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Abstract
Key message  A U-box E3 ubiquitin ligase GhPUB17 is inhibited by GhCyP3 with antifungal activity and acts as a 
negative regulator involved in cotton resistance to Verticillium dahliae.
Abstract  E3 ubiquitin ligases, the key component enzymes of the ubiquitin–proteasome system, which contains the most 
diverse structural and functional members involved in the determination of target specificity and the regulation of metabolism, 
have been well documented in previous studies. Here, we identify GhPUB17, a U-box E3 ligase in cotton that has ubiquit-
ination activity and is involved in the cotton immune response to Verticillium dahliae. The expression level of GhPUB17 is 
downregulated in the ssn mutant with a constitutively activated immune response (Sun et al., Nat Commun 5:5372, 2014). 
Infection with V. dahliae or exogenous hormone treatment, including jasmonic acid and salicylic acid, significantly upregu-
lated GhPUB17 in cotton roots, which suggested a possible role for this E3 ligase in the plant immune response to pathogens. 
Moreover, GhPUB17-knockdown cotton plants are more resistant to V. dahliae, whereas GhPUB17-overexpressing plants are 
more susceptible to the pathogen, which indicated that GhPUB17 is a negative regulator of cotton resistance to V. dahliae. A 
yeast two-hybrid (Y2H) assay identified GhCyP3 as a protein that interacts with GhPUB17, and this finding was confirmed 
by further protein interaction assays. The downregulation of GhCyP3 in cotton seedlings attenuated the plants’ resistance to 
V. dahliae. In addition, GhCyP3 showed antifungal activity against V. dahliae, and the E3 ligase activity of GhPUB17 was 
repressed by GhCyP3 in vitro. These results suggest that GhPUB17 negatively regulates cotton immunity to V. dahliae and 
that the antifungal protein GhCyP3 likely interacts with and inhibits the ligase activity of GhPUB17 and plays an important 
role in the cotton-Verticillium interaction.
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Introduction

Plants have evolved symbiotic relationships, including rela-
tionships characterized by mutual promotion and inhibition, 
with microorganisms in the environment. During growth 

and development, plants are also exposed to pathogens, 
such as bacteria, viruses, fungi and oomycetes (Dalio et al. 
2017), and plants protect themselves against these patho-
genic microorganisms by using detection mechanisms that 
recognize pathogen-derived molecules and then activate 
defence responses. To detect pathogenic microorganisms 
and thus protect themselves, plants have evolved an induci-
ble innate system that allows them to minimize the influence 
of pathogens (Jones and Dangl 2006). Two types of defence 
responses are triggered by the detection of different patho-
genic molecules secreted from pathogens. The first response 
is PAMP-triggered immunity (PTI), which is based on the 
recognition of conserved pathogen-associated molecular 
patterns (PAMPs), and this recognition leads to the produc-
tion of reactive oxygen species, the activation of mitogen-
activated protein kinases (MAPKs), the deposition of callose 
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in the cell wall, and the synthesis of pathogenesis-related 
proteins (Dodds and Rathjen 2010; He et al. 2015; Thomma 
et al. 2011). The other response is effector-triggered immu-
nity (ETI); as the name suggests, this response is triggered 
by effectors secreted from pathogens, which can suppress 
metabolic reactions to promote pathogen colonization in 
the host plants. These effectors are detected by recognition 
components of immune mechanisms in the host, such as 
nucleotide-binding leucine-rich repeat (NB-LRR) proteins, 
and this recognition activates the plant immune response 
(Boller and He 2009). The PTI process is continuous, but 
the ETI process is short-lived, more specific and shows 
increased effectiveness (Boller and He 2009; He et al. 2015).

It has been well established that protein ubiquitination 
is very important in many processes (Orosa et al. 2017), 
including the signal transduction cascade during the plant 
immune response (Kwon et al. 2006; Stone and Callis 2007). 
Ubiquitin (Ub) is a basic component of the Ub-conjugation 
pathway, which also involves three other enzymes or pro-
tein complexes called E1 (Ub-activating enzyme), E2 (Ub-
conjugating enzyme) and E3 (Ub-protein ligase). Through 
a reaction catalysed by E1 enzymes, non-activated Ub mol-
ecules form a thiol-ester bond with a conserved Cys residue 
in the E1 enzymes, and the Ub molecules in the resulting 
Ub-E1 complexes then form another thiol-ester bond with 
a conserved Cys residues in the E2 enzymes. Subsequently, 
E3 ligases facilitate the formation of an isopeptide linkage 
between Ub and the target protein or encourages its aut-
oubiquitination (Yee and Goring 2009). A polyubiquitin 
chain is subsequently formed by the addition of multiple 
Ub monomers via an internal Lys residue within the Ub pro-
tein. The polyubiquitin chain is then recognized by the 26S 
proteasome, which degrades the target and recycles the Ub 
monomers (Yang et al. 2006; Yee and Goring 2009). In this 
process, the E3 ligase plays a central role in the recruitment 
of specific target proteins and catalyses their ubiquitination 
(Trujillo and Shirasu 2010; Zhou and Zeng 2016). E3 ligases 
form the largest group of proteins within the Ub-enzyme 
cascade, indicating the wide range of potential targets in the 
proteome (Orosa et al. 2017). Depending on the presence of 
conserved domains and the mechanism of action of single-
protein E3 ligases, these enzymes are classified into four 
main subfamilies: homologous to the E6-AP carboxyl ter-
minus (HECT), really interesting new gene (RING), U-box 
and cullin-RING ligases (CRLs) (Vierstra 2009).

Recent evidence indicates that the plant U-box (PUB) E3 
ligase can function as either a positive or a negative regulator 
of the plant immune response against diverse pathogens. The 
U-box domain is the representative structure of PUB genes, 
which usually contain other specific domains necessary for 
complete functional E3 ligase activity. The U-box, which is 
signature domain of plant U-box type E3 ligases (PUBs), 
mediates interaction with the Ub-conjugating enzyme (E2), 

and the U-box domain in combination with a variation of 
substrate domains, including armadillo (ARM) repeats, the 
Ser/Thr kinase domain, WD40 repeats, the tetratricopeptide 
(TPR) domain, or peptidyl-prolyl isomerase, of which ARM 
repeats are the most common (41 out of 64 PUBs), has been 
mostly shown to mediate the interaction with substrates that 
renders them available for ubiquitination (Trujillo 2018). 
The U-box gene NtACRE74 (Avr9/Cf-9 rapidly elicited 
gene 74) from Nicotiana tabacum, which is homologous to 
CMPG1 in Petroselinum crispum and PUB20 and PUB21 
in Arabidopsis thaliana, can be rapidly induced by flagellin 
(Navarro et al. 2004) and acts as a positive regulator in Avr9/
Cf9, AvrPto/Pto and Inf1 immune responses in tomato and 
potato (Gonzalez-Lamothe et al. 2006). The homologues 
of PUB17 (also known as ACRE276) found in many plant 
species, including Arabidopsis, tobacco, potato and tomato, 
have been reported to be positive regulators in plant immune 
responses. NtPUB17 (as well as AtPUB17) is required for 
detection of the Avr4 and Avr9 effectors from Cladosporium 
fulvum by the receptor proteins Cf4 and Cf9 in tobacco 
and tomato (Yang et al. 2006). Moreover, the silencing 
of StPUB17 in potato and of its homologue NbPUB17 in 
Nicotiana benthamiana enhances leaf colonization by Phy-
tophthora infestans and attenuates PTI responses and pro-
grammed cell death (PCD), which is activated by flg22 and 
Cf4/Avr4 but is not required for all PTI- and PCD-associated 
responses (He et al. 2015). In N. benthamiana and tobacco, 
PUB17 acts as a target of the BTB domain E3 ligase POB1 
for proteasome degradation. Plants with low levels of POB1 
expression show accelerated HR-PCD, whereas those with 
an increased number of POB1 transcripts show attenuated 
HR-PCD. Furthermore, mutated versions of POB1 exhibit 
reduced interactions with PUB17 and fail to suppress HR-
PCD, revealing a regulatory mechanism for PUB17 in plant 
immune pathways (Orosa et al. 2017). Taken together, the 
results show that homologues of PUB17 act as positive regu-
lators in the Cf4- and Cf9-mediated immune response across 
the Solanaceae and Brassicaceae, which implies that the 
PUB17 homologue in cotton might have a similar function 
in the response to V. dahliae.

Here, we identified the cotton homologue of PUB17, 
denoted GhPUB17, from the lesion mimic mutant ssn, 
which is defective in the cotton P450 gene, SILENCE-
INDUCED STEM NECROSIS (SSN) (Sun et al. 2014). The 
knockdown of GhPUB17 in both Gossypium barbadense 
and G. hirsutum by VIGS or RNAi suppressed V. dahliae 
colonization, whereas transgenic lines that overexpressed 
this gene were more susceptible to the fungus. Furthermore, 
we found a cyclophilin protein, GhCyP3, that interacts 
with GhPUB17. The knockdown of GhCyP3 increased the 
susceptibility of the seedlings to V. dahliae. GhCyP3 also 
exhibited antifungal activity in vitro, and GhCyP3 inhibited 
the E3 ligase activity of GhPUB17. We therefore propose 
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that the antifungal GhCyP3 inhibits the E3 ligase activity 
of GhPUB17 and is therefore involved in the resistance of 
cotton to V. dahliae.

Results

GhPUB17 is a homologue of PUB17 and is involved 
in the response to V. dahliae

Our previous study revealed that the cotton P450 gene SSN 
is downregulated in G. barbadense upon inoculation with 
V. dahliae. The knockdown of SSN causes a lesion mimic 

phenotype and constitutively activates systemic cell death 
(Sun et al. 2014). An analysis of the differentially expressed 
genes between ssn and wild-type (WT) plants revealed an 
EST homologous to AtPUB17 in Arabidopsis, and this 
gene was designated GhPUB17. The open reading frame 
of GhPUB17 contains 2136 nucleotides and putatively 
encodes a protein with a length 712 amino acids that is also 
homologous to NtPUB17 in tobacco, StPUB17 in potato 
and SlPUB17 in tomato (Fig. 1a and S1a). All the homolo-
gous proteins were found to share two conserved domains, 
including a U-box domain and an ARM repeat domain (Fig. 
S1a). In addition, GhPUB17 was constitutively expressed 
in all cotton tissues tested (Fig. S1b) and was significantly 

Fig. 1   GhPUB17 is involved in disease resistance. a Phylogenetic 
relationships among GhPUB17 and its homologues in different plant 
species. The phylogeny was generated using the neighbour joining 
method with tobacco ACRE74 as the outgroup. b GhPUB17 was 
significantly induced at several time points after V. dahliae inocula-
tion. c The knockdown of GhPUB17 by virus-induced gene silencing 
(VIGS) improves the resistance of Gossypium barbadense cv. 7124 
to V. dahliae. Photographs from both control and GhPUB17-silenced 
lines were taken 12 days after V. dahliae inoculation. d Stalks dis-
sected from control and GhPUB17-silenced plants displayed differ-

ences in the level of necrosis 12 days after V. dahliae inoculation. e 
Disease indexes of both lines from 8 to 14 days after V. dahliae inoc-
ulation. f Relative fungal biomass in both lines. Total DNA of stems 
from both lines was extracted 12 days post-inoculation and used as 
a template for the RT-qPCR-based detection of fungal biomass. The 
cotton endogenous gene UB7 and the specific endogenous gene ITS 
(internal transcribed spacer) from V. dahliae were used as controls 
in the RT-qPCR analysis. The values and errors are presented as the 
means and standard deviations, respectively, of triplicate samples 
(n ≥ 15 plants, **P < 0.01, t-test)
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induced by inoculation with V. dahliae strain V991 (Fig. 1b). 
Additionally, the exogenous application of phytohormones, 
including SA and JA, induced the expression of GhPUB17 
(Fig. S1c, d), suggesting a potential role for this cotton gene 
in response to infection with V. dahliae.

To explore the function of GhPUB17 in cotton immunity 
to V. dahliae, a VIGS vector was constructed with the spe-
cific domain in GhPUB17, as shown in Fig. S2 (Liu et al. 
2002). Leaf samples were collected 14 days after the infiltra-
tion of cotyledons of G. barbadense cv ‘7124’ with GV3101 
infiltrated, and the expression level was determined by RT-
PCR. The seedlings with decreased transcript levels were 
infected with ‘V991’, and seedlings treated with TRV:00 
were used as the control. Compared with the TRV:00 plants, 
the knockdown of GhPUB17 made the plants more resistant 
to V. dahliae, as determined through an analysis of the dis-
sected hypocotyls, which showed decreased defoliation and 
vascular bundles with a lighter colour (Fig. 1c, d). The cal-
culated disease indexes supported this conclusion (Fig. 1e). 
An analysis of the relative fungal biomass in the stems by 
quantitative PCR (qPCR) revealed lower levels of V. dahliae 
in the GhPUB17-knockdown seedlings than in the control 
seedlings (Fig. 1f). All these results indicate that the down-
regulation of GhPUB17 decreases the colonization of cotton 
vascular bundles by V. dahliae and that GhPUB17 acts as a 
negative regulator in resistance of cotton to V. dahliae.

The transcript level of GhPUB17 influences cotton 
resistance to V. dahliae

To confirm the functions of GhPUB17 in cotton, a knock-
down construct for RNA interference and an overexpression 
construct using the 35S promoter were constructed based 
on the specific untranslated region (UTR) sequence and the 
full-length sequence of GhPUB17, respectively. Transgenic 
plants were obtained through Agrobacterium-mediated 
transformation and regeneration. The T-DNA copy numbers 
were evaluated by Southern blotting, and all independent 
lines with a single T-DNA copy were selected for analysing 
the expression of GhPUB17 in cotton (Fig. S3a, b). Two 
RNAi lines (RNAi5 and RNAi6) with significantly reduced 
GhPUB17 transcript levels and two GhPUB17-overexpress-
ing lines (OE31 and OE39) with a 20-fold higher transcript 
level compared with that in the WT plants were selected for 
further analysis (Fig. S3c, d).

At the five-leaf stage, the transgenic lines were inocu-
lated with ‘V991’ to analyse their susceptibility. The results 
showed that the downregulation of GhPUB17 improved the 
resistance of the plants to V. dahliae, whereas the overex-
pression of GhPUB17 made the plants more sensitive to the 
pathogen compared with the WT plants (Fig. 2a). The analy-
sis of dissected stems and the disease indexes calculated 
throughout the inoculation stage revealed results that were 

consistent with the phenotypic findings (Fig. 2b, c). The total 
DNA from hypocotyls was extracted and used as a template 
for the qPCR analysis of the relative fungal biomass. The 
results showed that the pathogen DNA content varied among 
the different lines: less pathogen DNA was detected in the 
GhPUB17-knockdown seedlings, whereas a higher amount 
of pathogen DNA was found in the GhPUB17-overexpress-
ing seedlings (Fig. 2d). Cotyledonary nodes from each line 
were collected and used for pathogen recovery assays after 
surface sterilization. Consistent with the results of the fungal 
biomass analysis, less fungus was found in the RNAi lines 
compared with the GhPUB17-overexpressing and WT lines 
(Fig. 2e). To evaluate the susceptibility of cotton to other 
fungi, cotton leaves were infected with Botrytis cinerea, and 
no significant difference was observed among these lines 
(Fig. S4), which suggested that GhPUB17 acts as a negative 
regulator in cotton resistance to V. dahliae and does not form 
part of a general response to fungal infection.

GhPUB17 interacts with GhCyP3

To identify the potential target(s) of GhPUB17, the ARM-
repeat domain, which is assumed to be the substrate-inter-
acting domain (Liao et al. 2017), was employed as the bait 
in a Y2H screen with the cDNA library constructed from 
cotton roots inoculated with strain ‘V991’. This experiment 
was repeated twice, and one recombinant was survived on 
SD-4 (-Thr/-Leu/-His/-Ade/+x-α-gel) medium (Fig. 3a). 
After sequencing, this target was identified as a member 
of the cyclophilin family and designated GhCyP3 based on 
a sequence analysis. The full coding sequence of GhCyP3 
contains 522 nucleotides and putatively encodes a protein 
with a length of 174 amino acids. To confirm the interac-
tion between GhPUB17 and GhCyP3, full-length GhPUB17 
was subsequently cloned into the BD vector to confirm its 
hybridization with AD-GhCyP3 (Fig. 3b).

GhCyP3, as a glutathione-S-transferase (GST)-tagged 
fusion protein at its N terminus, was expressed in E. coli 
(BL21) and purified by affinity chromatography. The interac-
tion of the purified protein with MBP-GhPUB17 was tested 
through a pulldown experiment (Fig. S5a, b), and the GST 
tag itself was used as a negative control. The results con-
firmed the interaction between these two proteins (Fig. 3c). 
The pulldown experiment revealed that GhCyP3 interacts 
with three peptides, namely, full-length MBP-GhPUB17 
and two fragments of MBP-GhPUB17. The MBP-GhPUB17 
protein was expressed and extracted from E. coli. During the 
extraction process, parts of the protein were degraded, and 
even though we performed the experiment several times, 
this degradation could not be avoided. Three fragments 
were detected in the GhPUB17 protein samples: fragment 
I, at 122 kDa; fragment II, at 85 kDa; and fragment III, at 
75 kDa (Fig. S5b). The length of the proteins was estimated 
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based on the protein marker in the same SDS-PAGE gel. All 
tags were confirmed by mass spectrometry to verify the pro-
tein sequence. The peptides detected in the three fragments 
compared with the reference sequence of MBP-GhPUB17 
are listed in Table S3. According to the size of each frag-
ment and the structure of MBP-GhPUB17, fragment I was 
extrapolated as full-length MBP-GhPUB17 containing con-
served U-box and ARM domains. In addition, fragment II 
was estimated to be a fragment of MBP-GhPUB17 that con-
tains only the conserved U-box domain, whereas fragment 
III does not contain the U-box and ARM domains. All the 
fragments contained an MBP protein tag (Fig. S5d). Based 
on the findings that GhCyP3 was acquired by a Y2H with 
the GhPUB17-ARM domain as the bait and that GhCyP3 
protein, which was identified in the GST pulldown assay, 
could interact in vitro with all fragments of GhPUB17 with 
or without the ARM domain, we propose that more than one 
binding site is involved in the interaction of these proteins.

To confirm the interaction between GhPUB17 and 
GhCyP3 in vivo, we constructed expression vectors for 

the transient transformation of Nicotiana benthamiana 
plants with Agrobacterium tumefaciens strain GV3101 
for bimolecular fluorescence complementation (BiFC) and 
split luciferase complementation (SLC) assays. Because 
PUB17 and its homologues showed very low accumulation 
in N. benthamiana due to Ub-mediated degradation, as 
previously demonstrated, the proteasome inhibitor MG132 
(50 µM) was infiltrated into leaves 6 h prior to imag-
ing. The results from the BiFC assay indicated that both 
GhPUB17ARM and GhPUB17 interacted with GhCyP3 
at the plasma membrane and in the nucleus. Inducer of 
CBF expression 1 (GhICE1) fused to the C-terminal por-
tion of yellow fluorescence protein (YFP) served as the 
negative control in the analysis of the interaction with 
GhPUB17ARM&GhPUB17, and the interaction of nYFP 
with GhCyP3 also served as a negative control. No YFP 
fluorescence was observed with the other three combina-
tions, suggesting a specific interaction between GhPUB17 
and GhCyP3 (Fig. 3d, e). The interaction results were con-
firmed with the SLC assay, and a luciferase signal could 
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to V. dahliae. a Symptoms of GhPUB17-knockdown plants (RNAi5 
and RNAi6), GhPUB17-overexpressing plants (OE31 and OE39) 
and WT (YZ1) lines 12 days after V. dahliae inoculation. b Images 
of dissected stems from GhPUB17-knockdown plants (RNAi5 and 
RNAi6), GhPUB17-overexpressing plants (OE31 and OE39) and WT 
(YZ1) lines. c Disease index calculated from GhPUB17-knockdown 
plants (RNAi5 and RNAi6), GhPUB17-overexpressing plants (OE31 

and OE39) and WT (YZ1) lines. d Relative fungal biomass in stems 
from GhPUB17-knockdown plants (RNAi5 and RNAi6), GhPUB17-
overexpressing plants (OE31 and OE39) and WT (YZ1) lines. The 
values and error bars are presented as the means and standard devia-
tions, respectively, of triplicate samples (n ≥ 15 plants, **P < 0.01, 
t-test). e Recovery of fungus from GhPUB17-knockdown plants 
(RNAi5 and RNAi6), GhPUB17-overexpressing plants (OE31 and 
OE39) and WT (YZ1) lines on PDA medium
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Fig. 3   GhPUB17 interacts with GhCyP3. a Yeast two-hybrid 
assays indicate that the ARM domain from GhPUB17 interacts 
with GhCyP3. b Yeast two-hybrid assays indicate that full-length 
GhPUB17 interacts with GhCyP3. c A GST pulldown experiment 
indicates that full-length MBP-GhPUB17 and its fragments interact 
with GST-GhCyP3. d, e GhPUB17ARM/GhPUB17 interact with 
GhCyP3 at the plasma membrane and in the nucleus. Bimolecular 
fluorescence complementation (BiFC) analysis was performed in N. 
benthamiana. GhPUB17ARM/GhPUB17 was fused to the N termi-
nus of yellow fluorescence protein (YFP), and GhCyP3 was fused to 
the C terminus of YFP. Inducer of CBF expression 1 (GhICE1) was 
fused to the C terminus of YFP to serve as the negative control. Con-

focal microscopy images were obtained 3 days after infiltration. Bars, 
50  µm. f GhPUB17 can interact with GhCyP3, as indicated by the 
split luciferase (LUC) complementation assay. GhPUB17 was fused 
to the N-terminal portion of LUC (nLUC), and GhCyP3 was fused 
to the C-terminal portion of LUC (cLUC). Agrobacteria carrying 
different plasmids, as indicated, were co-expressed in N. benthami-
ana. Three days after infiltration, images were taken using a Photek 
camera. The experiment was repeated twice with similar results. Six 
hours prior to imaging, MG132 (50 µM) was infiltrated into agrobac-
teria-infiltrated leaves in BiFC and SLC analyses due to the ubiquit-
ination of PUB17 in the 26S proteasome
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only be captured after the co-expression of GhPUB17-
nLUC and GhCyP3-cLUC but not with the other combi-
nations (Fig. 3f). All the results indicate that GhPUB17 
interacts with GhCyP3.

GhPUB17 functions as an E3 Ub ligase, and this 
activity can be repressed by GhCyP3

To test whether GhPUB17 possesses E3 Ub ligase activity, 
the fused protein MBP-GhPUB17 was used for in vitro 
ubiquitination assays. In the presence of all components, 
including E1, E2, MBP-GhPUB17 and Ub, ubiquitination 
activity was observed in immunoblots probed with mono-
clonal antibodies to Ub. No ubiquitination was observed 
in the absence of any of the above-mentioned compo-
nents. The Val residue within different U-box domains is 
highly conversed and very important for E3 ligase activ-
ity, as demonstrated in a study of AtPUB17 and NtA-
CRE276 (Yang et al. 2006). In vitro ubiquitination assays 
revealed that E3 ligase activity was completely abolished 
in GhPUB17 protein with a Val-to-Ile point mutation at 
residue 311 (V311I), suggesting the specific E3 Ub ligase 
activity of GhPUB17 (Fig. 4a).

To explore the interaction between GhCyP3 and 
GhPUB17, the fused protein GST-GhCyP3 was used as an 
additional additive reagent in the ubiquitination assays of 
GhPUB17 E3 ligase activity. Each reaction contained the 
same components (at the same quantities) as those used in 
the above-described ubiquitination assays and a specific 
amount of GST-GhCyP3 (0.05, 0.5, 5, 50, 100, or 200 µg) 
in a total volume of 50 µl. The results showed that a higher 
quantity of GhCyP3 exerted a stronger repressive effect on 
the E3 Ub ligase activity of GhPUB17 (Fig. 4b). Further-
more, the ubiquitination of GST-GhCyP3 by GhPUB17 was 
not detectable with GST antibody. These results demon-
strated the E3 Ub ligase activity of GhPUB17 and revealed 
that this activity was suppressed by GhCyP3 in vitro. In 
addition, no GST-GhCyP3 ubiquitinated by GhPUB17 could 
be detected with GST antibody in each lane, which sug-
gested that GhCyP3 might not be the substrate responsible 
for the Ub ligase activity of GhPUB17 (Fig. 4b). The stabil-
ity of recombinant MBP-GhPUB17 and GST-GhCyP3 after 
co-incubation for 3 or 6 h at 25 °C was assessed by immu-
noblotting. No significant dispersion zone was observed at 
3 and 6 h compared with the control at 0 h, confirming the 
stability of these proteins (Fig. 4c). In addition, the transcript 
levels of GhCyP3 and GhPUB17 in cotton roots were evalu-
ated by RT-qPCR, and the results showed that the GhCyP3 
transcript level was approximately 48.7-fold higher than that 
of GhPUB17 (Fig. 4d), which suggested that the protein con-
centrations of GhPUB17 and GhCyP3 used in the in vitro 
activity assay should be biologically significant.

GhCyP3 acts as a positive regulator in the resistance 
of cotton to V. dahliae

The cyclophilin family is a large gene family that might 
have biological functions in a range of metabolic processes, 
including plant immunity. To explore the potential function 
of GhCyP3 in cotton resistance to V. dahliae, the GhCyP3-
VIGS vector was constructed, and the empty vector TRV:00 
was used as a control in plant infection assays. Different con-
structs of Agrobacterium GV3101 were infiltrated into the 
GhPUB17-RNAi6, GhPUB17-OE31, and WT (YZ1) lines, 
and 14 days after VIGS, the expression level of GhCyP3 
was assessed by RT-PCR. GhCyP3-knockdown plants were 
inoculated with V. dahliae strain V991. Disease symptoms 
were observed 1 week after inoculation, and the diseased 
leaves were analysed to calculate the disease index.

The results revealed that the GhCyP3-silenced plants 
with the WT background showed increased susceptibility 
to V. dahliae compared with the WT plants (Fig. 5a), and 
similar results were also observed in the GhPUB17-RNAi6/
GhPUB17-OE31 plants. More serious defoliation was 
detected in the GhPUB17-OE31 plants in which GhCyP3 
was knocked down, which indicated that the overexpres-
sion of GhPUB17 in plants in which GhCyP3 is suppressed 
increases the susceptibility of the plants to V. dahliae. Addi-
tionally, the knockdown of GhCyP3 impaired the resistance 
of GhPUB17-RNAi6 to V. dahliae (Fig. 5a). The stems dis-
sected from GhCyP3-silenced plants presented a more severe 
level of necrosis than those from the control plants, and this 
finding was obtained from all three tested lines (Fig. 5b). In 
addition, symptoms of Verticillium wilt were observed ear-
lier and showed increased severity in the GhPUB17-OE31 
plants after the knockdown of GhCyP3. At 8 days post-
inoculation (dpi), the disease index of the GhPUB17-OE31 
seedlings was higher than 20, whereas those of the WT and 
GhPUB17-RNAi6 plants were less than 10 and close to zero, 
respectively (Fig. 5c-e). The results from both the pathogen 
recovery growth assay on PDA medium and the detection of 
the proportion of pathogen DNA in the total DNA of plants 
demonstrated that GhCyP3 repressed the colonization of V. 
dahliae in cotton seedlings (Fig. 5f, g), and thus, GhCyP3 
acts as a positive regulator of cotton resistance to V. dahliae.

GhCyP3 protein shows antifungal activity against V. 
dahliae in vitro

The cyclophilin (CyP) family has various metabolic func-
tions. In fact, several CyP proteins, such as C-CyP in cab-
bage (Lee et al. 2007), CaCyP1 in pepper (Kong et al. 
2001) and StCyP in tomato (Godoy et  al. 2000), have 
been reported to have antifungal activity. A sequencing 
and phylogenetic analysis revealed that GhCyP3 is highly 
homologous to these CyP proteins (Fig. 6a, b). To explore 
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whether GhCyP3 has similar antifungal activity, GhCyP3 
fused with a HIS tag at the N terminus was expressed by a 
prokaryotic expression system (BL21). The expression of 
GST fused to HIS was used as a control.

Recombinant proteins were extracted from IPTG-induced 
E. coli (BL21), and their concentrations were measured 
by the Bradford method and adjusted using a lyophilizer 
to a final concentration of 300  µg/ml. The stability of 
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Fig. 4   GhPUB17 has E3 Ub ligase activity and is inhibited by 
GhCyP3 in vitro. a E3 Ub ligase activity assay of GhPUB17. Puri-
fied MBP-GhPUB17 fusion protein was incubated in the pres-
ence or absence of E1, E2, and Ub. The reactions were analysed by 
immunoblotting using an anti-Ub antibody. The E3 ligase activity 
of MBP-GhPUB17 was only detected in the presence of all compo-
nents (lane 1). A mutated version of GhPUB17 (the conversed U-box 
domain with a Val-to-Ile substitution mutation at residue 311, MBP-
GhPUB17) was used as a controls in the E3 activity assay, and no Ub 
conjugates were detected with the Val-to-Ile mutation at residue 311 
(lane 6). The other lanes (sequential deletion of E1, E2, Ub and MBP-
GhPUB17) yielded negative results. b GST-GhCyP3 quantitatively 
repressed the E3 ligase activity of MBP-GhPUB17 in vitro. Different 

amounts of GST-GhCyP3 were used in the ubiquitination system as 
the variable factor in this experiment. In lanes 1 to 6, the amounts of 
GST-GhCyP3 were 0.05, 0.5, 5, 50, 100 and 200 µg, respectively, in 
a total reaction volume of 50 µl. These results indicate that GhCyP3 
cannot be ubiquitinated by GhPUB17. The quantity of PUB17 in each 
reaction was immunoprecipitated with MBP antibody as the load-
ing control. c Stability of the recombinant proteins. The recombi-
nant proteins MBP-GhPUB17 and GST-GhCyP3 were co-incubated 
at 25 °C for 3 and 6 h in E3 ligase reaction buffer, and the stability 
of the recombinant proteins was assessed by immunoblotting with 
anti-GST and anti-MBP antibodies, respectively. d Transcript level of 
GhPUB17 and GhCyP3 in cotton roots; the cotton gene GhUb7 was 
used as a control
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recombinant His-GhCyP3 was determined by immunoblot-
ting with anti-HIS, and the results confirmed its stability 
for the subsequent assays (Fig. 6c). A concentration gradi-
ent consisting of 1, 1/2, 1/4, 1/8, 1/16, 1/32, and 1/64 of 
the final concentration was obtained. The diluted proteins 
were subsequently mixed with isopycnic V991 spore solu-
tion (103/ml), and the mixtures were separately inoculated 
in PDA medium and Czapek medium for cultivation. Three 
days later, the colonies containing less GhCyP3 protein 
showed improved growth compared with those containing 
more GhCyP3 (Fig. 6d), and the effective concentration of 
GhCyP3 was estimated to equal 9.375 µg/ml (1:32 dilution). 
The spore concentration in Czapek culture 3 days after inoc-
ulation displayed similar trends as the results obtained on 
PDA medium, i.e., increases in the concentration of GhCyP3 
decreased the spore number (Fig. 6e), and the effective 

concentration of GhCyP3 was estimated as 4.6875 µg/ml 
(1:64 dilution). To summarize, the effective concentration of 
GhCyP3 that is able to repress the development of V. dahliae 
spores (103/ml) was found to range from 4.6875 to 9.375 µg/
ml. The data from the samples treated with HIS-GST in the 
same culture medium revealed no significant differences 
between the PDA and Czapek media and this experiment 
was repeated three times with similar results.

Discussion

Pathogens and plant hosts have coevolved over millions of 
years and generated complex mechanisms to regulate infec-
tion and defence. During infection, constitutive structural 
molecules or effectors secreted from pathogens are delivered 
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Fig. 5   The knockdown of GhCyP3 impairs cotton resistance to V. 
dahliae. a Symptoms of TRV:00 and TRV:GhCyP3 in YZ1, RNAi6 
and OE31 lines 12 days after V. dahliae inoculation. The expression 
level of GhCyP3 in the roots of the different lines is shown below 
each image. b Stems dissected from the control and GhCyP3-silenced 
plants displayed differences in the level of necrosis 12 days after V. 
dahliae inoculation. c, d and e Disease indexes of V. dahliae in the 

TRV:00 and TRV:GhCyP3 lines at 7 days; these values were calcu-
lated from the GhCyP3-knockdown and control plants. f Relative 
fungal biomass in stems of the different lines. The values and error 
bars are presented as the means and standard deviations, respectively, 
of triplicate samples (n ≥ 15 plants, **P < 0.01, t-test). g Recovery 
of fungus from different lines with GhCyP3 knockdown on PDA 
medium
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to plants to repress their immunity and thus allow coloni-
zation. These pathogen-derived molecules are also recog-
nized by plant hosts and activate host immune responses, 
including PTI and ETI (Sang et al. 2018). Plants can also 
produce antifungal metabolites or peptides to inhibit patho-
gen growth and colonization (Sang et al. 2018). A series of 
physiological reactions during host immune responses are 
generated by signalling pathways activated by hormones, 
metabolites, and enzymes (Zipfel and Oldroyd 2017). All 
the steps and components in these pathways are precisely 
managed by enzymes that are regulated by other systems, 
such as the ubiquitin 26S proteasome system (UPS), a major 
pathway that regulates protein degradation and modification 
(Du et al. 2009; Zhou et al. 2017). E3 ligases constitute the 
key component of the UPS and determine the diversity of the 
protein substrates of the UPS. Based on the classification of 
E3 ligases based on structural features, the PUB E3 ligase is 
a major subfamily that contains the conserved U-box domain 
(Yang et al. 2006), and E3 ligases were recently found to 
play roles in various physiological and metabolic processes, 

including plant immunity (Trujillo and Shirasu 2010; You 
et al. 2016).

The PUB gene family members usually contain a U-box 
domain that transfers activated Ub to substrates, whereas the 
ARM domain binds the substrates to allow their recognition 
(Trujillo 2018). PUB17 is a member of the PUB family and 
functions as an E3 ligase to regulate plant immunity, and the 
mutation of conversed Val sites within the U-box domain of 
PUB17 in tobacco abolishes its E3 ubiquitination activity 
(Yang et al. 2006). A previous study found that homologues 
of PUB17 play a positive role in the management of plant 
immunity by enhancing the immune responses of plants to 
specific pathogens or their effectors through the Cf-9- and 
Cf-4-mediated HR-PCD pathway across Solanaceae and 
Brassicaceae (He et al. 2015; Orosa et al. 2017; Yang et al. 
2006). Effectors such as Avr4 and Avr9 can activate the 
immune responses managed by Cf-4 and Cf-9, and PUB17 
plays a crucial role in both pathways. During the potato 
immune response to P. infestans, PUB17 is localized in the 
nucleus, which is consistent with its role in N. benthamiana 
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Fig. 6   GhCyP3 inhibits the proliferation of V. dahliae. a Align-
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boxes indicate the conserved amino acids. The peptidyl-prolyl cis–
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relationships among GhCyP3 and its homologues with antifungal 
activity. c The recombinant protein HIS-GhCyP3 was incubated at 
25 °C for 3 and 6 h in column buffer, and its stability was assessed 

by immunoblotting with anti-HIS. d GhCyP3 protein inhibits the 
growth of V991 on a plate with PDA medium, and a higher content 
of GhCyP3 was associated with stronger antifungal activity. Primary 
protein concentration: 300 µg/ml. e Statistical analysis of the numbers 
of V991 spores in Czapek culture with different contents of GhCyP3. 
Primary protein concentration: 300  µg/ml. The standard deviations 
were calculated from the results of three independent experiments 
(n = 3, **P < 0.01, *P < 0.05, t-test). GST was recombined into the 
HIS vector and used as the negative control
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HR-PCD. Interestingly, in this study, we found that the 
PUB17 homologue GhPUB17 acts as a negative regulator in 
cotton resistance to V. dahliae (Figs. 1, 2). No homologues 
of Cf-9 and Cf-4 were found in the cotton genome, indicat-
ing the potential existence of a different immune pathway 
in cotton. In addition, V. dahliae is a fungal pathogen that 
infects cotton starting at the roots and thus blocks vascular 
bundles through colonization in the host (Shi et al. 2012), 
and this process differs from that of other pathogens, such as 
Pst DC3000 and P. infestans. Although our study provides 
more evidence indicating that GhPUB17 plays a negative 
role in cotton resistance to V. dahliae, more questions, e.g., 
the specific substrate(s) of GhPUB17 and the downstream 
signalling pathway of GhPUB17 in cotton defence against 
V. dahliae, remain to be explored.

The activity of E3 ligase is hypothesized to be regulated 
as part of the trade-off between plant growth and defence. 
POB1, an E3 ligase, is a negative regulator of plant immu-
nity that could affect Cf-9/AVR9-mediated HR-PCD in 
tobacco and also destabilizes PUB17 in the nucleoplasm. 
This finding indicates that the level of E3 ligases could be 
regulated through degradation by other components (Orosa 
et al. 2017). Here, we found that GhCyP3 can repress the E3 
ligase activity of GhPUB17, indicating that the regulation of 
GhPUB17 in cotton could involve the regulation of enzyme 
activity rather than the protein level (Fig. 4b). The GST pull-
down assays revealed that GhCyP3 can interact with differ-
ent fragments of GhPUB17, regardless of the presence of 
the ARM domain (Fig. 3c). This result was also confirmed 
by BIFC analysis (Fig. 3d), which suggested the existence 
of more than one binding site in the interaction between 
GhPUB17 and GhCyP3 and that this interaction could be 
due to the activity of the PPIase domain within GhCyP3.

The CyP family, which has been well studied in animals 
and plants, is involved in a wide range of metabolic path-
ways, including immunity (Kan et al. 2002; Mainali et al. 
2014; Piechota-Polanczyk et al. 2013). For example, the 
CyP protein is the receptor for the effector cyclosporine 
A (CsA), a 11-amino-acid peptide that acts as an inhibi-
tor of the immune response in animals (Piechota-Polanczyk 
et al. 2013). In plants, CyPs are highly expressed in meta-
bolically active tissues and are involved in the regulation 
of development and abiotic/biotic stress responses (Kullertz 
et al. 1999; Oh et al. 2006). GhCyP1, which shares signifi-
cant identity with GhCyP3, is reportedly involved in abi-
otic and biotic stresses. The overexpression of GhCyP1 in 
tobacco increased the tolerance of the transgenic plants to 
salt stress and Pseudomonas syringae pv. tabaci (Pst) infec-
tion through the maintenance of membrane protein stabil-
ity (Zhu et al. 2011). CaCyP1 in pepper is involved in the 
response to abiotic stress and is also induced by pathogenic 
bacteria and plant hormones (Kong et al. 2001). Similarly, 
StCyP in tomato is involved in the response to abiotic stress, 

hormones, mechanical damage and pathogens (Godoy et al. 
2000). In our study, GhCyP3 was found to be involved in 
cotton resistance to V. dahliae. The knockdown of GhCyP3 
by VIGS increases the susceptibility of the plants to V. 
dahliae.

The results from various interaction assays, including 
Y2H, GST pulldown, BiFC and SLC, confirmed the interac-
tion between GhPUB17 and GhCyP3 (Fig. 3). The findings 
revealed an inhibitory effect of GhCyP3 on the E3 Ub ligase 
activity of GhPUB17 (Fig. 4), but the mechanism underly-
ing the inhibitory effect of GhCyP3 remains unclear. Nearly 
all CyP proteins contain a conserved domain with peptidyl-
prolyl cis–trans isomerase (PPIase) activity, which is help-
ful for expediting specific pathways (Göthel and Marahiel 
1999). Moreover, the activity of PPIase can make these 
proteins act as molecular chaperones that play a key role 
in protein refolding and synthesis and might be involved 
in pre-mRNA splicing (Horowitz et al. 2002). The homo-
logue AtROC1 in Arabidopsis has been demonstrated to be 
involved in immune pathways by catalysing the cis–trans 
isomerization of the RIN4 peptide (Li et al. 2014b), which 
provides a possible link between GhPUB17 and GhCyP3 
and implies that the spatial structure of GhPUB17 might 
be changed by the PPIase domain of GhCyP3. CyPA pro-
teins are secreted around areas of inflammation in animals 
(Andreas et al. 1997). GhCyP3 was found to exhibit antifun-
gal activity against V. dahliae in vitro in this study and was 
found at a high transcript level in cotton roots, which is the 
site of V. dahliae infection. However, this protein contains 
only a cyclophilin-like domain (CLD, consisting of approxi-
mately 109 amino acids) without any secretion signal, which 
indicates the potential existence of an intracellular passive 
defence activity to protect cotton against colonization of V. 
dahliae.

Materials and methods

Plant material and growth conditions

The cotton plants used in this study, namely, Gossypium bar-
badense cv. 7124, Gossypium hirsutum cv. YZ1, transgenic 
lines derived from YZ1 (RNAi5, RNAi6, OE31, OE39), and 
Nicotiana benthamiana seedlings, were grown in soil-filled 
pots or Hoagland’s solution under greenhouse conditions 
with a 14-h light/10-h dark cycle and a day/night tempera-
ture of 28/20 °C.

Isolation and characterization of GhPUB17 
and GhCyP3

As determined by RNA-Seq, the expression level of 
GhPUB17 was downregulated in the ssn mutant compared 
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with the WT plants (Sun et  al. 2014). The full-length 
sequence of GhPUB17 was obtained by PCR using spe-
cific primers. The gene sequence of GhCyP3 was acquired 
from a Y2H screen of a cDNA library constructed of RNAs 
extracted from the roots of YZ1 seedlings 12 h after inocula-
tion with V. dahliae (Cao and Yan 2013); in this screen, the 
GhPUB17-ARM domain was used as the bait. The homolo-
gous protein sequences of these two genes were acquired 
from GenBank (http://www.ncbi.nlm.nih.gov/genba​nk).

Vector construction

Full-length and specific UTR sequences of GhPUB17 
were used to construct vectors for the overexpression of 
GhPUB17 (in the pK2GW7.0 plasmid), for RNAi (in the 
pHellsgate4 plasmid), for VIGS (in the TRV:00 plasmid), 
for MBP-tag fusion (in the pMal-c4x plasmid), for Y2H 
(in the BD-pGBKT7 plasmid), and for GFP-tag fusion (in 
the pMDC43 plasmid). The GhCyP3 sequence was used to 
construct vectors for VIGS (in the TRV:00 plasmid), HIS-
tag fusion (in the pET-28a-LR plasmid), for GST-tag fusion 
(in the pGEX4T-1 plasmid) and for GFP-tag fusion (in the 
pMDC43 plasmid), as listed in Tables S1 and 2. Both full 
sequences were generated for vector construction in the 
pBiFC-2in1-NN (V256) plasmid for BiFC analysis and in 
pCAMBIA-GW-nLUC and pCAMBIA-GW-cLUC for the 
SLC assay.

Virus‑induced gene silencing

Non-conserved domains within the GhPUB17 gene were 
used to generate the TRV:GhPUB17 construct, and the 
GhCyP3 sequence was used to generate the TRV:GhCyP3 
construct. The TRV vectors and Agrobacterium tumefaciens 
for VIGS were prepared as previously described (Gao et al. 
2013). Agrobacterium with TRV vectors was injected into 
cotyledons of cotton seedlings, and 14 days later, leaves 
from the injected plants were collected for RNA extraction 
and RT-qPCR detection of the gene expression level.

Pathogen inoculation

The protocols used for the preparation of V. dahliae strain 
V991 spores and cotton seedlings and pathogen infection 
were previously described (Gao et al. 2013). Strain V991 
was cultured at 25 °C in Czapek solution, and the spores 
were collected, diluted to a concentration of 3 × 105/L or 
1.5 × 106/L and inoculated into G. hirsutum or G. bar-
badense plants, respectively. Specifically, the roots of cot-
ton plants were dipped into the spore suspension solution 
for 1 min, and the plants were then allowed to grow in 

soil. Approximately 1 week later, disease symptoms were 
observed and recorded.

Plant disease symptom phenotyping, photography, 
and data processing

Photographs were taken once symptoms of morbidity 
appeared, approximately 7 days post-infection with V. dahl-
iae strain V991. Data for calculation of the disease index 
were gathered during the disease stages until the seedlings 
were close to death, as described by Xu et al. (2014). Once 
obvious wilt symptoms appeared after infection, the stems 
of the seedlings were collected. Cotyledonary nodes were 
used in the fungal recovery growth assay, the browning of 
vascular bundles was visualized in the dissected stems, and 
the relative fungal biomass was determined as previously 
described (Xu et al. 2014). Approximately 1 to 2 cm above 
the cotyledonary node, the stems were sterilized by mer-
cury dichloride (1 g in 1 L water), cut into 2-mm pieces, 
homogenized, moved to PDA medium plates, and cultured 
in an incubator at 25 °C. Three days later, the phenotype 
was recorded by photographs taken using a camera (D7100, 
Nikon, Japan). The stems were dissected medially around the 
cotyledonary node and photographed under a stereoscopic 
microscope (MZFLIII, LEICA, Germany). DNA extracted 
from the above-mentioned stems was used as a template for 
the RT-qPCR-based detection of fungal biomass.

B. cinerea was cultured on plates with PDA at 25 °C 
for 4 days and then gathered using a hole puncher (5 mm). 
The punched discs were then inoculated into leaves of the 
GhPUB17 transgenic lines to assess their resistance. The 
pieces of PDA medium with B. cinerea spores were moved 
to the middle of fresh and healthy cotton leaves and cul-
tured under moist and dark conditions at 25 °C for pathogen 
inoculation. Forty-eight hours later, the morbid phenotype 
was photographed, and the mean lesion area was calculated 
using Digimizer Image Analysis Software (Li et al. 2014a).

Agrobacterium tumefaciens‑mediated transient 
protein expression in Nicotiana benthamiana

The constructed expression vectors were transformed into 
Agrobacterium tumefaciens strain GV3101 through elec-
troporation. The expression cultures and p19 (A. tumefaciens 
cells expressing the silencing suppressor) were cultured, and 
the cells were centrifuged at 1500×g for 10 min. The pel-
lets were dissolved in resuspension buffer (10 mM MES, 
10 mM MgCl2 and 0.15 mM acetosyringone). Each expres-
sion culture was mixed with the same amount of p19, and the 
combined solutions were placed at room temperature (25 °C) 
for 2 h for the activation of infestation activity. Leaves from 
4- to 6-week-old Nicotiana benthamiana plants were infil-
trated with the agrobacterial mix using a needle-less syringe 

http://www.ncbi.nlm.nih.gov/genbank
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and harvested 3 days post-inoculation from the infiltrated 
area for BiFC and SLC analyses (He et al. 2015; Liao et al. 
2017). Six hours prior to imaging, the proteasome inhibitor 
MG132 (50 µM) (M7749, SIGMA, USA) was infiltrated into 
the leaves.

SLC assay

The infiltrated leaves were sprayed with 1 mM beetle lucif-
erin (P1041, Promega, USA), and the resulting signal was 
captured using a Photek camera (Lumazone PyLoN 2048B, 
Roper, USA) for 15 min (Liao et al. 2017).

BiFC analysis

The fluorescence in the infiltrated leaves was imaged using 
a confocal laser-scanning microscope (FV1200, Olym-
pus, Japan) (Liao et al. 2017). ICE1 is a promoter element 
involved in the cold induction of CBF genes in Arabidopsis 
(Lee et al. 2015; Zarka et al. 2003). No studies conducted to 
date have revealed that homologues of ICE1 are involved in 
the management of immunity in plant species. The homo-
logue in cotton, GhICE1, was used as the negative control 
in this assay to elucidate the specific interactions between 
GhCyP3 and GhPUB17ARM and between GhCyP3 and 
GhPUB17.

Prokaryotic expression of GhPUB17 and GhCyP3 
proteins

Full-length GhPUB17 and GhCyP3 genes were used for 
vector construction. HIS and GST tags were fused to the N 
terminus of GhCyP3, and the MBP tag was fused to the N 
terminus of GhPUB17. The vectors were transfected into E. 
coli BL21 for expression. HIS-GST was expressed and used 
as a control. The positive clones were detected and stored in 
a fridge at − 70 °C in the presence of 15% glycerinum. The 
expression of the proteins was induced in the presence of 
3% IPTG (0.1 mol/L) at 18 °C for 6 h. The induced E. coli 
colonies were collected for detection of the fused proteins 
on an SDS-PAGE gel. The proteins were extracted using 
suitable kits (GST, Promega V8603; HIS, Promega V8500; 
MBP, Biolabs, #E8021V) and stored at − 70 °C or extracted 
when needed.

Identification of MBP‑GhPUB17 fragments 
by mass‑spectrometric assay

MBP-GhPUB17 protein extracted from the prokaryotic 
expression system was separated by SDS-PAGE and stained 
with Coomassie blue. The three different fragments in the 
gel were separately collected and subjected to a mass-spec-
trometric assay (Shanghai Applied Protein Technology Co., 

Ltd. China). The detected peptides matching each fragment 
are listed in Table S3.

Y2H screen

The Y2H screen was performed using a cDNA library con-
structed with RNAs from YZ1 roots inoculated with V. 
dahliae. The ARM domain (assumed to be the substrate-
interacting domain) of GhPUB17 was used as the bait to 
screen for potential target(s), as described in a previous 
study (Orosa et al. 2017). The recombinants were filtered 
on SD-4 medium (-His/-Leu/-Ser/-Ade/+x-α-gel), and the 
surviving colonies were used for information analysis. Full-
length GhPUB17 was subsequently used to confirm the 
interaction with GhCyP3 as described above.

GST pulldown assay

GST-GhCyP3 and MBP-GhPUB17 proteins were used for 
the GST pulldown assays, and a GST-Tag was used as the 
negative control. Proteins stored at − 70 °C were mixed gen-
tly on ice, incubated at room temperature for 30 min and 
pulled down by GST-binding beads. The samples were sepa-
rated by SDS-PAGE and subsequently detected by immuno-
labelling through western blotting with anti-GST and anti-
MBP antibodies. The immunolabelling results were recorded 
on X-ray film.

E3 Ub ligase activity assay and analysis 
of the repression of GhPUB17 by GhCyP3

The ubiquitination assays were performed with an Auto-
ubiquitinoylation Kit (Instruction Manual BML-UW0970, 
Enzo Life Sciences, USA), following the protocols supplied 
by the manufacturer. Anti-Ubiquitin antibody was used in 
the following immunoblotting steps (He et al. 2015).

GST-GhCyP3 protein was used as the only variable fac-
tor to confirm the suppression of MBP-GhPUB17 by GST-
GhCyP3. A GST-GhCyP3 gradient was set up as follows. 
Pre-purified proteins maintained at − 70 °C in a freezer were 
thawed on ice. GST-GhCyP3 protein was diluted with 50 ml 
of column buffer (CB; 1 M Tris–HCl (pH 7.4), 1 ml; NaCl, 
0.585 g; and 0.5 M EDTA, 100 µl) into six tubes containing 
0.05, 0.5, 5, 50, 100, or 200 µg of GST-GhCyP3 (final vol-
ume, 20 µl) and gently mixed with 5 µg of MBP-GhPUB17. 
The mixtures were incubated in a water bath at 37 °C for 
30 min and then used as components for the ubiquitination 
assays. The protocols used for these assays are similar to 
those of the E3 Ub ligase activity assay. Anti-ubiquitin and 
anti-GST antibodies were used in the subsequent immuno-
blotting steps.

The recombinant proteins MBP-GhPUB17 and GST-
GhCyP3 were co-incubation in E3 ligase reaction buffer 
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for up to 3 and 6 h at 25 °C, and their stability was then 
assessed by immunoblotting. Five micrograms of GST-
GhCyP3 and 5 µg of MBP-GhPUB17 were combined and 
maintained in E3 ligase reaction buffer (total volume, 
50 µl). Each group was prepared in triplicate: one was 
used as the control at 0 h, and the other two were main-
tained in a water bath at 25 °C for 3 and 6 h. The three 
samples (20 µl) were loaded onto SDS-PAGE gels and then 
detected by immunoblotting using anti-GST and anti-MBP 
antibodies (Ma et al. 2017).

Antifungal activity of HIS‑GhCyP3

Previously described methods (Lee et al. 2007) and agar 
dilution method (Fernandes et al. 2007) were modified for 
this assay. V. dahliae strain V991 was cultured in Czapek 
liquid medium at 25 °C for 3 days, and fresh spores were 
collected and diluted in Czapek medium to a proper con-
centration (1 × 103/ml) for incubation with the recombinant 
proteins HIS-GhCyP3 and HIS-GST. Fresh HIS-GhCyP3 
and HIS-GST proteins were immediately extracted from 
IPTG-induced E. coli BL21 using HIS extraction kits (Pro-
mega V8500) to maintain their activity. The concentration 
of the extracted solutions was measured using the Bradford 
method and adjusted by lyophilization to obtain a high con-
centration of 300 µg/ml. A concentration gradient starting 
from the high concentration of 300 µg/ml was then obtained 
by obtaining 1:1, 1:2, 1:4, 1:8, 1:16, 1:32, and 1:64 dilutions 
with the solution buffer supplied with the kit. One hundred 
microliters of the prepared protein sample was mixed with 
100 µl of V991 spore solution, and the mixtures were incu-
bated in a water bath at 25 °C for 1 h. The incubated samples 
were separately inoculated on plates with PDA medium and 
cultivated at 25 °C. Three days later, photographs of the 
PDA plates were obtained to record the phenotype. Another 
group of protein-spore mixtures (prepared using the same 
previously described method) was mixed with 300 µl of Cza-
pek solution to a final volume of 500 µl, and the mixture was 
then transferred to 2-ml sterilized PE tubes and cultured at 
25 °C with shaking at 200 rpm/min. Three days later, the 
number of spores was calculated under a microscope using 
a blood counting chamber.
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