesting that all types of lncRNAs participated 
in the infection stages (Fig. 3D).

To further discover lncRNAs potentially involved 
in pathogenicity, we compared the expression level of 
lncRNAs between the vegetative stage at 6, 12, 24 and 
48 h and infections stages at 6, 12, 24 and 48 h, respec-
tively. Differentially expressed lncRNAs were identified 
from four comparisons, including Inf6 h/Hyp6 h, Inf12 
h/Hyp12 h, Inf24 h/Hyp24 h, Inf48 h/Hyp48 h. There 
were 33, 125, 98, 274 differentially expressed lncRNAs 
in these four comparisons, respectively (Fig.  3E and F), 
and the detailed differentially expressed lncRNAs were 
listed in Table S2. The number of differentially expressed 
lncRNAs increased during the infection progress. How-
ever, down-regulated lncRNAs were the main types and 
multiplied with the course of infection (Fig. 3E), of which 
antisense lncRNAs (149, 72.7%) were the main types of 
differentially expressed lncRNAs (Fig. 3G). Differentially 

expressed lncRNAs were divided into two categories 
including high expression in vegetative and infection 
stages (Fig. 3G), suggesting that lncRNAs had two modes 
of positive and negative regulation. Taken together, 
down-regulated antisense lncRNAs were the main types 
of lncRNA and may have important functions in B. cine-
rea during infection.

Antisense lncRNAs and target sense transcripts
Generally, antisense lncRNAs can participate in a wide 
range of controlling sense gene expression [47–49]. Inter-
estingly, gene expression correlation in many differen-
tially expressed antisense lncRNAs and sense mRNA 
pairs (55 out of 149 pairs with Pearson’s correlation 
|r|>0.7; Fisher’s exact test, P < 0.05) (Fig. 4A), all (55 pairs) 
of which were positively correlated (Fig.  4B). We inves-
tigated whether the differentially expressed antisense 
lncRNAs are antisense to genes involved in a specific 
biological process. The results demonstrated that genes 
with positively correlated were significantly enriched for 

Fig. 2  Characteristics of lncRNAs in Botrytis cinerea. A The number of exons of lncRNAs compared with protein-coding genes. B Distribution of transcript 
length of lncRNAs compared with protein-coding genes. C The GC content of lncRNAs and protein-coding genes. D Distribution of ORF length of lncRNAs 
compared with protein-coding genes. P values are from two-tailed Wilcoxon rank sum test
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regulation of cellular homeostasis, inorganic ion homeo-
stasis, and regulation of mitotic spindle organization 
(Fig.  4C). The positively correlated sense mRNAs were 
enriched for the inorganic ion homeostasis, siderophore 
metabolic process, iron import into cell, hydroxymate-
containing siderophore biosynthetic process, ferricro-
cin metabolic process, ferricrocin biosynthetic process, 

ferrichrome metabolic process, ferrichrome biosynthetic 
process, siderophore biosynthetic process (Fig.  4C). So 
far, several studies have shown that iron ion play import 
roles in plant pathogenic fungi during infection [50, 51]. 
These results suggested that antisense lncRNA may par-
ticipate in regulating the iron ions of target genes in B. 
cinerea during infection.

Fig. 3  lncRNA expression level and pattern in Botrytis cinerea. A and B Heatmap of the expression of mRNAs and lncRNAs. High (orange to red) and low 
(yellow to blue) expression levels are depicted as Z-scores for each gene. C Boxplot of mRNA and lncRNA expression patterns across developmental and 
infection stages. D Boxplot of different types of lncRNA expression patterns across developmental and infection stages. E Volcano plot of the significantly 
up-regulated and down-regulated lncRNAs in the Inf6 h/Hyp6 h, Inf12 h/Hyp12 h, Inf24 h/Hyp24 h and Inf48 h/Hyp48 h (|log2 Fold Change| ≥ 1, adjusted 
P-value < 0.05). F Venn diagram showing non-overlap and overlap of different expressed lncRNAs. G Heatmap of the different expressed lncRNAs. High 
(orange to red) and low (yellow to blue) expression levels are depicted as Z-scores for each gene. Three different types (intergenic lncRNAs, sense lncRNAs, 
and antisense lncRNAs) of lncRNAs are indicated with different colors as marked
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The transcriptional levels of lncRNAs in Botrytis cinere a are 
related to host interaction
Generally, antisense lncRNAs tune sense mRNA expres-
sion by trans-regulation. According to the overlapping 
types of sense mRNA, antisense lncRNAs were classified 
into three categories, as described in Fig. 5A [52]: “head 
to head”, where antisense lncRNAs and sense mRNAs 
overlap on the 5’ ends; “tail to tail”, where antisense 
lncRNAs and sense mRNAs overlap on the 3’ ends; “over-
lap”, where one of the mRNAs overlaps the other. In this 
study, we found that the “Overlap” comprised the major-
ity (71.8%) of differentially expressed antisense lncRNAs, 

“Tail to tail” was the second most common (17.5%) dif-
ferentially expressed antisense lncRNAs, followed by 
“head to head” (10.7%) (Fig.  5B). To explore the over-
lapping position distribution of differentially expressed 
antisense lncRNAs and sense mRNA, we counted the 
overlapping distribution in sense mRNA. Compared 
to the other positions, the distribution of overlapping 
region was skewed toward to the 3’ end of transcript 
(Fig.  5C). To further confirm the expression pattern of 
the lncRNAs during vegetative and infection stages, we 
randomly selected three examples that showed each type 

Fig. 4  Co-expression of antisense lncRNA and their sense mRNA. A Pearson’s correlation between antisense lncRNA and sense mRNA (|r| ≥ 0.7; Fisher’ s 
exact test, P-value < 0.05). B Parallel induction of sense mRNA and antisense lncRNA pairs during infection stages. High (orange to red) and low (yellow 
to blue) expression levels are depicted as Z-scores for each gene. C Enriched gene ontology (GO) terms to specific in positively correlated sense mRNAs 
(P-value < 0.05)

 



Page 8 of 13Shi et al. BMC Genomics            (2025) 26:7 

Fig. 5  Coverage of differentially expressed antisense lncRNAs. A Classification of antisense lncRNA. B Number of different coverage types of differentially 
expressed antisense lncRNA. C Identification of coverage in sense mRNA. D-F RNA sequencing read coverage of three antisense lncRNA and their sense 
transcript. Antisense lncRNAs are shown in orange and their sense transcripts in blue. G-I Expression of lncRNA and target genes detected by RT-qPCR
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of antisense lncRNAs to verify their expression by RT-
qPCR at 6, 12, 24 and 48 h across vegetative and infec-
tions stages, respectively (Fig. 5G-I). For all the examples, 
we observed expression trends that were consistent with 
RNA-seq data (Fig.  5D-F). Primers for RT-qPCR were 
designed specifically to distinguish lncRNAs and their 
sense mRNAs (Table S3). Collectively, these results sug-
gested that lncRNAs are present in B. cinerea and their 
expression patterns correlate with phases of interactions 
with tomato leaves.

Antisense lncRNA are not the major source for endogenous 
sRNA production in Botrytis cinerea
The most common mechanism involving antisense tran-
scripts is the RNA interference (RNAi) pathway, which 
incorporates small RNAs (sRNAs) generated from the 
double-stranded RNA regions. To explore the effect of 
sRNA production in the antisense lncRNAs loci, pre-
viously published sRNA-seq data for vegetative and 
infection stages were analyzed [41]. Compared to the 
vegetative stage, a large number of sRNAs were identified 
during the infection stage. The majority of sRNA lengths 
ranged from 20 to 24 nt with a peak at 21 nt (Fig.  6A). 
Surprisingly, sRNA reads mapped to antisense lncRNA 
were not increased compared to mRNAs (Fig.  6B). To 
search for any lncRNAs associated with sRNA enriched 
loci that could be the indication of transcriptional gene 
silencing events, we performed statistics on the over-
lap of 27,918 unique sRNA from 109,518 loci identified 
in previous studies with lncRNAs and mRNAs [41]. The 
analysis results manifested that most (65.9%) of the sRNA 
reads were mapped in the non-coding region (Fig.  6C), 
while only a part of sRNA reads (41) were mapped to 
antisense lncRNA region. Taken together, these results 
suggested that the antisense lncRNA may not be the 
major source for endogenous sRNA production.

Alternative splicing events in lncRNAs
Similar with mRNA, lncRNA also can generate different 
transcript isoforms by alternative splicing [53]. However, 
the biological functions of lncRNA transcript isoforms 
have not been discovered and studied in fungi. Surpris-
ingly, we found that multiple antisense lncRNAs may 
simultaneously regulate the same target gene, suggesting 
that alternative splicing also occurred in lncRNAs. To test 
whether alternative splicing is involved in lncRNA regu-
lation, we further analyzed the alternative splicing (AS) 
events in lncRNAs. AS events were classified into four 
basic types: intron retention (IR), alternative 5’-donor 
(A5), alternative 3’-acceptor (A3), and exon skipping (ES) 
[54] (Fig. 7A). In this research, a total of 233 AS events 
were identified in lncRNAs (Fig.  7B). Among these AS 
events, A3 comprised the majority (37.8%) of AS events, 
IR was the second most common (33.5%) type of AS 
events, and followed by A5 (24.5%), the number of ES 
events was the least (4.3%).

To examine the variation of splicing events throughout 
development, Percent Spliced-In (PSI) index were calcu-
lated using SUPPA2 for each AS event across different 
samples [45]. PSI index was calculated as the fraction of 
the inclusion reads to the total reads (both inclusion and 
exclusion reads) to measure the inclusion level of a given 
splicing event. Hierarchical clustering revealed that the 
PSI values were variable in different stages (Fig. 7C), sug-
gesting that they are regulated in a stage-specific man-
ner. To validate the accuracy of the AS events detected, 
we randomly selected one example that showed two type 
of AS events (including IR and A3) for reverse transcrip-
tion (RT)-PCR and Sanger sequencing (Fig.  7D). Prim-
ers (Table S3) suitable for distinguishing different splice 
isoforms were designed and used for RT-PCR with RNA 
from vegetative and infection stages, respectively. The 
results of agarose gel electrophoresis showed that the 
relative brightness of the three bands from vegetative 
and infection stages were different for lncRNA.3649, 

Fig. 6  Antisense lncRNA associated with small RNA-enrich loci. A Read length distribution of unique sRNA sequences. B sRNA reads mapped to mRNAs 
without antisense transcript, sense lncRNAs, antisense lncRNAs and intergenic lncRNA are represented as TPM.P values are from two-tailed Wilcoxon rank 
sum test. C Fractions of sRNA reads mapped to mRNA, lncRNA and non-coding region

 



Page 10 of 13Shi et al. BMC Genomics            (2025) 26:7 

indicating that expression of splice isoforms may exhibit 
a stage-preferential pattern (Fig. 7E, Fig. S2).

Discussion
In living organisms, complex post-transcript regula-
tory mechanisms are required to ensure regulation of 
tissue/stage specific gene expression. Much of the non-
protein coding portion of the genome has historically 
been regarded as junk DNA. In particular, lncRNA have 
received considerable attention in recent years due to 
their widespread effects in human [55]. Numerous stud-
ies have shown that lncRNAs were involved in the reg-
ulation of prostate cancer, breast cancer, lung cancer 

in human [15]. LncRNAs also can participate in plant 
growth such as seed development, and improve plant 
resistance to abiotic stresses including heat stress, cold 
stress, salt tolerance and oxidative stress [56–58]. How-
ever, only fewer function studies involved in lncRNAs 
have been analyzed in fungi [20–22, 24]. In previous 
researches, some lncRNAs have been identified in fila-
mentous pathogenic fungi, but the biological function of 
lncRNAs has not been explored in depth [46, 59, 60].

As far as know, there are not reports on the identifica-
tion and relative function of lncRNAs in B. cinerea. In 
this research, we profiled strand-specific RNA-Seq data 
of vegetative and infection stages of B. cinerea, and a total 

Fig. 7  Identification of alternative splicing (AS) in lncRNA. A Schematic drawing of four basic alternative splicing events. intron retention (IR), alternative 
5’-donor (A5), alternative 3’-acceptor (A3) and exon skipping (ES). B Number of alternative splicing events and gene. C Heatmap of Percent Spliced-In (PSI) 
values across different samples. High (orange to red) and low (yellow to blue) PSI values are depicted as Z-scores for each AS event. D RNA sequencing 
(RNA-Seq) read coverage of the lncRNA.3649 is shown in left panel. Alternative splicing region of lncRNA.3649 is shown in right panel. PCR primers (F, 
forward and R, reverse) are designed to flank the splicing events. E The bands of agarose gel electrophoresis show DNA makers and PCR results in eight 
stages
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of 1837 lncRNAs were identified. Among these lncRNAs, 
a gradually increasing number of differentially expressed 
lncRNAs were discovered with a time course follow-
ing infection of the host. It is worth noting that down-
regulated lncRNAs accounted for the major proportion 
of differentially expressed lncRNAs in B. cinerea during 
the infection stage, which indicated these differentially 
expressed lncRNAs may participate in pathogenic pro-
cess during the host infection of B. cinerea. Furthermore, 
antisense lncRNA has received an increasing atten-
tion due to its association with coding gene [61–63]. 
In B. cinerea, more than 70% of differentially expressed 
lncRNAs were antisense lncRNAs, which implied that 
antisense lncRNA may participate in infection stage 
through the regulation of the expression of its sense gene 
in B. cinerea.

In addition, we further discovered a strongly positive 
correlation (r ≥ 0.7) between the differentially antisense 
lncRNA and sense mRNA. These antisense lncRNAs 
(37%) were induced in parallel with their target genes 
on the opposite DNA strand during infection. Antisense 
lncRNAs can participate in a wide range of cellular pro-
cesses through target sense genes [64–66]. This cor-
relation has also been found in other plant pathogenic 
fungi. In barley powdery mildew fungus Blumeria hordei, 
there is extensive positive and negative co-regulation of 
lncRNAs, transposable elements and coding genes dur-
ing the asexual pathogenic life cycle of the fungis [67]. 
In our current research, the target genes that regulated 
by antisense lncRNAs were significantly enriched in GO 
terms of iron ion, including siderophore and ferrichrome 
processes. Iron is an indispensable element for all 
eukaryotes. In fungi, siderophores are functional for iron 
uptake, and ferrichrome contributes to iron storage [68, 
69]. Many studies showed that the majority of fungi have 
the ability to produce siderophores, which play a crucial 
role in determining the virulence of pathogenic fungi, 
such as Aspergillus fumigatus and Magnaporthe oryzae 
[50, 51]. In B. cinerea, sense genes have a positive cor-
relation with differentially expressed antisense lncRNAs 
that are involved in the siderophore and ferrichrome pro-
cesses, which indicated the antisense lncRNAs may regu-
late iron absorption, transport and metabolism processes 
by targeting specific genes during the stages of vegetative 
and infection.

Antisense lncRNA has been reported to usually exert 
their biological functions through multiple mechanisms 
including transcriptional regulation, chromatin shape, 
epigenetics regulation, competition for endogenous RNA 
and miRNAs [70]. Heterochromatin formation-induced 
gene silencing requires the generation of sRNAs (some-
times from antisense lncRNA) through a co-transcrip-
tional process [71]. However, in this study, the sRNA-seq 
data showed that reads mapped to region of antisense 

lncRNA were not enriched in B. cinerea, implying the 
antisense lncRNA was not preferentially target by RNAi 
machinery.

During the alternative splicing, some exons can be 
retained or excluded, resulting in different mature 
mRNAs generated from the same pre-mRNA. Targeted 
RNA sequencing revealed that lncRNA transcript con-
sist of exons and introns and that lncRNAs can also 
occurred alternative splicing [72]. For example, lncRNA 
GAS5 (Growth-Arrest-Specific) has fifteen transcript 
isoforms in mice according to RefSeq [55]. Like protein-
coding mRNAs, these different isoform of lncRNA GAS5 
have distinct cellular localizations and involve in diverse 
pathologic functions in human diseases [73–76]. To 
further complicate matters, different lncRNA isoforms 
perform different functions when localized in same 
subcellular compartments. lncRNA-PXN-AS1 affects 
the PXN expression at different levels through distinct 
lncRNA isoforms, thereby promoting the occurrence of 
liver cancer in human [77]. In B. cinerea, we also found 
that lncRNAs could perform alternative splicing, and a 
total of 233 alternative splicing events from 123 lncRNAs 
were identified. In fact, the biological significance of 
lncRNA has been overlooked in numerical studies, even 
in those involving pathogenic fungi. Thus, the studies on 
the functional verification of alternative splicing-related 
lncRNAs will be further investigated in future work.

Collectively, this study presents the first to report on 
the genome-wide characterization of lncRNAs dur-
ing vegetative and infection stage in B. cinerea. The 
newly identified lncRNAs provide fundamental genomic 
resource to the B. cinerea. Our results also provide new 
insights into the functional understanding of lncRNA 
during infection stage of B. cinerea.
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