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1  |  INTRODUC TION

The regulatory roles of long noncoding RNAs (lncRNAs) have been 
well described in animals, plants, and fungi, where they serve as 
crucial regulators of transcription in a wide range of biological pro-
cesses (Ponting et al., 2009; Rinn et al., 2007; Swiezewski et al., 
2009; Yamashita et al., 2016). lncRNAs can participate in controlling 

gene expression via various molecular mechanisms. For example, the 
DHFR (human dihydrofolate reductase) gene contains two promot-
ers. The minor promoter upstream of DHFR encodes an lncRNA that 
forms a triplex structure with the sequences of the major promoter 
and interacts directly with transcription factor IIB (TFIIB), resulting 
in the dissociation of the transcription initiation complex from the 
major promoter and inhibitor of DHFR (Martianov et al., 2007; Quan 
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Abstract
Long noncoding RNAs (lncRNAs) are crucial regulators of gene expression in many 
biological processes, but their biological functions remain largely unknown, especially 
in fungi. Fusarium graminearum is an important pathogen that causes the destructive 
disease Fusarium head blight (FHB) or head scab disease on wheat and barley. In our 
previous RNA sequencing (RNA- Seq) study, we discovered that lncRsp1 is an lncRNA 
that is located +99 bp upstream of a putative sugar transporter gene, Fgsp1, with the 
same transcription direction. Functional studies revealed that ΔlncRsp1 and ΔFgsp1 
were normal in growth and conidiation but had defects in ascospore discharge and 
virulence on wheat coleoptiles. Moreover, lncRsp1 and Fgsp1 were shown to nega-
tively regulate the expression of several deoxynivalenol (DON) biosynthesis genes, 
TRI4, TRI5, TRI6, and TRI13, as well as DON production. Further analysis showed that 
the overexpression of lncRsp1 enhanced the ability of ascospore release and increased 
the mRNA expression level of the Fgsp1 gene, while lncRsp1- silenced strains reduced 
ascospore discharge and inhibited Fgsp1 expression during the sexual reproduction 
stage. In addition, the lncRsp1 complementary strains lncRsp1- LC- 1 and lncRsp1- LC- 2 
restored ascospore discharge to the level of the wild- type strain PH- 1. Taken together, 
our results reveal the distinct and specific functions of lncRsp1 and Fgsp1 in F. gramine-
arum and principally demonstrate that lncRsp1 can affect the release of ascospores by 
regulating the expression of Fgsp1.
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et al., 2015). COLDAIR, an Arabidopsis intronic lncRNA induced by 
cold treatment, has been shown to recruit Polycomb Repressive 
Complex 2 (PRC2) to suppress the FLOWER LOCUS C (FLC) after 
vernalization (Heo & Sung, 2011). Saccharomyces cerevisiae SER3 is 
involved in serine biosynthesis, the 3′ end of lncRNA SRG1 overlaps 
with the promoter of SER3, and the elongation of SRG1 inhibits the 
initiation of SER3 transcription by transcription interference under 
serine- rich conditions (Martens et al., 2004).

In recent years, several studies have identified or predicted 
the lncRNAs involved in the growth and development of filamen-
tous fungi such as Neurospora crassa (Arthanari et al., 2014; Cemel 
et al., 2017), Ustilago maydis (Donaldson & Saville, 2013; Ostrowski 
& Saville, 2017), Fusarium graminearum (Kim et al., 2018; Wang 
et al., 2021), Trichoderma reesei (Till, Pucher, et al., 2018), and 
Ustilaginoidea virens (Tang et al., 2021). However, there are only 
a few surveys regarding the functional identification of lncRNAs 
in filamentous fungi. One of the best known lncRNAs is qrf in 
N. crassa. qrf is a long noncoding antisense RNA of the circadian 
clock core regulatory frq gene and inhibits the expression of frq 
by mediating chromatin modification (Belden et al., 2011; Li et al., 
2015; Xue et al., 2014). The lncRNA HAX1 interacts with a tran-
scriptional activator Xylanase regulator 1 (Xyr1), interferes with the 
negative feedback regulatory loop of Xyr1, and ultimately promotes 
cellulase expression and activity in T. reesei (Till, Mach, et al., 2018; 
Till, Pucher, et al., 2018). Our recent studies suggest that a novel 
antisense lncRNA, GzmetE- AS, is involved in asexual and sexual 
reproduction by regulating its antisense gene GzmetE through the 
RNAi pathway in F. graminearum (Wang et al., 2021). These data 
reveal that lncRNAs also play important regulatory roles in filamen-
tous fungi.

F. graminearum (teleomorph Gibberella zeae) is a globally dis-
tributed causal agent of Fusarium head blight (FHB) of cereal crops 
worldwide, especially of wheat (Goswami & Kistler, 2004; Leslie 
& Summerell, 2006). In addition to the yield losses caused by the 
infection of cereal spikelets, F. graminearum can also produce 
harmful mycotoxins, including deoxynivalenol (DON) and zeara-
lenone (ZEA), which are extremely toxic to humans and livestock 
(Audenaert et al., 2014; Desjardins, 1996; Zhang et al., 2016). In the 
disease cycle of FHB, ascospores (sexual spores) and conidia (asex-
ual spores) play a critical role in primary and secondary infection, 
respectively (Guenther & Trail, 2005; Trail, 2007). Under favour-
able environmental conditions, F. graminearum spreads rapidly and 
causes severe grain yield losses. Thus, perithecium formation, asco-
spore production, and ascospore discharge play crucial roles in the 
infection cycle of F. graminearum. Several genes are involved in the 
process of sexual reproduction, including conserved signal trans-
duction pathways, protein kinases, transcription factors, and other 
genes with diverse functions (Geng et al., 2014; Hou et al., 2002; 
Hu et al., 2014; Son et al., 2011, 2013; Wang et al., 2011; Yun et al., 
2015). In most cases, the disruption of these genes causes sexual 
development to be stopped or delayed at certain specific stages. For 
instance, mgv1 and Gpmk1 deletion mutants are female sterile and 
fail to reproduce perithecia, whereas GEA1 and MID1 are known to 

be important for ascospore release in F. graminearum (Cavinder et al., 
2011; Hou et al., 2002; Jenczmionka et al., 2003; Son et al., 2013). 
However, lncRNAs involved in the regulation of sexual reproduction 
have rarely been studied. The identification and functional charac-
terization of lncRNA mutants would provide comprehensive insight 
into the regulatory mechanisms underlying the sexual development 
of filamentous fungi.

The major facilitator superfamily (MFS) transport proteins are a 
large protein family with diverse physiological functions in all living 
organisms (Yen et al., 2010). The sugar porter (SP) family is the larg-
est branch of the MFS (Pao et al., 1998). In phytopathogenic fungi, 
MFS proteins have been demonstrated to be involved in the regu-
lation of multidrug resistance and toxin accumulation (Alexander 
et al., 1999; Choquer et al., 2007; Coleman & Mylonakis, 2009; 
Kretschmer et al., 2009). In the present study, we discovered an ln-
cRNA, lncRsp1, located +99 bp upstream of a putative sugar porter 
gene, Fgsp1. Functional studies showed that the disruption of Fgsp1 
and lncRsp1 had pleiotropic defects, including on sexual develop-
ment, virulence, and DON production. Subsequently, silencing and 
overexpression assays of lncRsp1 were performed to explore their 
biological functions. Our results suggest that lncRsp1 plays an im-
portant role in sexual reproduction and regulates the expression 
of Fgsp1.

2  |  RESULTS

2.1  |  Identification of lncRsp1 and Fgsp1

Based on the sequence analysis of the full- length FGSG_05042 
mRNA, the open reading frame (ORF) was determined to en-
code a protein of 534 amino acids (GenBank accession no. 
XP_011323525). NCBI domain analysis indicated that the pro-
tein contains a sugar transport domain and two MFS conserved 
domains. Therefore, FGSG_05042 was designated as Fgsp1 
(Figure 1a). Transmembrane domain prediction (http://www.cbs.
dtu.dk/servi ces/TMHMM/) indicated that Fgsp1 possesses 12 
transmembrane helixes (TM) (Figure 1a), suggesting that Fgsp1 is 
a member of the 12- TM group of MFS transporters. An lncRNA, 
referred to as lncRsp1 here, was detected in the RNA sequencing 
(RNA- Seq) data. It was located +99 bp upstream of Fgsp1 and had 
the same direction as the Fgsp1 gene. The full- length sequences 
of Fgsp1 and lncRsp1 were determined by performing the rapid 
amplification of cDNA ends (RACE) and directional sequencing 
(Figure S1a– c). The results indicated that Fgsp1 had two transcript 
isoforms, Fgsp1- 1 and Fgsp1- 2, which were transcribed from dif-
ferent transcription initiation sites (TISs) and shared the same 3′ 
ends with poly(A) tails (Figure 1c). The Fgsp1- 1 transcript isoform 
was 1975 nucleotides (nt) in length, overlapping with lncRsp1- 2 by 
338 bases, while the Fgsp1- 2 transcript isoform was 2798 nt in 
length. The TIS of Fgsp1- 2 was located upstream of Fgsp1- 1 and 
overlapped with the entire sequence of Fgsp1- 1 (Figure 1b). The 
Fgsp1- 2 TIS was only 72 nt apart from that of lncRsp1. The 3′ RACE 

http://www.cbs.dtu.dk/services/TMHMM/
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sequences included lncRsp1- 1, 1089 nt in length, whose tran-
scription termination site (TTS) was adjacent to the second exon 
of Fgsp1- 1. lncRsp1- 2, another 607 nt- lncRNA transcript isoform 
sharing the same TIS as lncRsp1- 1, was also located upstream of 

Fgsp1- 1 (Figure 1b). Although 5′ RACE results indicated that Fgsp1 
has two transcript isoforms, Fgsp1- 1 and Fgsp1- 2, according to our 
previous RNA- Seq data of the wild- type strain PH- 1, few reads 
could be mapped onto the 5′ end of the Fgsp1- 2 transcript isoform 

F I G U R E  1  The expression pattern of lncRsp1 and Fgsp1 during the asexual and sexual stages. (a) The Fgsp1 amino acid sequence contains 
a sugar transporter domain (green), two major facilitator superfamily domains (MFS, blue), and 12 transmembrane helixes (TM, orange), 
identified using the SMART protein database (http://smart.embl- heide lberg.de) and the NCBI protein database (https://blast.ncbi.nlm.nih.
gov/Blast.cgi). The transmembrane domain was predicted with the TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/servi ces/TMHMM/ ).(b) 
Schematic representation of lncRsp1 and Fgsp1 transcript regions detected by RACE- PCR analysis. The position of gene- specific primers 
(GSP) used to assay the expression levels of lncRsp1 and Fgsp1 are marked with arrows. nt, nucleotide; F, forward primer; R, reverse primer. 
(c) Expression levels of lncRsp1 and Fgsp1 during asexual stages were measured by reverse transcription quantitative PCR (RT- qPCR). 
Cultures were collected from YEPD (black) and CMC (red) liquid medium after 3 and 24 h of inoculation as mycelium and sporulation 
samples, respectively. The expression levels in the mycelium sample were set as the control. The F. graminearum β- tubulin gene was used 
as the internal standard. (d) Expression levels of lncRsp1 and Fgsp1 in the sexual stage were detected by RT- qPCR. The mycelium collected 
from a carrot agar plate at 7 days postinoculation was used as the 0 days postfertilization (dpf) sample (black). Perithecia were collected 
from a carrot agar plate after 7 days of self- crossing and used as the 7 dpf sample (red). The expression levels in the wild- type strain PH- 1 at 
0 dpf were set as the control. Results shown represent means ± SD. Error bars indicate SD calculated from three replicated data points. The 
asterisks indicate significant differences (p < 0.01)

http://smart.embl-heidelberg.de
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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in IGV Sashimi plots at different developmental stages, includ-
ing sexual development stages (0, 7, and 10 days postfertilization 
[dpf]), conidial stages (3 [mycelial stage] and 12 h after incubation 
in CMC liquid medium [sporulation stage]) (Figure S2). This sug-
gested that the Fgsp1 gene was mainly transcribed as the Fgsp1- 1 
transcript isoform at all the different stages. Therefore, we did not 
consider the effect of Fgsp1- 2 transcript on the other transcript 
isoforms. Using the reverse transcription quantitative PCR (RT- 
qPCR) method, the expression levels of the two isoforms of Fgsp1 
and lncRsp1 were analysed at different developmental stages. The 
results showed that the expression levels of Fgsp1 and lncRsp1 
during sporulation were both higher than those during vegetative 
growth (Figure 1c). During sexual development, both Fgsp1 and 
lncRsp1 were significantly up- regulated at 7 dpf compared with 
their expression at 0 dpf (Figure 1d).

To determine their biological functions, Fgsp1 and lncRsp1 de-
letion mutants (ΔFgsp1 and ΔlncRsp1) were generated using a ho-
mology recombination strategy. The entire lncRsp1 transcriptional 
region (−977,720 to −978,636 of chromosome 3) was deleted in the 
ΔlncRsp1 mutant, while the ΔFgsp1 mutant was generated by de-
letion of the Fgsp1 transcriptional region (−978,706 to −980,551 of 
chromosome 3). The mutants were confirmed by PCR amplification 
and Southern blotting analysis (Figure S3a– c). Meanwhile, the com-
plementary strains of Fgsp1, ΔFgsp1- C, were constructed to confirm 
that the defects observed in ΔFgsp1 were derived from the deletion of 
Fgsp1. In the asexual stage, no obvious differences in hyphal growth, 
conidiation, or conidial morphology were observed (Figure S4a– c, 
Table S1). Therefore, neither Fgsp1 nor lncRsp1 is essential for asex-
ual reproduction and hyphal growth in F. graminearum.

2.2  |  Fgsp1 and lncRsp1 are involved in sexual 
reproduction

When we assayed sexual reproduction on carrot agar medium, 
normal- shaped perithecia and ascospore cirri were produced from 
all mutants at 7 and 14 dpf, respectively (Figure 2a). However, 
compared to that of PH- 1, the number of discharged ascospores 
of the ΔlncRsp1 mutant was significantly decreased. Additionally, 
a more pronounced defect in ascospore discharge was observed 
in the ΔFgsp1 mutant (Figure 2b). Subsequently, we examined 
the ascospores and asci in perithecia sampled at 6, 7, and 10 dpf. 
At 7 dpf, less than 20% and 40% of asci produced by ΔFgsp1 and 
ΔlncRsp1 were type I asci, which contain eight spindle- shaped 
ascospores, while 65% of asci were type I in PH- 1 (Figure 2c,d). 
In ΔFgsp1 and ΔlncRsp1, most of the asci were defective, such as 
abnormal asci with fewer ascospores (type II) or failed to form 
asci (type III) (Figure 2c,d). Moreover, ΔFgsp1 and ΔlncRsp1 asci 
showed significantly reduced glycogen accumulation in compar-
ison with those of the wild type after KI- I2 staining (Figure 2c). 
These results indicate that Fgsp1 and lncRsp1 are involved in gly-
cogen accumulation, ascus development, and ascospore discharge 
in F. graminearum.

2.3  |  Fgsp1 and lncRsp1 play crucial roles in the 
pathogenicity of F. graminearum

To investigate the roles of Fgsp1 and lncRsp1 in fungal virulence, 
pathogenicity assays on flowering wheat heads and wheat co-
leoptiles were conducted. At 14 days postinoculation (dpi), spikes 
infected with the ΔFgsp1 and ΔlncRsp1 strains displayed similar 
symptoms to spikes infected by the wild- type strain (Figure 3a,b). 
However, when a pathogenicity assay was performed on wheat co-
leoptiles, the average lengths of the brown lesions caused by the 
ΔFgsp1 and ΔlncRsp1 mutants were 0.59 ± 0.26 and 0.54 ± 0.26 cm, 
respectively, whereas those infected by the wild- type strain showed 
an average lesion length of 1.03 ± 0.09 cm (Figure 3c,d), indicating 
a significant reduction in the virulence of the ΔFgsp1 and ΔlncRsp1 
mutants. Thus, Fgsp1 and lncRsp1 are required for the virulence of 
F. graminearum to wheat coleoptiles.

2.4  |  Fgsp1 and lncRsp1 negatively regulate 
DON production

To detect the production of DON, the mycotoxin produced in in-
fected wheat kernels with scab symptoms at 14 dpi was measured 
in this study. The DON production (over 1200 ng/kernel) was in-
creased significantly in the ΔFgsp1 and ΔlncRsp1 mutants compared 
with the 435 ng/kernel DON produced by the wild- type PH- 1 strain 
(Figure 4a). We further assayed the DON production in rice me-
dium, as described by Seo et al. (1996). Similar to the results of the 
wheat grain inoculation assay, more DON production was synthe-
sized in rice medium by ΔFgsp1 and ΔlncRsp1 mutants than by the 
wild- type strain PH- 1 (Figure 4a). These results indicate that Fgsp1 
and lncRsp1 negatively regulate DON biosynthesis. To further con-
firm the results, the expression levels of the DON synthesis genes 
TRI4, TRI5, TRI6, TRI13, TRI101, and TRI12 were measured in DON- 
inducing cultures by a RT- qPCR assay. The results demonstrated 
that the expression levels of TRI4, TRI5, TRI6, and TRI13 were 
significantly up- regulated in the ΔFgsp1 and ΔlncRsp1 mutants 
compared to those in the wild type (Figure 4b), which is consist-
ent with the fact that the deletion of Fgsp1 and lncRsp1 produced 
more DON than the wild- type strain in both wheat kernels and rice 
medium (Figure 4a). Interestingly, the expression levels of TRI101 
and TRI12 were reduced in the Fgsp1 mutant (Figure 4c). As these 
two genes are not located in the same TRI cluster, Fgsp1 probably 
modulates them through different pathways. Previous research has 
suggested that hyphal bulbous structures at the toxigenic stage 
are related to DON production (Jiang et al., 2016). After being 
incubated in trichothecene biosynthesis induction (TBI) cultures 
for 5 days, abundant bulbous hyphal structures were observed in 
PH- 1 and the ΔlncRsp1 mutant. However, bulbous structures were 
rarely observed in the ΔFgsp1 mutant under the same conditions 
(Figure 4d). Together, these results showed that Fgsp1 and lncRsp1 
function as negative regulators in DON biosynthesis by suppress-
ing the expression of four genes relevant to DON synthesis, TRI4, 
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TRI5, TRI6, and TRI13. Furthermore, Fgsp1 is also required for DON 
production- related cellular differentiation.

2.5  |  lncRsp1 positively regulates Fgsp1 
transcript levels

The above results indicate that the expression patterns of Fgsp1 
and lncRsp1 are similar. Their deletion caused similar defects in 

ascospore discharge, virulence, and DON biosynthesis. Previous 
studies have shown that lncRNAs could affect the expression of 
their neighbouring genes (Mercer et al., 2009; Rinn & Chang, 2012). 
To investigate the regulatory relationship between lncRsp1 and 
Fgsp1, the Fgsp1 and lncRsp1 transcript level in the wild type, the 
ΔlncRsp1 mutant, and the ΔFgsp1 mutant were measured during sex-
ual stages (cultures grown on carrot agar at 0 and 7 dpf). The Fgsp1 
expression level in the wild- type strain was 105 times higher at 7 dpf 
than that at 0 dpf, and only six times higher in the ΔlncRsp1 mutant. 

F I G U R E  2  Defects of the ΔlncRsp1 and 
ΔFgsp1 mutants in sexual reproduction. 
(a) Morphology of perithecia and cirri 
of the wild- type PH- 1, ΔlncRsp1, and 
ΔFgsp1 strains. Perithecia (upper panel) 
and perithecia with cirri (lower panel) 
were observed on carrot agar medium. 
PH- 1 strain was used as the control. 
Photographs were taken at 7 and 14 days 
postfertilization (dpf) on carrot agar. 
Bar = 500 µm. (b) Ascospore discharge 
was examined using 7- day- old perithecia. 
Photographs were taken after being 
released for 18 h. The white cloud is the 
accumulation of discharged ascospores. 
(c) Asci morphology and glycogen 
accumulation from cracked perithecia. 
The samples were stained with KI- I2 
solution. Bar = 20 μm. (d) Morphology 
and statistical analysis of asci rosettes 
of 7- day- old perithecia. The morphology 
of type I asci rosettes was selected from 
the wild- type strain PH- 1; type II and 
type III were selected from ΔFgsp1. The 
statistical analysis for each type of ascus 
morphology was conducted at 7 dpf. A 
total of 50 asci rosettes were counted 
and classified in each strain under light 
microscopy. Line bars indicate standard 
errors from three repeated experiments
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Thus, the deletion of lncRsp1 significantly decreased the expres-
sion level of Fgsp1 at 7 dpf. Similarly, the expression level of lncRsp1 
was also significantly down- regulated by the deletion of Fgsp1 at 
7 dpf (Figure 5a). However, the physical location of lncRsp1 raised 
the concern that the lncRsp1 transcript could be part of the Fgsp1 
transcript and the deletion of lncRsp1 could cause the disruption of 
Fgsp1 itself. To address this concern, lncRsp1 silencing and overex-
pression vectors were randomly integrated into the wild- type strain 
to generate lncRsp1- silenced (Si) and - overexpressing (OE) mutant 
strains, respectively (Figure S5a– d). The expression levels of both 
lncRsp1 and Fgsp1 were significantly up- regulated in the lncRsp1- 
overexpressing strains lncRsp1OE- 1 and lncRsp1OE- 3 (Figure 5b). 
In contrast, the expression levels of both lncRsp1 and Fgsp1 in the 
lncRsp1- silenced mutants lncRsp1Si- 1, lncRsp1Si- 2, and lncRsp1Si-
 5, were significantly down- regulated compared with the wild- type 
strain PH- 1 (Figure 5c). These results demonstrate that lncRsp1 is a 
positive regulator of the Fgsp1 gene.

To further analyse the function of lncRsp1 in sexual reproduc-
tion, the perithecia and discharged ascospores of lncRsp1- silenced 
and - overexpressiing strains were investigated. During sexual dif-
ferentiation, normal perithecium development and perithecia with 
cirri were observed at 7 or 14 dpf, respectively (Figure 5d). However, 
compared with the wild type, the number of discharged ascospores 
was significantly decreased in lncRsp1- silenced strains (Figure 5e,f). 
In contrast, strains with lncRsp1 overexpression exhibited a signifi-
cantly increased ascospore discharge under the same conditions 

(Figure 5e,f). These results indicate that lncRsp1 could enhance as-
cospore discharge by promoting the expression of Fgsp1.

Finally, to confirm that lncRsp1 indeed plays a direct role in sexual 
reproduction, the complementary strains of ΔlncRsp1, ΔlncRsp1- LC 
(lncRsp1- LC- 1 and lncRsp1- LC- 2), were constructed in situ (Figure S6a). 
The two complementary strains, lncRsp1- LC- 1 and lncRsp1- LC- 2, had 
a similar sexual reproduction ability to that of the wild- type strain 
(Figure S6b– d). These results further indicate that lncRsp1 can affect 
ascospore discharge via regulating the expression of Fgsp1.

3  |  DISCUSSION

lncRNAs play crucial regulatory roles in many biological processes in 
several eukaryotes (Quinn & Chang, 2016; Rinn & Chang, 2012; Sun 
et al., 2018; Till, Mach, et al., 2018). In filamentous fungi, studies of 
lncRNAs have been reported in N. crassa, F. graminearum, U. maydis, 
and T. reesei (Arthanari et al., 2014; Cemel et al., 2017; Donaldson 
et al., 2017; Kim et al., 2018). However, to date the biological func-
tions and molecular basis of lncRNA- mediated gene regulation have 
rarely been studied. Transcriptomes studies have shown a surpris-
ing complexity of lncRNAs that are often overlapping with, or inter-
spersed within, multiple coding and noncoding transcripts (Carninci 
et al., 2005; Ding et al., 2012; Kapranov, 2005). In this study, we 
discovered and functionally characterized the lncRsp1 located imme-
diately upstream of Fgsp1 and transcribed in the same direction as 

F I G U R E  3  Roles of the lncRsp1 and Fgsp1 in fungal pathogenicity. (a) Pathogenicity assays on wheat spikelets (marked with black dots) 
with a conidial suspension of the wild- type PH- 1, ΔlncRsp1, ΔFgsp1 mutants, and ΔFgsp1- C1/C2 strains. The photographs were taken 14 days 
after inoculation. The white arrows indicate the inoculation sites on wheat head. (b) The disease index calculated 14 days after inoculation. 
(c) Wheat coleoptiles infected with each strain were observed and photographed 7 days after inoculation. The black arrows indicate 
the lesion. (d) The length of the brown lesions on wheat coleoptiles. Mean and standard deviation were calculated from three repeated 
experiments. Means of the column with different letters represent a statistically significant difference at p = 0.05

CK PH-1 Fgsp1lncRsp1

CK PH-1 Fgsp1 Fgsp1-C2lncRsp1 Fgsp1-C1

aba

b b
ab
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Fgsp1. RACE was performed to determine the transcription start and 
end sites of lncRsp1 and Fgsp1. Transcriptional analysis revealed two 
transcripts of lncRsp1 (lncRsp1- 1 and lncRsp1- 2) that were transcribed 
from the same strand and overlapped with each other (Figure 1b). 
They were defined as lncRNAs because none of them was predicted 
to encode a protein. The Fgsp1 gene exhibited two different tran-
scripts of varying lengths (Fgsp1- 1 and Fgsp1- 2), of which Fgsp1- 2 
transcription initiated 72 nt upstream of the lncRsp1 TIS (Figure 1b). 
According to our RNA- Seq data of the wild- type strain PH- 1, the ex-
pression of Fgsp1- 2 was almost undetectable at all stages (Figure S2). 
Therefore, we thought the main transcript of the gene Fgsp1 was 

Fgsp1- 1 isoform. The expression level of lncRsp1 and Fgsp1 was up- 
regulated during sexual reproduction, implying that they were in-
volved in sexual development processes (Figure 1d). Indeed, the 
number of discharged ascospores of ΔlncRsp1 and ΔFgsp1 mutants 
was less than that of the wild- type strain (Figure 2b). In addition, 
lncRsp1 and Fgsp1 were also found to be involved in regulating the 
virulence and DON production of F. graminearum.

The deletion of lncRsp1 also disrupted the expression of Fgsp1- 2. 
However, because the expression level of Fgsp1- 2 isoform was almost 
undetectable at sexual and asexual stages, we did not consider the 
effect of lncRsp1 deletion on the expression of Fgsp1. In the lncRsp1 

F I G U R E  4  lncRsp1 and Fgsp1 regulate deoxynivalenol (DON) production and TRI gene expression. (a) DON production in 14- day- old 
infected wheat kernels (left) and 21- day- old rice grain cultures (right) was measured. Data with three replicates were analysed using the 
protected Fisher's least significant difference (LSD) test. Different letters on the bars indicate statistically significant differences (p = 0.05). 
(b) Relative expression levels of TRI4, TRI5, TRI6, and TRI13 in the wild- type strain PH- 1, ΔlncRsp1, and ΔFgsp1 were measured by reverse 
transcription quantitative PCR (RT- qPCR). (c) Relative expression levels of TRI12 and TRI101 genes in PH- 1, ΔlncRsp1, and ΔFgsp1 mutants. 
The expression level in PH- 1 was set as 1. Error bars indicate the standard deviation from three biological replicates. The asterisks indicate 
significant differences (p < 0.01). (d) Five- day- old trichothecene biosynthesis induction cultures of the wild- type PH- 1 and the ΔlncRsp1 and 
ΔFgsp1 mutants were examined to observe bulbous structures (labelled with arrows). Bar = 20 µm
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b
b

a

b
b
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F I G U R E  5  lncRsp1 positively regulates the expression of Fgsp1. (a) Relative expression levels of lncRsp1 and Fgsp1 in different strains were 
measured by reverse transcription quantitative PCR (RT- qPCR) during the sexual stage. The expression of Fgsp1 in the wild- type strain PH- 1 
at 0 days postfertilization (dpf) was set as the control. (b) Relative expression levels of Fgsp1 and IncRsp1 in PH- 1 and lncRsp1- overexpressing 
(OE) strains were measured by RT- qPCR. (c) Relative expression levels of Fgsp1 and IncRsp1 in PH- 1 and lncRsp1- silenced (Si) strains. In all 
panels, the results shown represent means ± SD. Bars indicate the SD of three replicates. The expression of Fgsp1 in the wild- type strain 
PH- 1 at 7 dpf was set as the control. (d) Perithecia and cirrhi of lncRsp1Si and lncRsp1OE transformants. Bar = 500 μm. (e) The ascospores 
discharged from 7- day- old mature perithecia. Pictures were taken 18 h after the experiment was initiated. (f) The number of the discharged 
ascospores. Error bars represent the standard deviations of three repeated experiments. Different letters on the bars indicate statistically 
significant differences (p = 0.01)
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deletion mutant only the transcriptional region of lncRsp1 excluding 
the transcription start site of Fgsp1- 1 was deleted. To further clarify 
whether deletion of lncRsp1 disrupted the promoter of Fgsp1- 1, the 
complementary mutant strains of lncRsp1 were constructed in situ, 
as shown in Figure S6a. The complementary mutants lncRsp1- LC1/
LC2 fully restored the ascospore discharge defects of ΔlncRsp1 mu-
tants (Figure S6c), indicating that deletion of lncRsp1 did not disrupt 
the function of the promoter of Fgsp1- 1. Given the modest effect 
on the Fgsp1- 1 transcript level by the disruption of lncRsp1, we also 
constructed the lncRsp1- silenced strains lncRsp1Si and overexpres-
sion strains lncRsp1OE by random integration of the vectors into the 
wild- type strain (Figure S5a,c). The expression of Fgsp1 was signifi-
cantly reduced in the lncRsp1Si strains, while it was increased dra-
matically in the lncRsp1OE strains at the sexual stage (Figure 5b,c). In 
terms of sexual reproduction, the number of discharged ascospores 
in lncRsp1Si strains was slightly lower than that of the wild- type 
strain PH- 1 (Figure 5d,f). Consistent with expectations, lncRsp1OE 
strains enhanced the ability of the ascospore discharge (Figure 5e,f). 
Although silencing of lncRsp1 might also result in the silence of 
Fgsp1- 2, considering that the expression level of Fgsp1- 2 isoform was 
very low at both sexual and sporulation stages, we did not analyse 
the effect of the lncRsp1 silencing on Fgsp1- 2 expression. At the 
same time, random integration of the lncRsp1 overexpression vector 
also avoids affecting the promoter of Fgsp1 due to the close distance 
between lncRsp1 and Fgsp1. Therefore, the above results suggest 
that lncRsp1 can affect the sexual development of F. graminearum by 
regulating the expression of Fgsp1. Lots of studies have confirmed 
that lncRNAs can regulate the expression of their neighbouring cod-
ing genes via trans or cis regulation (Engreitz et al., 2016; Yin et al., 
2015). In our study, considering exogenous lncRsp1 was randomly in-
tegrated into the F. graminearum genome, we concluded that lncRsp1 
is a crucial trans- acting regulator of Fgsp1 transcription.

In F. graminearum, DON was wildly considered as an important 
virulence effector (Chen et al., 2019). In this study, the deletion of 
Fgsp1 and lncRsp1 caused a significant increase in DON production, 
which indicated that Fgsp1 and lncRsp1 negatively regulate DON 
production (Figure 4a). Previous work has found that the expression 
level of TRI genes was associated with DON production (Chen et al., 
2019). In this study, the expression level of four TRI genes (TRI4, 
TRI5, TRI6, and TRI13) was significantly up- regulated in ΔFgsp1 and 
ΔlncRsp1 mutants, which was consistent with the results of the DON 
production assay. However, TRI12 and TRI101, known as self- defence 
genes for mycotoxin in Fusarium spp. (Alexander et al., 1999; Garvey 
et al., 2008; Menke et al., 2012), reduced expression levels in ΔFgsp1 
mutant (Figure 4c). This result indicated that Fgsp1 might play diver-
gent roles in the DON synthesis pathway. Furthermore, the deletion 
of Fgsp1 affected the normal hyphal bulbous structure formation in 
DON- inducing medium, but no obvious difference was observed 
between the ΔlncRsp1 mutant and wild- type strains (Figure 4d), 
suggesting that the functional relationship between Fgsp1 and ln-
cRsp1 varies in regulating DON biosynthesis. It is worth noting that 
although DON biosynthesis was increased in the Fgsp1 deletion mu-
tant, it rarely formed the hyphal bulbous structures associated with 

DON production. Previous research has found that, unlike Fgsp1, 
the tri6 pde2 mutant fails to produce DON but has increased bul-
bous structures (Jiang et al., 2016). As the hyphal bulbous structures 
formed before TRI gene transcription are closely related to DON 
production in F. graminearum (Jonkers et al., 2012), the absence of 
bulbous structures caused by the deletion of Fgsp1 seemed to be 
independent of TRI genes. However, further studies are needed to 
identify the underlying regulatory mechanisms.

Sexual reproduction is an important developmental process in 
the disease cycle of FHB. Ascospores, which are forcibly discharged 
into air from perithecia, play a crucial role in fungal survival and dis-
ease propagation (Guenther & Trail, 2005; Trail et al., 2002). Our data 
showed that the ΔlncRsp1 and ΔFgsp1 mutants produced more ab-
normal asci and significantly reduced ascospore discharge and glyco-
gen accumulation (Figure 2b,c), indicating that lncRsp1 and Fgsp1 are 
essential for sexual reproduction in F. graminearum. Previous work 
has demonstrated that the turgor pressure within the extended asci 
is necessary for the forcible discharge of ascospores (Trail, 2007). 
The build- up of ion fluxes, especially in K+, Na+, Cl−, and Ca2+ ion 
channels and glycogen accumulation, is tightly related to the gen-
eration of turgor pressure (Min et al., 2010; Trail et al., 2002, 2005). 
Thus, it is likely that the reduced number of discharged ascospores 
observed in lncRsp1 and Fgsp1 deletion mutants is due to the devel-
opmental defects of asci and the decrease in glycogen accumulation.

In conclusion, our results indicate that lncRsp1 and Fgsp1 are im-
portant for the sexual reproduction, DON production, and patho-
genesis of F. graminearum, while lncRsp1 plays a crucial regulatory 
role in the expression of Fgsp1. Although the underlying mechanism 
remains undefined, our findings not only help to further understand 
the molecular mechanism of the sexual reproduction of F. gramin-
earum but also promote the understanding of the role of lncRNA in 
plant pathogenic fungi.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Fungal strains and culture conditions

The F. graminearum strain PH- 1 (NRRL 31084) (Trail & Common, 
2000) and all mutant strains were cultured on potato dextrose agar 
(PDA) plates at 25°C in the dark. The colony morphology, growth 
rate, and conidial germination were measured on PDA, minimum 
medium (MM), and complete medium (CM) plates incubated at 
25°C for 3 days. For conidiation tests, the conidia were induced in 
carboxymethylcellulose (CMC) liquid culture medium (1 g NH4NO3, 
1 g KH2PO3, 0.5 g MgSO4.7H2O, 1 g yeast extract, 15 g CMC, and 
1 L water). The 5- mm mycelial agar blocks were incubated in 4 ml 
of CMC medium at 25°C for 5 days in a rotary shaker (200 rpm). 
Conidia were collected in distilled water by filtration. The conidial 
morphology was observed under a fluorescence microscope. The 
number of conidia produced by each strain was counted using a 
haemocytometer (Cappellini & Peterson, 1965). Conidial germina-
tion rates were assayed as described previously (Zhou et al., 2010). 
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The conidial suspension (106 conidia/ml) was harvested and then 
inoculated into yeast extract peptone dextrose (YEPD) (0.3% yeast 
extract, 1% peptone, 2% dextrose) liquid medium at 25°C in a 
shaker (200 rpm). The conidial germination was observed after 6 h 
of incubation. The sexual development, including perithecium for-
mation, cirrus production, ascus development, and ascospore dis-
charge, was performed as previously described (Wang et al., 2021; 
Zeng et al., 2018). All strains were grown on carrot agar plates 
under near- ultraviolet light at 25°C for 7 days. Perithecium forma-
tion and cirrus production were observed 1– 2 weeks after fertiliza-
tion. Perithecia and cirri samples were observed with an Olympus 
IX71 microscope and Olympus cellsens standard camera software. 
The glycogen staining of asci was performed as described previ-
ously (da Rocha Campos & Costa, 2010). Ascospore discharge 
assays were also performed as previously described (Trail et al., 
2002). Carrot agar (10 mm in diameter) covered with mature peri-
thecia cultures was cut in half and placed inverted on a coverslip 
in a humidity box for 18 h, and the images were captured using 
a camera. The number of discharged ascospores was counted as 
follows. Ascospores were collected by placing the carrot agar up-
side down for 10 h and allowing the mature perithecia to discharge 
ascospores on Petri dish covers. Ascospores were completely har-
vested from the Petri dish lids in distilled water and the number of 
ascospores was counted under a microscope.

4.2  |  Plant infection, DON production assays, and 
expression levels of TRI genes

Pathogenicity assays on wheat spikes and coleoptiles were conducted 
as described previously (Hou et al., 2002; Seong et al., 2005; Wu et al., 
2005). A 2- µl aliquot of conidial suspension (5 × 105 conidia/ml in ster-
ile distilled water) of each strain was used to inoculate each of 20 co-
leoptiles of 3- day- old wheat seedlings with three replicates in a growth 
chamber. Two microlitres of 0.01% Tween 20 solution was inoculated 
as a control. The lesion size of each strain was counted and analysed 
at 7 dpi. Virulence assays on flowering wheat heads were performed 
as previously described (Hou et al., 2002). To this end, 10 µl of 105 
conidia/ml suspension, collected from 5- day- old CMC cultures, was 
inoculated onto the fifth flowering spikelet of wheat variety Zhengmai 
9023. The experiment was carried out with three independent repli-
cates. The disease index for each strain was calculated as described by 
Luo et al. (2014). The number of symptomatic spikelets was counted 
and images were captured 14 days after inoculation.

To measure the DON production, the infected wheat kernels 
with typical FHB symptoms were harvested for DON assays as 
previously described (Tian et al., 2020). DON production in rice cul-
tures was assayed as described (Bluhm et al., 2007; Seo et al., 1996). 
To determine the expression levels of TRI genes (TRI4, TRI5, TRI6, 
TRI12, TRI13, TRI101), conidia of each strain were inoculated into 
TBI medium (Gardiner et al., 2009) and cultured for 3 days at 25°C 
in a shaker (200 rpm). Mycelia of each sample were harvested and 
total RNA was extracted. The expression levels of TRI genes were 

determined by RT- qPCR assays with the primers listed in Table S2. 
The experiment was repeated three times independently.

4.3  |  RT- qPCR detection of lncRsp1 and Fgsp1

Total RNA was isolated using the TRIzol reagent (Invitrogen) and 
the first- strand cDNA synthesis was carried out by the EasyScript 
One- step gDNA removal and cDNA Synthesis SuperMix (Transgen 
Biotech), according to the manufacturer's instructions. qPCR was per-
formed on a CFX96 Real- Time PCR Detection System (Bio- Rad) with 
the iTaq Universal SYBR Green Supermix (Bio- Rad). In the conidia 
stage, the total RNA samples of the wild type were extracted at 3 h 
(mycelial stage) and 24 h (sporulation stage) after incubation in CMC 
liquid medium. During sexual development, the RNA samples were 
isolated from 7- day- old carrot agar plate hyphae (0 dpf) and 7- day- old 
perithecia (7 dpf). The F. graminearum β- tubulin gene (FGSG_09530) 
was used as an endogenous reference and gene- specific primers 
(GSP) were used to detect mRNA and lncRNA, respectively. The rela-
tive expression of each gene was calculated with the 2–ΔΔCt method. 
RT- qPCR data from three biological replicates for each sample were 
calculated from the mean ± SD (Livak & Schmittgen, 2001). All the 
primer sequences are provided in Table S2.

4.4  |  RACE- PCR assays

Using 5′-  and 3′- RACE experiments analysing the transcriptional 
start and end sites of lncRsp1 and Fgsp1, the sequence was deter-
mined by RACE- PCR using the SMARTer RACE 5′/3′ Kit (Clontech). 
All the RACE primers are provided in Table S2.

4.5  |  Construction of the Fgsp1 and lncRsp1 
deletion mutants and complementation strains

The strategy for Fgsp1 and lncRsp1 deletion is illustrated in Figure S3. 
We used a split- marker system, replacing the two genes with the 
hygromycin resistance gene (hph) and the geneticin resistance cas-
sette (gen), respectively (Catlett et al., 2003; Zeng et al., 2018). 
Transformants were selected using the PDA plates amended with 
225 μg/ml hygromycin B (Sigma- Aldrich) or 300 μg/ml geneticin 
(Sigma- Aldrich). The Fgsp1 and lncRsp1 deletion mutants were iden-
tified by PCR with the relevant primers listed in Table S2 and further 
confirmed by Southern blot analysis (Leslie & Summerell, 2006).

For Southern blotting, the genomic DNA of PH- 1 and mutants 
was extracted according to the Fusarium laboratory manual and 
then digested with XhoI. Southern blotting was performed using 
the Amersham AlkPhos Direct Labeling and Detection System (GE 
Healthcare). The probe primers are listed in Table S2 and the probes 
were labelled with alkaline phosphatase.

For complementation assays, the Fgsp1 fragment including its 
promoter region was amplified with primers Fgsp1- CF and Fgsp1- CR, 
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and cloned into the same sites of vector neoP3300 to generate the 
Fgsp1 complementary vector (Yang et al., 2016). The vector was 
transformed into the ΔFgsp1 mutant by random integration, and the 
resultant strain was designated as ΔFgsp1- C. The complementation 
strategy of lncRsp1 is illustrated in Figure S6a. The complementary 
fragments were constructed by fusing the hygromycin resistance 
gene and full- length lncRsp1 by double- joint PCR according to a pre-
viously described method (Liu et al., 2020). The fusion constructs 
were transformed into the ΔlncRsp1 mutant, as described above, ex-
cept that hygromycin was used as screening agent.

4.6  |  Generation of the lncRsp1Si and lncRsp1OE 
transformants

The lncRsp1 RNAi vector construction was carried out as described 
previously (Yu et al., 2012; Zhu et al., 2013). To amplify the sense 
and antisense fragments of lncRsp1, the primers lncRsp1Si1F/lncR-
sp1Si1R (sense fragment) and lncRsp1Si2F/lncRsp1Si2R (antisense 
fragment) were used. The amplified lncRsp1 sense and antisense frag-
ments were subsequently ligated into pCIT to generate a new vec-
tor. The newly constructed vector was then digested with XhoI and 
SacI to obtain the repeat fragment, then subsequently ligated with 
the pCH vector to construct pSi lncRsp1 silencing vector, which was 
then transformed into the wild- type strain PH- 1 by random integra-
tion, as previously reported (Yu et al., 2012). lncRsp1- overexpressing 
strains were generated using the pCETH2 vector. The PCR amplifi-
cation and ligation of the full- length lncRsp1 into the pCETH2 vector 
was carried out. Then, the vector was transformed into the wild- 
type strain PH- 1 using the Agrobacterium- mediated transformation 
system by random integration, as described by Yu et al. (2012). The 
lncRsp1 transcript level in silenced strains and overexpressing strains 
was determined by RT- qPCR.
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