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SUMMARY
Verticillium wilt caused by Verticillium dahliae is
a major disease of cotton. Acidic protein–
lipopolysaccharide complexes are thought to be

the toxins responsible for its symptoms. Here,
we determined that the sphingolipid biosyn-
thesis inhibitor fumonisin B1 (FB1) acts as a
toxin and phenocopies the symptoms induced
by V. dahliae. Knocking out genes required for
FB1 biosynthesis reduced V. dahliae pathoge-
nicity. Moreover, we showed that overexpression
of a FB1 and V. dahliae both downregulated
gene, GhIQD10, enhanced verticillium wilt re-
sistance by promoting the expression of brassi-
nosteroid and anti‐pathogen genes. Our results
provide a new strategy for preventing verticillium
wilt in cotton.
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INTRODUCTION

Cotton (Gossypium hirsutum) plants produce the most im-
portant natural textile fibers worldwide, accounting for

approximately 35% of annual global fiber demands (Huang
et al., 2021). Cotton yield losses are mainly due to verticillium
wilt, the “cancer of cotton,” a disease induced by the fungus
Verticillium dahliae (V. dahliae) (Wang et al., 2020b). Verti-
cillium dahliae is a soil‐borne pathogen that causes vascular
wilt in more than 200 dicotyledonous plant species, such as
annual herbs, perennials, and woody plants (Li et al., 2020).
The average yield loss of cotton caused by verticillium wilt is
approximately 10%–35% (Li et al., 2019). The major mech-
anisms underlying wilt pathogenesis are xylem vessel
blockage (Shaban et al., 2018) and toxin production (Luo
et al., 2014). In the latter case, an acidic protein–
lipopolysaccharide complex produced by V. dahliae func-
tions as a toxin that seriously perturbs plant metabolism and
carbon dioxide fixation and triggers degradation of H3PO4,
eventually leading to plant death (Meyer et al., 1994; Luo
et al., 2014).

V. dahliae necrosis‐ and ethylene‐inducing protein
(VdNEP) can induce necrotic lesions and trigger defense

responses in Nicotiana benthamiana, Arabidopsis thaliana,
and cotton plants (Wang et al., 2004; Zhou et al., 2012).
Glycosylinositol phosphorylceramide (GIPC) sphingolipids
act as receptors for this toxin (Lenarčič et al., 2017). In ad-
dition, the secondary metabolites of fungi are crucial players
in fungal development and actively shape interactions with
other organisms, especially those involved in pathogenesis
(Keller, 2019). VdBre1 is required for cotton infection and
contributes to pathogenicity by regulating lipid metabolism
and secondary metabolism in V. dahliae (Wang et al., 2021a).

Here, we demonstrate that the sphingolipid biosynthesis
inhibitor fumonisin B1 (FB1) is a metabolite produced in V.
dahliae that likely functions as a virulence factor that con-
tributes to verticillium wilt symptoms in cotton.

RESULTS AND DISCUSSION

Treatment with FB1 caused a wilt and lesion mimic phenotype
similar to the effects seen following V. dahliae treatment, but
did not affect the vascular tissue of cotton plants. These
symptoms were less serious than those induced by exposure to
the toxin VdNLP1 or V. dahliae strain V991 (Figures 1A–C, S1).
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Figure 1. Fumonisin B1 is one of the toxins in Verticillium dahliae
(A–C) Plant phenotypes (A), stem longitudinal sections (B), and V. dahliae biomass (C) in cotton seedlings at 7 d after treated with V. dahliae strain V991
and FB1. The cotton GhHis gene was used as the reference gene. (D) Mass spectrograms of standard FB1 (upper panel) and the aqueous metabolites of
V991 (lower panel). (E) ELISA of FB1 in mock samples and V. dahliae strains V991, Va2, XJ2015, and V592. (F and G) The phenotypes (F) and lesion
diameters (G) of cotton cotyledons at 7 d after treatment with the toxin protein VdNLP1, V. dahliae strain V991, and knockout strains Δ37 and Δ39. (H)
Sphingolipid and sterol contents in cotton roots at 12 h after treatment with V991. tS1P, phytosphingosine‐1‐phosphate; PhytoSph, phytosphingosines;
Cer, ceramides, PhytoCer, phytoceramides; PhytoCer‐OHFA, phytoceramides with hydroxylated fatty acyls; GluCer, glucosylceramides; Phyto‐GluCer,
phyto‐glucosylceramides; and GIPC, glycosyl inositol phosphorylceramide. (I–K) Statistical analysis of up‐ and down‐regulated genes (I), Venn diagram of
differentially expressed genes (DEGs) (J), and heat map of DEGs (K) in the transcriptomes of cotton roots at 12 h after treatment with V991 or FB1. (L and
M) qRT‐PCR of brassinosteroid‐ (L) and pathogenesis‐ (M) related genes in cotton roots treated with V991 or FB1. Error bars, ±SEM. Each analysis was
repeated with three biological replicates.
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FB1 is a metabolite produced by Fusarium moniliforme that
acts as an inhibitor of sphingolipid synthesis (Abbas et al.,
1994). Blast search of the “antibiotics and secondary
metabolite analysis shell (antiSMASH)” database (https://

fungismash.secondarymetabolites.org/) (Blin et al., 2019),
revealed a gene set that was identified as encoding a potential
FB1 biosynthesis pathway in V. dahliae (Li et al., 2020)
(Figure S1).

Figure 2. GhIQD10 promotes resistance to Verticillium dahliae in cotton
(A) GhIQD10 expression is suppressed by FB1 and V. dahliae treatment. (B–E) Phenotypes (B), stem longitudinal sections (C), wilting percentage (D), and
V. dahliae biomass (E) in the roots of GhIQD10‐overexpression plants at 7 d after FB1 and V. dahliae treatment. (F–I) The expression of brassinosteroid‐
(F and G) and pathogenesis‐ (H and I) related genes in the roots of GhIQD10‐overexpression plants at 7 d after treatment with FB1 (F and H) and V. dahliae
(G and I). Error bars, ±SEM. Each analysis was repeated with three biological replicates.
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Ultra‐high‐performance liquid chromatography coupled to
quadrupole Orbitrap high‐resolution mass spectrometry
(UHPLC‐MS) performed on an aqueous extract of V. dahliae
strain V991 as previously described (Tolosa et al., 2021)
showed that the V991 strain synthesizes FB1 (Figure 1D).
In addition, using an FB1 detection ELISA (enzyme‐linked
immunosorbent assay) kit (Shanghai Ruifan, China), we de-
termined that the FB1 content was higher in V. dahliae strain
V991 than in strains Va2, XJ2015, and V592 (Figure 1E). We
then generated V. dahliae strains in which a genomic region
including the gene set required for FB1 synthesis was
knocked out (Figure S3) and found that this reduced the FB1
content (Figure S4) and the pathogenicity of each strain
(Figure 1F, G). These results suggest that FB1, a metabolite
of V. dahliae, might be a virulence factor that contributes to
cotton wilt.

FB1 inhibits sphingolipid biosynthesis and therefore
cotton fiber elongation by altering the sphingolipidome profile
in cotton (Wang et al., 2020a). Using liquid chromatography
tandem mass spectrometry (LC‐MS/MS), we detected
sphingolipids in cotton roots treated with V. dahliae. We
found that those roots showed reduced levels of
phytosphingosine‐1‐phosphate (t‐S1P), phytosphingosines
(PhytoSph), ceramides (Cer), glucosylceramides (GluCer),
and phyto‐glucosylceramides (Phyto‐GluCer), but slightly
elevated levels of phytoceramides (PhytoCer) and phytocer-
amides with hydroxylated fatty acyls (PhytoCer‐OHFA); in-
terestingly, the level of glycosyl inositol phosphorylceramide
(GIPC) was significantly higher in V. dahliae‐treated roots
than in the untreated control roots.

We analyzed the sphingolipid molecules with markedly
altered contents in more detail. Based on standard no-
menclature, “d18:0” indicates that the long‐chain bases of
sphingolipids have two hydroxyl groups and 18 carbon
atoms and no double bonds, and “t18:0” indicates that
these bases have three hydroxyl groups and 18 carbon
atoms and no double bonds. “18:0” indicates that the
long‐chain fatty acids of sphingolipids have 16–26 carbon
atoms and no double bonds, and “h24:0” indicates that
these groups are hydroxylated fatty acyls with 16–26
carbon atoms and no double bonds. The contents of both
S1P t18:1 and S1P t18:0 for tS1P and Sph t18:1 for
PhytoSph were strongly reduced in V. dahliae‐treated
roots versus the control. In V. dahliae‐treated roots, the
levels of ceramide molecules were slightly reduced,
except for Cer d18:0/18:0 and Cer d18:0/18:0, whereas
the levels of PhytoCer and PhytoCer‐OHFA were notice-
ably higher (Figure 1H).

Intriguingly, the amounts of a‐GIPC t18:0/h24:1 and a‐
GIPC t18:1/h24:0 in GIPC were significantly increased after
infection with V. dahliae strain V991 (Figure 1H), but sharply
reduced after FB1 treatment (Figure S5). Given that mutant
plants with reduced GIPC contents are more resistant to NLP
toxins than the wild type (Lenarčič et al., 2017), we suggest
that FB1 produced by V. dahliae strain V991 disrupts sphin-
golipid biosynthesis in cotton and otherwise increases GIPC

contents, making cotton more sensitive to its NLP toxins, and
thereby causing cell death.

Sphingolipids play crucial roles in plant responses to bi-
otic and abiotic stress (Luttgeharm et al., 2016). Jiang et al.
showed that GIPC sphingolipids are important for the per-
ception of salt by plants (2019). Phytosphingosines may
regulate plasmodesma functions and cell‐to‐cell communi-
cation and maybe associated with resistance to plant
pathogens (Liu et al., 2020). Sphingolipid‐related compo-
nents and genes might have pivotal roles in plant–pathogen
interactions. In addition, sphingolipids and sterols are im-
portant components of membrane lipid rafts (Xu et al., 2020),
and altered sphingolipid contents can affect the sterol con-
tent in plants (Valitova et al., 2016). The current results are
consistent with these observations, as we also detected al-
tered sterol compositions in V. dahliae‐treated roots. Spe-
cifically, we observed a reduction in the abundance of both
steryl esters and sterols (Figure 1H).

To further verify the relationship between V. dahliae and
FB1, we analyzed the transcriptomes of cotton roots with or
without FB1 or V. dahliae treatment using high‐throughput
RNA‐Seq. We identified 1,608 upregulated and 8,293
downregulated differentially expressed genes (DEGs) fol-
lowing FB1, and 3,930 upregulated and 16,046 down-
regulated DEGs following V. dahliae treatment (Figures 1I,
S6). Interestingly, most DEGs (80%) in FB1‐treated roots
were the same as those identified following V. dahliae treat-
ment, and almost all of these DEGs showed similar ex-
pression trends after both treatments (Figure 1J, K).

Among the DEGs, genes related to the phytohormones
auxin and cytokinin, which are closely related to plant growth
(Kamiya, 2010), were downregulated following both treatments,
indicating that both V. dahliae and FB1 inhibit plant growth
(Figure S7). Brassinosteroids (BRs) function in plant–pathogen
interactions and play important roles in shaping plant fitness
and the growth–defense trade‐offs (Nolan et al., 2020).
We therefore surveyed the expression patterns of BR‐related
genes in the transcriptomic data. In agreement with previous
findings, GhBAK1 (Gh_A13G0579) was upregulated by both
treatments, and other DEGs related to BR were suppressed by
these treatments (Figure S8A). Furthermore, systemic acquired
resistance typically involves the activation of pathogenesis‐
related (PR) genes (Burger and Chory, 2019). Indeed, PR‐
related DEGs were all repressed by both treatments (Figure
S8B). Finally, our quantitative reverse‐transcription PCR
(qRT‐PCR) results were consistent with the transcriptomic data
(Figure 1L, M). These results indicate that the molecular re-
sponses to FB1 treatment were similar to those observed upon
V. dahliae infection.

Extensive efforts have been made to breed cotton vari-
eties resistant to verticillium wilt; cotton genes involved in this
resistance are reviewed in Song et al. (2020). The tomato
immune receptor Ve1 (Song et al., 2018), antifungal proteins
(Wang et al., 2016; Wang et al., 2020b), and peptides (Tong
et al., 2021) also play important roles in improving verticillium
wilt resistance in cotton. Transcriptome analysis of FB1‐ and
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V. dahliae‐treated cotton roots revealed that IQ67‐domain
(IQD) protein‐encoding genes were significantly down-
regulated following either FB1 or V. dahliae treatment (Figure
S9). IQD proteins play critical roles in plant defense, organ
development and shape, and drought tolerance (Guo
et al., 2021).

The ectopic expression of GhIQD14 led to the formation of
twisted organs in Arabidopsis due to changes in secondary
wall formation (Wang et al., 2021b), whereas knockdown of
GhIQD31 and GhIQD32 downregulated the expression of
stress‐responsive genes, thereby increasing drought and salt
stress sensitivity in cotton (Yang et al., 2019). We therefore
generated GhIQD10 (Gh_D01G0420) overexpression (Figure
S10) and VIGS (virus‐induced gene silencing; Figure S11)
cotton plants and examined their performance following V.
dahliae or FB1 treatment. The suppression of GhIQD10 ex-
pression by FB1 and V. dahliae was confirmed by qRT‐PCR
(Figure 2A). GhIQD10‐overexpression plants were sig-
nificantly more resistant to FB1, V991, and VdNLP1 than the
wild type (Figures 2B–E, S12A, B). By contrast, GhIQD10‐
VIGS plants were susceptibility to V991 (Figure S12C–F).

We observed changes in the expression of various BR‐
related genes in GhIQD10‐overexpression plants after FB1
or V. dahliae strain V991 treatment, as follows: FB1 treatment
significantly upregulated Gh_A13G0579, Gh_A09G0477,
Gh_D09G1679, Gh_A09G1589, and Gh_A07G1623, and slightly
increased the expression of Gh_A10G2189; V991 treatment
clearly increased the expression of Gh_A13G0579, Gh_A09-
G0477, Gh_D09G1679, Gh_A07G0598, Gh_D07G0665, and
Gh_A09G1589 and slightly upregulated Gh_D05G3727,
Gh_D01G1333, and Gh_A03G1024 (Figure 2F, G). The ex-
pression of almost all PR‐related genes increased in the
GhIQD10‐overexpression lines after both treatments, but
Gh_A08G0771 and Gh_D03G0182 were sharply upregulated
upon FB1 treatment (Figure 2H, I). These results suggest that
GhIQD10 contributes to verticillium wilt resistance in cotton by
activating BR signaling and PR‐related gene expression regard-
less of whether the challenge is initiated by FB1 or V991.

Plant sphingolipids play a critical role in biotic stress re-
sponses by directing the cells to initiate programmed cell
death (Ali et al., 2018). In the present study, we demonstrated
that FB1, a sphingolipid biosynthesis inhibitor and metabolite
of V. dahliae, acts as a pathogenic factor that causes wilt
symptoms in cotton. Moreover, both FB1 and V. dahliae
treatment downregulated GhIQD10, which confers verti-
cillium wilt resistance in cotton in a BR‐ and PR‐dependent
manner. Sphingolipids are closely associated with cotton
verticillium wilt tolerance in cotton. Our results provide new
insights into the pathogenicity of V. dahliae, thereby revealing
potential targets for breeding verticillium wilt‐resistant cotton.
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SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-
porting information tab for this article: http://onlinelibrary.wiley.com/
doi/10.1111/jipb.13241/suppinfo
Figure S1. The phenotypes of cotton cotyledon at 7 d after treatment with
toxic protein VdNLP1
(A) The lesion phenotypes of cotton cotyledon at 7 d after treatment with
toxic protein VdNLP1, V. dahliae strain V991, and FB1. (B) The lesion
diameter of cotton cotyledon at 7 d after treatment with toxic protein
VdNLP1, V. dahliae strain V991, and FB1. Error bars, ±SEM. Each analysis
was repeated with three biological replicates.
Figure S2. BLAST analysis of the secondary metabolite cluster in V.
dahliae genome
(A) The known secondary metabolite cluster in V. dahliae genome. yellow
rectangle, known secondary metabolite cluster; indigo triangle, the known
fumonisin B1 synthesis cluster. (B) The secondary metabolite cluster
blasting results of V. dahliae genome on antiSMASH’ database. (C) The
annotation of indigo triangle indicated cluster in (A).
Figure S3. Identification of V. dahliae knockout strain Δ37 and Δ39
(A) Schematic representation of the FB1 knockout vector. (B–D) The
electrophoresis images of PCR identification for V. dahliae knockout strain
Δ37 and Δ39 using the HygB (B), Up (C), and Down (D) primers as
indicated in A.
Figure S4. FB1 contents in knockout V. dahliae strains
The ELISA detection of FB1 in V. dahliae strains V991, Δ37, and Δ39. Error
bars, ±SEM. Each analysis was repeated with three biological replicates.
Figure S5. GIPC contents in FB1‐treated cotton roots
GIPC contents in cotton roots at 12 h after treated with FB1. “t18:0” and
“t18:1” indicate that the long‐chain bases (LCB) of GIPC have three hy-
droxyl groups and 18 carbon atoms and no double bonds or one double
bonds, respectively. “24:0” and “h24:1” indicate that the long‐chain fatty
acid (LCFA) of GIPC have 24 carbon atoms and no double bonds or are
hydroxylated fatty acyl and have 24 carbon atoms and one double bond,
respectively. Error bars, ±SEM. Each analysis was repeated with three
biological replicates.
Figure S6. Volcano plot of DEGs in FB1‐ and V991‐treated cotton roots
(A and B) The volcano plot up‐ and down‐regulated differentially ex-
pressed genes (DEGs) in cotton roots at 12 h after treated with FB1 (A) and
V. dahliae strain V991 (B). Red rhombus, up‐regulated DEGs. Green
square, down‐regulated DEGs. Gray dot, undifferentiated expression
genes.
Figure S7. The expression of cytokinin‐ and auxin‐related genes in FB1‐
and V991‐treated cotton roots
(A and B) The expression heat map of Cytokinin‐ (A) and Auxin‐ (B)
related genes in cotton roots at 12 h after treated with FB1 and V.
dahliae strain V991. The color scale indicates the LOG2 (transcript
abundance of FB1 or V991 treatment/the mock): red, increase in tran-
script abundance; blue, decrease in transcript abundance. Gene_id, the
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accession number of related genes. Gene description, the annotation of
related genes.
Figure S8. The expression of brassinosteroid‐ and pathogenesis‐related
genes in FB1‐ and V991‐treated cotton roots
(A and B) The expression heat map of brassinosteroid ‐ (A) and
pathogenesis‐ (B) related genes in cotton roots at 12 h after treated with
FB1 and V. dahliae strain V991. The color scale indicates the LOG2
(transcript abundance of FB1 or V991 treatment/the mock): red, increase
in transcript abundance; blue, decrease in transcript abundance. Gene_id,
the accession number of related genes. Gene description, the annotation
of related genes.
Figure S9. The expression of IQ67‐domain (IQD) family genes in FB1‐ and
V991‐treated cotton roots
The expression of heat map of IIQD family genes in cotton roots at 12 h
after treated with FB1 and V. dahliae strain V991. Indigo triangle, GhIQD10.
The color scale indicates the LOG 2 (transcript abundance of FB1 or V991
treatment/the mock): red, increase in transcript abundance; blue, de-
crease in transcript abundance. Gene_id, the accession number of related
genes. Gene description, the annotation of related genes. Bright blue tri-
angle, A and D sub‐genome GhIQD10.
Figure S10. Identification of GhIQD10‐overexpression cottons
(A) Schematic representation of the GhIQD10 overexpression vector. LB
and RB, T‐DNA left and right border. 35S, CaMV35S promoter. Ter,
terminator. GUS‐NPTII, fusion gene of GUS and NPTII. 35S96F and
IQD10OER, primers for transgenic cotton identification. (B) The electro-

phoresis images of PCR identification for GhIQD10‐overexpression cot-
tons using primer indicated in A. M, Marker; + positive plasmids; ‐, neg-
ative control; WT, wild type; OE4 and OE5, overexpression lines. (C) The
expression of GhIQD10 in its overexpression lines. Error bars, ±SEM. Each
analysis was repeated with three biological replicates.
Figure S11. Identification of Gh_IQD10 VIGS (virus induced gene
silencing) cotton lines
(A) Phenotypes of Gh_IQD10 VIGS cotton. VIGS (+ ), VIGS positive lines
(albino). VIGS (‐), VIGS negative lines. V1 and V2, Gh_IQD10 VIGS lines. (B)
The expression of GhIQD10 in its VIGS lines. Error bars, ±SEM. Each
analysis was repeated with three biological replicates.
Figure S12. Phenotypes of Gh_IQD10 VIGS lines after V. dahliae V991
treatment
(A and B) The lesion phenotypes and diameters of Gh_IQD10 over-
expression cotton cotyledons at 7 d after treatment with the toxin pro-
tein VdNLP1 and V. dahliae strain V991. (C–F) Phenotypes (C), stem
longitudinal sections (D), wilting percentage (E), and V. dahliae biomass
(F) of GhIQD10 VIGS line roots at 7 d after treated with FB1 and V.
dahliae. Error bars, ±SEM. Each analysis was repeated with three bio-
logical replicates.
Table S1. List of primers used for qRT‐PCR
Table S2. List of primers used for vector construction
Table S3. Brassinosteroid‐related gene expression levels and annotation
Table S4. Pathogenesis‐related gene expression levels and anno-
tation
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