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The b‑ZIP transcription factor, FgBzip16, 
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Abstract 

Fusarium graminearum is an economically devastating pathogen that causes cereal worldwide. The plant disease 
cycle involves sexual reproduction, with the perithecium playing a crucial role in overwintering and the discharge 
of ascospores. Although fatty acid biosynthesis and metabolism are linked to perithecium formation and ascospore 
discharge, the regulation of these processes remains largely unknown. In this study, we identified and characterized 
FgBZIP16, as a basic leucine zipper (b-ZIP) transcription factor, in F. graminearum. Targeted gene deletion revealed 
that FgBzip16 is important for vegetative growth, asexual/sexual development, and plant infection. Cytological obser-
vations revealed that FgBzip16 was localized in the nucleus during the hyphal and conidial stages. FgBzip16 is essen-
tial for ascospore discharge, with transcriptomics and molecular biology showing it binds to the promoter of its target 
genes FGSG_05321 and FGSG_03244, which regulate ascospore discharge by encoding fatty acid synthase subunit 
alpha-reductase and enoyl hydratase, respectively. Altogether, these results constitute the first report of the specific 
functions associated with b-ZIP transcription factor FgBzip16, linking its regulatory roles to fungal development, fatty 
acid accumulation, and metabolism, host penetration, and pathogenicity of F. graminearum.

Keywords  b-ZIP transcription factor FgBzip16, Development, Ascospore discharge, Fatty acid metabolism, 
Pathogenicity

Background
Fusarium head blight (FHB), caused by the filamentous 
ascomycete Fusarium graminearum, is one of the most 
important diseases affecting major cereal crops, espe-
cially wheat (Bai and Shaner 2004; Goswami and Kis-
tler 2004). Apart from causing significant yield losses, 
F. graminearum produces mycotoxins like deoxynivale-
nol (DON) and zearalenone (ZEA) that pose a threat to 
human and animal health (Proctor et al. 1995; Goswami 
and Kistler 2004; Audenaert et  al. 2013). In the recur-
rent disease cycle of FHB, ascospores (sexual spores) 
and conidia (asexual spores) are primary and secondary 
inocula for plant infections caused by F. graminearum, 
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respectively (Guenther and Trail 2005; Trail 2007). Dur-
ing suitable environmental conditions, ascospore pro-
duction and discharge from the perithecium (sexual 
fruiting body) play essential roles in the spread of FHB 
(Bai and Shaner 2004). After the ascospores are dis-
charged, the rapid germination of ascospores enables F. 
graminearum to infect wheat tissues. DON, an important 
virulence factor, promotes the spread of F. graminearum 
in wheat (Jansen et al. 2005). Currently, controlling FHB 
is challenging due to the lack of effective fungicides (Paul 
et  al. 2008). Deciphering the polygenic factors involved 
in sexual reproduction may facilitate the development of 
novel strategies for controlling FHB.

Sexual reproduction plays a crucial role in the dis-
ease cycle of F. graminearum, and ascospores serve as 
the primary source of inoculum for plant infection. As 
a homothallic fungus, sexual reproduction can occur 
without mating in F. graminearum. Upon karyogamy 
and meiosis, in the perithecium, croziers develop ascites 
(Cavinder et al. 2012), and the asci cells undergo meiosis 
and mitosis, ultimately leading to the production of eight 
ascospores. Under favorable environmental conditions, 
the ascospores are ejected or ooze out of the mature 
perithecia.

Fatty acid metabolism is believed to be a crucial 
resource for the formation of perithecium and the dis-
charge of ascospores, which require large amounts of 
energy and precursor compounds (Cavinder et al. 2012). 
Lipid metabolism plays a vital role in the sexual develop-
ment of fungi (Calvo et al. 2001; Hynes et al. 2008; Bois-
nard et al. 2009; Shin et al. 2020). A novel transcription 
factor, Fpo1, negatively regulates perithecial develop-
ment in F. graminearum by reprogramming fatty acid 
metabolism, particularly fatty acid production, after 
sexual induction (Shin et  al. 2020). Sexual development 
in Podospora anserina requires hydrolysis and consump-
tion of fatty acids through peroxisomal β-oxidation and 
mitochondrial pathways (Boisnard et  al. 2009). Further-
more, fatty acid utilization through peroxin (PEX) and 
glyoxylate cycle genes is crucial for sexual development 
in F. graminearum (Lee et  al. 2009a, b; Min et  al. 2012; 
Wang  et al. 2008).

Transcription factors (TFs) are regulators that ensure 
the correct expression of target genes at the appropri-
ate time and location, playing important roles in key 
cellular processes (Shelest 2008). Based on their DNA-
binding domain types, most TFs can be classified into 
various classes, including basic region leucine zipper 
(b-ZIP), Myb, MADS-box, helix-loop-helix, homeobox 
and zinc fingers (Pabo et al. 1992). Previously, Son et al. 
(2011) constructed a 657 putative TFs mutant library and 
systematically analyzed 17 mutant phenotypes, among 
which 105 mutants exhibited altered sexual development. 

However, the regulatory mechanisms of sexual repro-
duction involving TFs remain largely unknown. Further 
investigation of these mechanisms may help in control-
ling FHB.

In this study, we identified and characterized FgBzip16, 
a b-ZIP TF that plays a crucial role in vegetative growth, 
asexual/sexual development, deoxynivalenol produc-
tion, and plant infection. RNA-Seq analysis revealed that 
FgBzip16 regulates the expression of genes associated 
with fatty acid biosynthesis and metabolism. Further 
investigation demonstrated that FgBzip16 targets the 
fatty acid metabolism-related genes to control fatty acid 
metabolism. Overall, our study reports that FgBzip16 is 
essential for ascospore discharge and pathogenicity by 
modulating fatty acid biosynthesis and metabolism in F. 
graminearum.

Results
Identification of the FgBZIP16 gene and examination of its 
expression
A BLASTP search against the protein sequence of Bzip16 
from Saccharomyces cerevisiae identified an ortholog of 
B-zip16 (FGSG_09832) in F. graminearum. FGSG_09832 
was predicted to encode 297 amino acids and was named 
FgBzip16. Further domain analyses showed that FgBzip16 
contains a typical b-Zip domain (152–219 aa) at the 
N-terminus (http://​smart​emblh​eidel​berg.​de/) (Addi-
tional file 1: Figure S1a).

To explore the FgBzip16 proteins, we first examined 
FgBZIP16 transcription in different developmental stages 
using RT-qPCR. The results showed that FgBZIP16 was 
expressed at all examined stages and had much higher 
expression levels in the conidia and perithecia, and dur-
ing the early infection stage (Additional file  1: Figure 
S1b). Therefore, the FgBZIP16 stage-specific expression 
pattern suggests that FgBZIP16 plays an important role 
in the infection process and sexual reproduction of F. 
graminearum.

The FgBZIP16 deletion mutant is defective in polarity 
growth and asexual development
To determine the function of FgBZIP16 in F. gramine-
arum, targeted gene deletion was performed using a 
split-marker strategy (Additional file  1: Figure S2a) (Li 
et  al. 2019a). Putative mutants were identified by PCR 
screening and verified by Southern blot hybridiza-
tion (Additional file  1: Figure S2b). Two independent 
ΔFgbzip16 mutants were obtained, both showing simi-
lar defective phenotypes. Therefore, one of the mutant 
strains was selected for further analysis. The mutant was 
complemented using the wild-type FgBZIP16 gene with a 
GFP tag at the N-terminus, resulting in the restoration of 
all functions.

http://smartemblheidelberg.de/
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Firstly, the vegetative growth of the ΔFgbzip16 mutant 
was examined on CM and PDA agar plates. After 3 days 
of incubation, the colony sizes of the ΔFgbzip16 mutant 
were significantly lower than that of the wild-type strain 
PH-1 and the complementation strain (Fig.  1a and 
Table  1). ΔFgbzip16 produced highly branched, curled 
hyphae as compared to PH-1 (Fig.  1b). In 5-day CMC 

culture, ΔFgbzip16 was reduced in conidiation (Fig.  1c 
and Table  1) as the mutant produced 0.04 × 106 spores/
mL compared to 1.28 × 106 spores/mL by PH-1 (Table 1). 
Moreover, more than 79.56% of the conidia produced 
by ΔFgbzip16 were abnormal (shorter in length, no 
more than three septa) comparison to those (< 18.73%) 
formed by PH-1 (Table 1). Additionally, we measured the 

Fig. 1  FgBzip16 is important for polarity growth and asexual development. a The wild-type strain PH-1, ΔFgbzip16 mutant and complementation 
strain were cultured on CM and PDA medium at 25℃ for 3 days in the dark. b Hyphal branching of the indicated strains were grown on CM 
medium for 24 h. Bar = 10 μm. c Conidia of the indicated strains were harvested from CMC medium, stained with calcofluor white, and observed 
by fluorescence microscope. Bar = 10 μm. d Aerial hyphae of each strain in tubes cultured on potato dextrose agar. e Quantification of aerial hyphae 
from d in each strain. Line bars in each column denote the standard errors of three repeated experiments. The asterisks indicate a significant 
difference at P < 0.01

Table 1  Phenotypic analysis of the wild type strain PH-1, ΔFgbzip16 mutant, and complementation strain in F. graminearum 

a Colony diameter of the indicated strains on different media after 3 days incubation at 25°C
b Quantification of the conidial production of the indicated strains from CMC cultures
c Percentage of the abnormal conidia of the indicated strains
d Measurement of the conidial length of the indicated strains

 ± SD was calculated from three repeated experiments and asterisks indicate statistically significant differences (P < 0.01)

Strain Colony diameter (cm)a Conidiation Conidial morphology(%)c Conidial length

CM PDA (× 106 spores/mL)b  ≥ 4 Septa  ≤ 3 Septa (μm)d

PH-1 7.1 ± 0.2 6.0 ± 0.3 1.28 ± 0.05 65.63 ± 2.35 33.18 ± 2.15 53.23 ± 3.13

ΔFgbzip16 2.8 ± 0.3* 2.3 ± 0.1* 0.04 ± 0.01* 18.73 ± 1.24* 79.56 ± 1.83* 33.32 ± 2.17*

Fgbzip16/FgBZIP16 7.0 ± 0.1 6.1 ± 0.1 1.34 ± 0.08 63.12 ± 1.89 34.67 ± 3.65 50.87 ± 3.63
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proliferation of aerial hyphal heights, which showed that 
the hyphal heights of ΔFgbzip16 were lower than that 
PH-1 (Fig. 1d, e). Taken together, these phenotypes were 
consistent with the findings of a previous study (Son et al. 
2011), indicating that FgBzip16 is required for vegetative 
growth, conidiation and conidial morphogenesis in F. 
graminearum.

The FgBzip16 is required for full virulence
To test whether FgBzip16 is required for F. gramine-
arum pathogenicity, conidial suspensions of the PH-1, 

ΔFgbzip16 and complementation strains were inocu-
lated onto flowering wheat heads at a concentration 
of 1 × 105 spores/mL. After 14  days of inoculation, 
ΔFgbzip16 did not cause head blight symptoms, while 
the PH-1 and complementation strains produced typi-
cal head blight symptoms (Fig.  2a). To gain further 
insight into the role of FgBzip16 during the expansion 
of invasive hyphae in the wheat head, a FgActin-RFP 
construct was created and used to transform PH-1 and 
the ΔFgbzip16 mutants. The resulting transformants 
were then inoculated onto flowering wheat heads. 

Fig. 2  Influence of FgBZIP16 deletion on virulence and endoglucanase activity. a Flowering wheat heads were drop-inoculated with conidia 
of the wild type strain PH-1, ΔFgbzip16 mutant and complementation strain. Photographs were taken at 14 days post-inoculation (dpi). 
Inoculated spikelets were pointed by white arrows. b Spikelets were inoculated with conidia of each strain that expressed FgActin-RFP as control. 
Images were taken at 7 days. Inoculated spikelets were indicated by white arrows. c Penetration of cellophane by fungal hyphae. The strain 
was cultured on the top of cellophane membranes placed on minimal medium at 25°C. After 2 days of incubation, removed the fungal dishes 
and the cellophane membranes, and cultured the plates for an additional day and photographed. d Measurements of endoglucanase activity. The 
endoglucanase activity in mycelia was measured by spectrophotometrically. One unit of enzymatic activity is defined as 1 nmol/min reducing 
sugars released from the substrate. Line bars in each column denote the standard errors of three repeated experiments. The asterisks indicate 
a significant difference at P < 0.01
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Seven days post-inoculation, the RFP signal was limited 
to the inoculation site for the mutant, whereas it was 
prolonged in the wheat head for the wild-type strain 
(Fig.  2b). These results suggest that FgBzip16 plays an 
important role in the infection of wheat heads.

To further determine whether a defect in fungal pen-
etration contributed to the ΔFgbzip16 mutant pheno-
type during infection, we performed the cellophane 
penetration assay, as previously described (Gu et  al. 
2015; Li et al. 2018). ΔFgbzip16 failed to penetrate the 
cellophane membrane, while the PH-1 and complemen-
tation strains successfully penetrated the cellophane 
(Fig.  2c). Consequently, we examined the endoglu-
canase activity as previously described (Jenczmionka 
et  al. 2003). The endoglucanase activity in ΔFgbzip16 
mutant was found to be decreased to 10% of that in 
PH-1 (Fig. 2d). These results indicated that the reduced 
endoglucanase activity contributed to the reduced fun-
gal penetration and virulence of the ΔFgbzip16 mutant 
on wheat heads.

During F. graminearum infection, the mycotoxin 
DON is produced, and it is a virulence factor during the 
infection of wheat spike rachises (Proctor et  al. 1995; 
Jansen et  al. 2005). Therefore, we examined whether 
FgBzip16 regulated DON biosynthesis in F. gramine-
arum. Compared with PH-1, the concentration of 
DON was not affected in ΔFgbzip16 (Additional file 1: 
Figure  S3a). We further quantified the expression of 
two trichothecene biosynthesis genes, TRI5 and TRI6 
(Seong et al. 2009) and found that the expression levels 
of two genes were not significantly different from those 
in PH-1 (Additional file 1: Figure S3b). This phenotype 
is consistent with the finding of a previous study (Son 

et al. 2011), indicating that FgBzip16 is not involved in 
the regulation of DON production in F. graminearum.

FgBzip16 is localized in the nucleus
FgBzip16 is a member of the b-zip family proteins of F. 
graminearum. We hypothesized that FgBzip16 is likely 
to be localized in the nucleus and shares the conserved 
cellular functions. To further decipher its functions, we 
examined its localization patterns in F. graminearum. 
We generated GFP-FgBzip16 and expressed it in the 
ΔFgbzip16 mutant. As mentioned previously, this con-
struct rescued the mutant phenotypes. Large fluores-
cent spot structures were observed in the hyphal cells 
and conidia of ΔFgbzip16/FgBZIP16 (Fig.  3). We specu-
lated that these structures were located in the nucleus. 
To test this hypothesis, we stained the hyphae with DAPI 
(4′, 6-diamidino-2-phenylindole: a nucleus marker) and 
examined whether it co-localized with GFP- FgBzip16. 
The results showed that GFP-FgBzip16 signals merged 
well with DAPI in the hyphae and conidia (Fig. 3). These 
results indicate that FgBzip16 is localized in the nucleus 
F. graminearum.

FgBzip16 is required for ascospore discharge in F. 
graminearum
As mentioned previously, sexual reproduction is an 
important step in the disease cycle of F. graminearum 
(Cavinder et al. 2012). It is a homothallic fungus. There-
fore, we determined the sexual reproduction of PH-1 and 
ΔFgbzip16 on self-mating plates. After 10-day incuba-
tion, ΔFgbzip16 produced many perithecia and asci of 
normal size and morphology, which was similar to PH-1 
(Fig. 4a). For ascospores release, after 24 h of incubation, 

Fig. 3  FgBzip16 localizes to nucleus. Hyphae and conidia expressing the FgBzip16-GFP fusion construct were observed. DAPI (4’, 
6-diamidino-2-phenylindole) staining of the nucleus at 25°C for 2 min. Photographs were examined under differential interference contrast (DIC) 
or epifluorescence microscopy. The merged panels showed the FgBzip16 localizes to nucleus. Bar = 10 μm
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numerous ascospores were discharged from PH-1, 
while no ascospores were ejected from the perithecia of 
ΔFgbzip16 (Fig.  4a). These phenotypes were consistent 
with the findings of a previous study (Son et  al. 2011), 
which showed that FgBzip16 plays an essential role in 
ascospore release in F. graminearum. The turgor pressure 
within the asci is generated by different ions and polyols 
and is responsible for ascospore discharge (Trail et  al. 
2002; Cavinder and Trail 2012; Hallen and Trail 2008).  
Therefore, we speculated that a defect in the turgor pres-
sure of generation in ΔFgbzip16 might result in the defect 
of ascospore discharge. To test this hypothesis, we meas-
ured the concentrations of various ions and polyols in the 
asci of ΔFgbzip16. The results showed that the concentra-
tions of ions (K+, Cl−, Ca2+, and Na+) and polyols (glyc-
erol, arabitol, mannitol, and glucose) were significantly 
lower in ΔFgbzip16 than PH-1 (Fig. 4b, c). These findings 
indicated that ΔFgbzip16 fails to discharge ascospores, 
which is attributed to the low turgor pressure in the asci. 
Therefore, FgBzip16 positively modulates ascospore dis-
charge in F. graminearum.

RNA‑seq analysis of the ΔFgbzip16 mutant
To elucidate the mechanisms by which FgBzip16 regu-
lates ascospore discharge, RNA-seq analysis was per-
formed using RNA isolated from the 8-day perithecia 
sample. Compared with the wild-type PH-1, 106 and 443 
genes were upregulated and downregulated, respectively 
(Fig. 5a). As FgBzip16 plays a role in ascospore discharge, 
we subjected the differentially expressed genes (DEGs) 

to KEGG enrichment analysis. The major downregulated 
DEGs were related to fatty acid degradation, taurine and 
hypotaurine metabolism, ascorbate and aldarate metabo-
lism, and fatty acids metabolism (Fig.  5b). These find-
ings suggest that the deletion of FgBZIP16 results in the 
downregulation of fatty acid metabolism and cellular dif-
ferentiation. Moreover, some of the downregulated DEGs 
belonged to the fusarubin/bostrycoidin biosynthetic gene 
cluster, which is associated with perithecial pigmenta-
tion. KEGG pathway analyses revealed a decrease in 
the metabolism of fatty acids in ΔFgbzip16. Notably, the 
deletion of FgBZIP16 resulted in the downregulation of 
many genes related to fatty acid metabolism (Fig. 5b). In 
contrast, the genes involved in pyruvate metabolism were 
upregulated. Taken together, these results demonstrate 
that FgBzip16 positively regulates fatty acid metabolism 
during sexual development.

FgBzip16 targets fatty acid metabolism‑related genes
As noted earlier, the discharge of ascospores is caused by 
the turgor pressure of the asci, which is generated by fatty 
acid metabolism. Through the analysis of RNA-Seq data, 
we found that two fatty acid metabolism-related genes 
(FGSG_05321 and FGSG_03244) were differentially 
expressed (greater than two-fold). To explore the func-
tion of FgBzip16 in fatty acid metabolism, we first exam-
ined the relationship between FgBzip16, FGSG_05321, 
and FGSG_03244 using an electrophoretic mobility shift 
assay (EMSA). The results showed that FgBzip16 binds 
to the putative promoter region 1500  bp upstream of 

Fig. 4  FgBzip16 is essential for ascospore discharge, and for maintaining the normal concentration of ions and polyols in asci. a Perithecia, asci 
formation, and ascospore discharge of the indicated strains on carrot agar plates, and photographed at 10 days. Bars = 1 mm. The concentration 
of ions (b) and polyols (c) in the asci of the indicated strains, respectively. Line bars in each column denote the standard errors of three repeated 
experiments. The asterisks indicate a significant difference at P < 0.01
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Fig. 5  RNA-Seq-based transcriptome analysis. a Analysis of differentially expressed genes showed significant increased (blue dots) and decreased 
(orange dots) in their expression, with over two-fold in the ΔFgbzip16 mutant in comparison with the wild- type strain PH-1. b KEGG enrichment 
analysis of the differentially expressed genes

Fig. 6  FgBzip16 targets fatty acid biosynthesis and metabolism-related genes. a EMSA assays for the binding of FgBzip16 protein with putative 
promoter sequences of FGSG_05321 and FGSG_03244, respectively. The 1500 bp DNA fragment of the putative promoter sequence of each gene 
was incubated in the absence or presence of purified FgBzip16 protein. GST protein or proteinase K was added after the incubation of FgBzip16 
protein with DNA fragment as control. DNA–protein complexes were separated by 1.5% agarose gel electrophoresis and photographed. b EMSA 
assays with a gradient concentration of FgBzip16 protein
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the start codon of these two genes. FgBzip16-DNA com-
plexes migrated slower than the DNA fragments alone in 
an agarose gel without proteinase K treatment (Fig.  6a, 
b). We also investigated the expression of these two 
genes. RT-qPCR analysis revealed that the FGSG_05321 
decreased sharply in theΔFgbzip16 mutant but not in the 
wild-type strain PH-1 (Table  2). FGSG_03244 expres-
sion was significantly increased in ΔFgbzip16 than PH-1 
(Table  2). These results suggest that FgBzip16 binds 
to the putative promoter regions of FGSG_05321 and 
FGSG_03244 and regulates their transcription.

FgBzip16 positively regulates fatty acid metabolism 
during sexual development
Transcriptome analysis reveals that FgBzip16 may posi-
tively modulate fatty acid metabolism, which is impor-
tant for ascospore discharge. To confirm this result, we 
used Nile red staining to examine the distribution of lipid 
bodies of PH-1 and ΔFgbzip16. In comparison to the wild 
type, a lower number of lipid bodies were detected in 
the ΔFgbzip16 mutant (Fig. 7a, b). In addition, we meas-
ured the concentration of glycerol and found a significant 
decrease in ΔFgbzip16 (Fig.  7c). To clarify the involve-
ment of FgBzip16 in fatty acid metabolism-related genes 
during ascospore discharge, we compared fatty acid 

production between the wild-type and ΔFgbzip16 strains. 
ΔFgbzip16 had a significant decrease in fatty acid pro-
duction than PH-1, especially in the early stage of sexual 
development (Fig. 7d). We further analyzed 20 genes that 
are associated with fatty acid biosynthesis and metabo-
lism in F. graminearum and found that six out of the ten 
genes related to fatty acid biosynthesis were downregu-
lated in the ΔFgbzip16 mutant, while eight out of the 
ten genes related to fatty acid metabolism were upregu-
lated (Table 2). These results indicate that FgBzip16 is a 
positive regulator of fatty acid metabolism during sexual 
development.

Discussion
Sexual reproduction is a key factor in maintaining 
genetic diversity and stability in fungi. Ascospores 
play a crucial role in the spread of FHB disease (Zel-
ler et  al. 2004; Lee et  al. 2009a, b). However, research 
on sexual reproduction in filamentous fungi, particu-
larly in F. graminearum, is limited. In this study, we 
focused on b-ZIP TFs, which regulate various biologi-
cal processes in eukaryotes. We identified and charac-
terized FgBZIP16 as a basic leucine zipper (b-ZIP) TF 
in F. graminearum and demonstrated that FgBzip16 
functions as a TF that modulates fatty acid metabolism, 

Table 2  Expression changes of the genes involved in fatty acid biosynthesis and metabolism in F. graminearum FgBZIP16 deletion 
mutant by quantitative real-time PCR

a Fold-change value represents the fold expression in FgBZIP16 deletion mutant ΔFgbzip16 as compared with that in the wild-type strain PH-1. The asterisks indicate a 
significant difference, at P < 0.01

Pathway Accession number Putative function Fold change in 
gene expressiona

Fatty acid biosynthesis FGSG_05322 fatty acid synthase subunit beta dehydratase 0.692*

FGSG_05321 fatty acid synthase subunit alpha reductase 0.191*

FGSG_07226 3-oxoacyl-[acyl-carrier-protein] synthase, mitochondrial precursor 1.483*

FGSG_02324 hypothetical protein similar to type I polyketide synthase 14.914*

FGSG_02210 conserved hypothetical protein 0.431*

FGSG_07223 hypothetical protein similar to short chain dehydrogenase family protein 1.016

FGSG_03838 conserved hypothetical protein 0.711*

FGSG_01857 hypothetical protein similar to 3-oxoacyl-acyl-carrier-protein reductase 1.547*

FGSG_08816 conserved hypothetical protein 0.286*

FGSG_11409 conserved hypothetical protein 0.034*

Fatty acid metabolism FGSG_01419 hypothetical protein similar to AMP-binding protein 5.325*

FGSG_13860 conserved hypothetical protein 3.638*

FGSG_02287 hypothetical protein similar to acyl-CoA oxidase 10.254*

FGSG_12573 hypothetical protein similar to enoyl-CoA hydratase/isomerase family protein 4.344*

FGSG_05551 hypothetical protein similar to peroxisomal D3,D2-enoyl-CoA isomerase 1.442*

FGSG_07659 hypothetical protein similar to fadD36 0.780*

FGSG_03244 hypothetical protein similar to enoyl-CoA hydratase/isomerase family protein 15.687*

FGSG_01581 conserved hypothetical protein 2.536*

FGSG_03546 hypothetical protein similar to dehydrogenase 6.692*

FGSG_13111 enoyl-CoA hydratase, mitochondrial precursor 1.634*
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controlling hyphal growth, conidia, ascospore dis-
charge, and pathogenicity. This study provides a regula-
tory mechanism by which FgBzip16 is required for the 
infection-related morphogenesis and pathogenicity of 
FHB.

FgBzip16-mediated transcriptional regulation plays 
a crucial role not only in fungal development (growth 
and conidia) but also in the pathogenicity of F. gramine-
arum. The RT-qPCR results showed that FgBZIP16 was 
expressed at all development stages, including vegeta-
tive growth, conidiation, plant infection, and perithecia 
(Additional file  1: Figure S1). As a regulator, FgBzip16 
appeared to play a role in various processes by acti-
vating downstream target genes (Fig. 8). The RNA-seq 
results also indicate that a few DEGs were related to 

growth and sexual development, showing that FgBzip16 
is involved in various molecular processes depend-
ing on the developmental stage. Further studies are 
required to clarify the association between lipid metab-
olism and ascospore discharge controlled by FgBzip16 
in F. graminearum.

Fatty acid metabolism is involved in many cellular 
functions, especially in generating energy for metabolic 
processes within cells ( et al. 2007; Rajvanshi et al. 2017). 
Lipid metabolism is the principal route for fatty acid 
metabolism and is vital for the maintenance of cellular 
turgor pressure because lipids in excess are toxic to cells 
(Goepfert et al. 2005;  et al. 2007). Furthermore, defects 
in lipid metabolism can lead to defective sexual repro-
duction (Shin et  al. 2020; Tang et  al. 2021; Zhang et  al. 
2021). Consistent with these findings, our data showed 
that the deletion of FgBZIP16 resulted in defects in lipid 
metabolism, and the mutants were unable to discharge 
ascospores. Therefore, we conclude that FgBzip16 plays a 
crucial role in maintaining cellular turgor pressure dur-
ing sexual reproduction. Our findings provide compre-
hensive insights into the basis of sexual reproduction in 
F. graminearum.

In this study, we found that the deletion of FgBZIP16 
altered morphogenesis and vegetative growth, and abol-
ished the pathogenicity of F. graminearum. It is possi-
ble that the reduction in the growth rate of ΔFgbzip16 
could be attributed to defects in plant infection. How-
ever, it is also likely that other crucial virulence factors 
were affected due to the complete loss of pathogenicity 
in the ΔFgbzip16 mutant. Previous research has shown 
that DON functions as a virulence factor that pro-
motes wheat infection by F. graminearum. Nevertheless, 
our findings revealed that the concentration of DON 
remained unchanged in both the wild-type PH-1 and 
ΔFgbzip16 mutant strains, and RT-qPCR assays showed 
that the expression of the trichothecene synthase genes 
TRI5 and TRI6 did not change. Fungi can release a range 
of cell wall degrading enzymes during the infection of F. 
graminearum (Jenczmionka et al. 2003; Jenczmionka and 
Schafer 2005; Voigt et  al. 2005). It is plausible that the 
reduced extracellular enzyme activity could also account 
for the loss of pathogenicity in the ΔFgbzip16 mutant. 
The endoglucanase activity was significantly reduced in 
the ΔFgbzip16, which failed to penetrate cellophane or 
plants.

According to the massive phenotypic data of F. 
graminearum, key regulators such as TFs, vesicle traffick-
ing, and kinases have been identified. These regulators 
can coordinate various environmental signals and are 
associated with fungal development and pathogenicity 
(Son et  al. 2011; Yun et  al. 2015; Li et  al. 2019a). Some 
regulators possess global modulates, such as FgVelb, 

Fig. 7  Lipid accumulation in mycelia of F. graminearum strains. a 
Lipid accumulation of the indicated strains. Hyphae were stained 
with Nile red. Photographs were examined under differential 
interference contrast (DIC) or epifluorescence microscopy. 
Bar = 10 μm. b Statistical analysis of the number lipid droplets 
in a. Line bars in each column denote the standard errors 
of three repeated experiments. The asterisks indicate a significant 
difference, at P < 0.01. c The concentration of glycerol in hyphae 
of the indicated strains, respectively. Line bars in each column 
denote the standard errors of three repeated experiments. The 
asterisks indicate a significant difference at P < 0.01. d Fatty acids 
composition in perithecia of indicate strains. Line bars represent 
standard deviations of total lipid content (n = 3). Asterisks represent 
significant differences in the total lipid content between wild-type 
and ΔFgbzip16 mutant (P < 0.01)
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FgVeA, FgTri6, and FgLaeA, which are involved in devel-
opmental processes, and primary and secondary metab-
olism (Jiang et  al. 2011, 2012; Nasmith et  al. 2011; Kim 
et al. 2013), while others possess unique functions, such 
as sexual reproduction-related MAT genes, which are 
specifically involved in sexual development (Lee et  al. 
2003). In this study, we characterized the b-Zip factor 
FgBzip16, which is a regulator of fatty acid metabolism 
during sexual development. The regulatory pathways and 
networks involving FgBzip16 in F. graminearum remain 
unclear.

In conclusion, we have uncovered a regulatory mecha-
nism whereby the b-Zip factor FgBzip16 acts as a positive 
regulator during the sexual development of the ascomy-
cete fungus F. graminearum. FgBzip16 reprograms fatty 
acid metabolism and regulates vegetative growth, conidia 
and plant infections. This is the first reported highlighting 
the shared and specific functions associated with b-Zip 
transcription factor FgBzip16 and linking the regulatory 
roles to the fungal development, fatty acid metabolism, 
host penetration, and pathogenicity of F. graminearum.

Conclusions
In the present study, we identified and characterized the 
functions of FgBZIP16 in F. graminearum. FgBZIP16, a 
basic leucine zipper (b-Zip) TF, acts as a transcriptional 
regulator of ascospore discharge. Targeted gene dele-
tion revealed that FgBzip16 is important for vegetative 
growth, asexual/sexual development, and plant infec-
tion. Cytological observations have shown that FgBzip16 
localized to the nucleus during the hyphal and conidial 
stages. Further investigation has revealed that FgBzip16 
is required for ascospore discharge. By combining tran-
scriptomics and molecular biology, we demonstrated 
that FgBzip16 binds to the promoter of its target genes, 
FGSG_05321 (encoding fatty acid synthase subunit alpha 
reductase) and FGSG_03244 (encoding enoyl hydratase), 
which regulate ascospore discharge of F. graminearum.

Methods
Strains and culture conditions
The wild-type F. graminearum strain PH-1 was used as 
the original strain for the transformation experiment. 
All strains were cultured on potato dextrose agar (PDA) 
medium (Li et al. 2019a). Liquid YEPD medium was used 
to prepare the mycelia for DNA and RNA extraction as 

Fig. 8  A hypothetical model for FgBzip16 function in F. graminearum. Activation of FgBzip16 mediates the reprogramming of fatty acid 
metabolisms required for development, virulence, conidial and ascospore discharge
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previously described (Li et  al. 2019b, 2019c). For veg-
etative growth assay, 3  mm × 3  mm agar blocks were 
placed into PDA and CM plate at 28ºC for 3 days (Li et al. 
2019a). For sexual reproduction assays, the aerial hyphae 
of the indicated strains of 10-day-old carrot agar cultures 
were pressed down with 1 mL of sterile 0.1% Tween 20 as 
described (Li et al. 2019a).

Gene deletion and complementation
Gene deletion mutants were constructed using a split-
marker PCR strategy (Zhang et  al. 2016). The flank-
ing sequence (approximately 1  kb) upstream and 
downstream of the FgBZIP16 gene, and HPH cassette 
were amplified using primers in PCR. The 3.4-kb frag-
ment was transformed into the protoplasts of wild-type 
PH-1, as previously described (Li et al. 2019b). To obtain 
the complemented strain, the fragment containing the 
entire FgBZIP16 gene and GFP-tag, and then inserted 
into the pYF11 plasmid using the yeast gap repair 
approach (Li et  al. 2017). The resulting constructs were 
sequenced and transformed into the ΔFgbzip16 mutant. 
The complemented transformants were screened by GFP 
signal under a fluorescence microscope. The primers are 
also listed in Supplementary Information (Additional 
file 2: Table S1).

Pathogenicity and DON assays
Pathogenicity was performed on flowering wheat inflo-
rescences as previously described with minor modifica-
tions (Zhang et al. 2016; Li et al. 2019a). Approximately 
6-week-old flowering wheat heads were infected with 
1 × 105 spores/mL and 10 μL of each. 10 μL water served 
as controls. After two weeks, we analyzed the typical 
head blight symptoms. For each treatment, thirty wheat 
heads were inoculated. The hyphal colonization on 
infected wheat spikelets was observed using a Hitachi 
TM-1000 tabletop microscope (Li et al. 2018).

For DON production assays, five mycelial plugs of each 
strain were inoculated with 50 g healthy and autoclaved 
wheat kernels as previously described (Li et al. 2018). The 
wheat kernels were inoculated at 28°C for 20 days. DON 
was extracted according to the manufacturer’s recom-
mendations protocol with minor modifications (Li et al. 
2019a), and subsequently further purified PuriTox SR 
DON colummTC-T200 (Trilogy an- alytical laboratory). 
To determine the DON and fungal ergosterol using an 
HPLC system Waters 1525 (Waters Co., Massachusetts, 
USA). The experiment was repeated three times.

Staining and confocal microscopy
F. graminearum cells, including hyphae and conidia 
expressing green fluorescent fusion proteins, were incu-
bated under appropriate conditions. Epifluorescence 

microscopy was observed under a confocal fluorescence 
microscope (LSM710, 63 × oil; Zeiss). To examine nuclei, 
hyphae, and conidia were stained with 4’, 6-diamidino-
2-phenylindole (DAPI) (Molecular Probes, Eugene, OR, 
USA) at a concentration of 1  mg/mL at room tempera-
ture in darkness for 5  min (Feng et  al. 2021). For lipid 
droplet staining, hyphae were stained with BODIPY™ 
493/503 (final concentration of 1 mg/mL) and incubation 
at the room temperature for 3 min (Rajvanshi et al. 2017; 
Liu et  al. 2009). Photographs were taken using confocal 
fluorescence microscopy, as described earlier.

Ascospore discharge assays
For ascospore discharge as previously described with 
minor modifications (Li et  al. 2019a). Mycelial plugs 
with perithecia were placed on the end of a glass slide, 
and the surface of the glass slide was perpendicular to 
the perithecia-bearing surface. Inoculated slides were 
kept in a platform at 28°C with 90% humidity and in the 
dark for 24  h, followed by a 12  h/12  h light/dark. Pho-
tographs were taken using a Hitachi TM-1000 tabletop 
microscope.

Ions and polyols concentration assays
The concentrations of K+, Ca2+, and Na+ were deter-
mined as previously described (Almeida et al. 2015; Yang 
et  al. 2018) with minor modifications. The perithecia of 
the indicated strains were harvested, dried using a freeze 
drier, and digested with a solution containing 98% H2SO4. 
Subsequently, 30% H2O2 was added to restore the color-
less, perithecia digestion solution. Next, the digestion 
was measured using a flame spectrophotometer (TAS-
986F, Beijing Purkinje General Instrument Co. Ltd., 
China). The Cl− concentrations were assayed by spec-
trophotometry following the chloride kit instructions 
(MAK023, Sigma-Aldrich) using a spectrophotometer 
(620 nm). The experiments were performed in triplicates. 
Glycero, mannitol, and glucose concentrations assays 
were performed using the kit instructions (MAK117, 
Sigma-Aldrich; MAK096, Sigma-Aldrich; MAK263, 
Sigma-Aldrich), with modifications. Arabitol content was 
determined using an HPLC system Waters 1525 (Waters 
Co., Massachusetts, USA). The experiment was repeated 
three times.

Endoglucanase activity assay
In order to ensure a comparable physiological status and 
biomass of the inoculum, the conidia were recultivated 
in CM medium (containing 0.05% yeast extract, 1% glu-
cose, and 1 × yeast nitrogen base) at room temperature 
for 4 days as described previously (Li et al. 2018, 2019a). 
Then the mycelia were isolated by filtration, washed using 
sterile water and used to inoculate 100 mL of induction 
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medium (containing mineral salts and trace elements). 
0.2 mg/mL casein and 0.5% CMC sodium salt as the sole 
carbon sources were added individually, and the mycelia-
induced cultures were collected at 24 h after inoculation. 
The culture supernatant was isolated by centrifugation 
for 10 min at maximum speed (Jenczmionka and Schafer 
2005). Endoglucanase activity was determined using 
carboxymethylcellulose as the sole carbon source and 
substrate for the enzyme assay. Under this condition, 
endoglucanase activity is specifically assayed. 30 μL cul-
ture supernatant was added to 270 μL of substrate solu-
tion (1% CMC sodium salt, dissolved in 50 mM sodium 
acetate, pH 5.0) and incubated at 37°C. The reducing 
sugars were examined by a spectrophotometric assay 
(Waffenschmidt and Jaenicke 1987). Calibration curves 
were made from standard glucose solutions. Reducing 
1  nmol/min sugars released from the substrate as one 
unit of enzymatic activity.

Quantification of gene expression by RT‑qPCR
Total RNA samples were extracted from mycelia, conidia, 
and perithecia using an RNA extraction kit (Vazyme 
Biotech, Nanjing, China) according to the manufactur-
er’s protocol. cDNA was prepared using reverse tran-
scriptase HiScript III RT SuperMix for qPCR (Vazyme 
Biotech, Nanjing, China). Quantitative PCR was run 
on a Real-time PCR system (Eppendorf ) with ChamQ 
SYBR® qPCR Mix (Q311-02, Vazyme Biotech). The rela-
tive quantification of each transcript was calculated by 
the 2−ΔΔCT method. The primers used in this section are 
listed in Additional file 2: Table S1.

RNA‑seq and bioinformatics analysis
Perithecia of PH-1 and ΔFgbzip16 mutants were har-
vested at 10 days from the carrot agar plate and used for 
RNA extraction with TRIzol (Invitrogen, USA). RNA-Seq 
libraries were constructed using the Illumina TruSeq™ 
RNA Sample Preparation Kit (Illumina, San Diego, CA, 
USA) according to the manufacturer’s protocol. Samples 
were run on an Illumina HiSeq2000 instrument using 
the reagents provided in the Illumina TruSeq Paired-
End (PE) Cluster Kit V3-cBot-HS and the TruSeq SBS kit 
v3-HS.

Relative transcript abundance was measured in reads 
per kilobase of exon per million mapped sequence 
reads (RPKM) (Mortazavi et  al. 2008). The differentially 
expressed genes (log2FC > 1 and FDR < 0.05) were carried 
out based on the reads counts by edgeRun with TMM 
normalization as described previously (Dimont et  al. 
2015). KEGG pathway analysis using the website (https://​
www.​kegg.​jp/​kegg/) (Ruepp et al. 2004; Supek et al. 2011).

EMSA assays
The cDNA of FgBzip16 was cloned into the pGEX-4 T-2 
vector to express GST-tagged FgBZIP16 heterogene-
ously. FgBzip16 protein expressed in Escherichia coli 
BL21-CodonPlus (DE3) cells (Sigma-Aldric, CMC0014) 
was separated and purified using a Ni–NTA agarose 
(QIAGEN, Germany) according to the manufacturer’s 
instruction book. The DNA fragment of the putative gene 
promoter was amplified by PCR using the primers (Addi-
tional file 2: Table S1), mixed with the purified FgBzip16 
protein and incubated for 20 min at 25°C, and then sepa-
rated by agarose gel electrophoresis. Gels were visualized 
directly using a BIO-RAD scanner.

Accession number
The gene sequences can be found using the following 
accession number at the website (http://​eupat​hdb.​org/​
eupat​hdb/): FgBZIP16 (FGSG_09832).

Statistical analysis
All experiments were repeated at least three replicates. 
Significant differences between treatments were evalu-
ated using SPSS software (version 2.0). The data for two 
different treatments were compared statistically using 
ANOVA, followed by an F-test if the ANOVA result was 
significant at P < 0.01.
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BLASTP	� Protein basic local alignment search tool
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DEGs	� Differentially expressed genes
DON	� Deoxynivalenol
EMSA	� Electrophoretic mobility shift assay
FHB	� Fusarium head blight
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Additional file 1. Figure S1. The structural domains and expression 
profiles of FgBZIP16. a Schematic drawing of the conserved domains in 
FgBzip16. FgBzip16 has a b-zip domain (marked as a black box, 152-219 
aa) at the N-terminal region. b The expression of FgBZIP16 was measured 
by quantitative real-time RT-PCR with cDNA from samplings for hyphae, 
conidia, infected wheat heads (infected wheat) and perithecium. The rela-
tive abundance of FgBZIP16 transcripts during infectious was normalized 
by comparing with hyphae in liquid CM (arbitrarily set to 1). Each sample 
was harvested from 10 plants and three independent experiments, each 
with three replicates, were performed. Line bars in each column denote 
the standard errors of three repeated experiments. The asterisks indicate a 
significant difference at P < 0.01. Figure S2. Targeted gene replacement of 
FgBZIP16 in F. graminearum. a Schematic diagram of the split-marker gene 
deletion strategy for FgBZIP16. b Results from Southern blot analysis of 
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genomic DNA using gene-specific or HPH probes. DNA from the mutant 
hybridizes only to the HPH probe, while that from the wild type hybridizes 
only to the gene-specific probe. Figure S3. Deoxynivalenol (DON) pro-
duction and the expression of DON biosynthesis genes. a DON production 
measurement in infected wheat kernels 20 days. Line bars in each column 
denote the standard errors of three repeated experiments. The asterisks 
indicate a significant difference at P < 0.01. b RT-qPCR analyzes the relative 
transcription abundance of trichothecene synthase genes TRI5 and TRI6. 
Line bars in each column denote the standard errors of three repeated 
experiments. The asterisks indicate a significant difference at P < 0.01.

Additional file 2. Table S1. Primers were used in this study.
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