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 Phoma stem canker (blackleg) has severely reduced rapeseed production 
worldwide, which is a fungal disease caused by Leptosphaeria maculans and 
Leptosphaeria biglobosa. The fungi secrete polygalacturonase (PGs) that 
decompose plant cell walls during the infection in plants, in response, 
polygalacturonase-inhibiting proteins (PIGPs) inhibit the activity of PGs, which 
are secreted by plants during fungal infection. This study described how the 
canola Pgip9 and Pgip15 coding region fragments were cloned without signal 
peptide sequences. Pgip9 and Pgip15 fragments without the signal peptide 
sequences were successfully expressed in Pichia pastoris. These proteins could 
inhibit PG activity of L. biglobosa in vitro. Also, the study described the Pgip 
gene function of Brassica napus resistant to phoma stem canker and provided a 
technical basis of the expression of the PGIP protein in vitro. It also presented a 
theoretical foundation of the interaction between PGIP and PG of the blackleg 
disease of rapeseed and other fungal pathogens. 

©2016 BluePen Journals Ltd. All rights reserved 

 
 
INTRODUCTION 
 

Fungi secrete polygalacturonases (PGs) that decompose 
plant cell walls during their infection. In response, the 
affected plants release polygalacturonase-inhibiting 
proteins (PGIPs), which inhibit the PG activity. Thus, 
fungal infection can be prevented and plant disease 
resistance can be improved (Jones et al., 1972; De 
Lorenzo et al., 2001). Therefore, Pgip is an important 
gene for plants with disease resistance. So far, Pgip 
genes of various plants have been cloned (Luo et al., 
2010; Wu et al., 2008; Yu et al., 2013), at least 18 Pgip 
genes have been cloned in Brassica napus  (Hegedus  et 
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al., 2008; Peng et al., 2014). 
Phoma  stem  canker  (blackleg)  is  caused   by   fungi, 
namely, Leptosphaeria maculans and Leptosphaeria 
biglobosa. This disease causes considerable economic 
losses in worldwide rapeseed production (Fitt et al., 
2006). L. maculans-induced phoma stem canker, a 
disease considered for quarantine in China, has not been 
reported in China. By contrast, the disease caused by L. 
biglobosa has been recorded in 42 cities in 14 provinces 
in China. The incidence of this disease in the field 
accounts for approximately 10% of the total investigated 
cases, whereas the incidence of severe disease reaches 
92%; the total mortality rate of plants is 5% (Li et al., 
2013). So, the research on the function of Pgip gene and 
resistance to L. biglobosa of rapeseed are very 
significant. In previous studies, the researchers have 
studied the prokaryotic expression of B. napus Pgip2 and  



 
 
 
 
 
Pgip9, and detected the proteins in the form of inclusion 
bodies, not soluble proteins, these inclusion bodies 
exhibit no bioactivity. So, the inclusion bodies Pgip2 had 
been refolded to recover functions and exhibited 
inhibition to PG of Sclerotinia sclerotiorum finally (Huang 
Fu et al., 2014; Liu et al., 2012). In fact, this is a 
challenge for the nextwork of PGIP function verification. 
However, Pichia pastoris expression system is easily 
operated and cultivated. This organism grows rapidly and 
generates high expression; and costs less than 
prokaryotic expression systems. P. pastoris expression 
system allows the translation and modification of 
exogenous proteins such as glycosylation, phospho-
rylation, disulfide-bond folding, signal-sequence 
processing, and lipid acylation occur in the expression 
system (Daly and Hearn, 2005; Wang et al., 2014). In 
previous study, Pgip genes of B. napus, such as Pgip1, 
Pgip2, Pgip7, and Pgip16 have been expressed in P. 
pastoris, but only Pgip1, Pgip7, and Pgip16 were 
successfully expressed; and it was found that Pgip1 
inhibited S. sclerotiorum PG6 enzymatic activity in vitro, 
which was also expressed in P. pastoris, but Pgip2 was 
not detected (Bashi et al., 2013). 

In this research, Pgip was expressed in P. pastoris, the 
signal peptide nucleotide sequence of the target gene 
was removed and the signal peptide (α-MF signal 
peptide) pPICZαA of the yeast was employed to complete 
the secretion. The bioactivity of the expressed proteins 
was verified through agarose diffusion assay and 3,5-
dinitrosalicylic acid (DNS) test. The results obtained 
reveal that PGIP9 and PGIP15 inhibited L. biglobosa PG 
activity.  

This study therefore provided a basis of the fungal 
resistance of plants that possess the Pgip gene. This 
study also described the scientific basis of the breeding 
of B. napus resistant to phoma stem canker. 
 
 

MATERIALS AND METHODS 
 

Plants, fungi and vectors 
 

B. napus cultivar QingZa5 was provided by the Qinghai 
Academy of Agricultural Sciences. The blackleg pathogen 
was isolated and purified from a susceptible cultivar in 
the Pathology Laboratory of the Institute of Plant 
Protection, Inner Mongolia Academy of Agricultural and 
Animal Husbandry Sciences. The pathogen was identified 
as L. biglobosa (strain code NM-1). The cloning vector 
pMD19-T, Escherichia coli DH5α, P. pastoris expression 
vector pPICZαA, and P. pastoris yeast PMAD16 were 
also utilized in the study. 
 
 

Rapeseed cotyledon inoculation 
 

Qingza5 was grown for  about  7  days  in  an  illuminated  
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incubator under a 16 h/8 h (day/night) photoperiod, with 
daytime and nighttime temperatures of 22 and 16°C, 
when the cotyledons appeared. Spore suspensions were 
prepared, as previously described by Somda et al. (1998) 
and Herde et al. (2006). Spore counts were determined 
using the blood count plate, and the suspensions were 
diluted with sterile water to a final concentration of 107-
108 spore/mL. The rapeseed cotyledons were inoculated, 
as described by Mengistu et al. (1993). 
 
 
Cloning of the Pgip9 and Pgip15 CDS without the 
signal peptide  
 
The N-terminal signal peptides of PGIP9 and PGIP15 
were predicted by SignalP 4.0 (http://www.cbs.dtu.dk/ 
serbices/) and SMART (http://smart.embl-heidelberg.de/). 
The uninfected cotyledons were selected at 
predetermined time points. The total RNA of the 
cotyledons was extracted using a plant RNA extraction kit 
(TaKaRaRNAiso Plus) and treated with RNase-free 
DNase. mRNA was then reverse-transcribed to cDNA by 
using the TaKaRaPrimeScript™ RT Master Mix in 
accordance with the manufacturer’s instructions. The 
gene-specific primers were designed on the basis of the 
published CDS sequences of B. napus Pgip9 
(EU142030) and Pgip15 (EU142036). The signal 
peptides sequence of the target genes were removed. 
Restriction-enzyme cutting sites and protective bases 
were added upstream and downstream the primer 
sequences. A Kex2 cracking site was added to each N-
terminal upstream primer to enable the expression of the 
protein containing the natural N-terminal. The primer 
sequences are shown in Figure 1.  

Target fragments were amplified from the cDNA 
template through PCR under the following conditions: 
94°C for 3 min; 35 cycles of 94°C for 50 s, 68°C 
(Pgip9)/60°C (Pgip15) for 50 s, 72°C for 2 min; and a final 
extension of 72°C for 5 min. 

 
 
Induction of the pPICZαA–Pgip9 and pPICZαA–
Pgip15 expression and western blot analysis 

 
The amplified fragments were double-digested with the 
corresponding restriction enzymes, ligated to the 
corresponding sites of the expression vector pPICZαA, 
and tranformed into E. coli DH5α expanding culture. The 
recombinant plasmid and pPICZαA were linearized 
through single enzyme digestion, purified with ethanol 
precipitation method, and transformed into PMAD16. The 
positive colonies were inoculated into 20 mL of the 
buffered glycerol-complex medium (BMGH) liquid 
medium for induction at 30°C and 200 rpm for 
approximately 16-18h to a final OD600 of 2-6. The cultures 
were  again   inoculated   into   30   mL   of   the   buffered
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Figure 1. Primer sequences. 

 
 
 

Table 1. Activity analysis of PGIP9 and PGIP15 proteins. 
 

Content 1 2 

Polygalacturonic acid (PGA) (μL) 300 300 

Polygalacturonase (PG) (μL) 300 300 

PGIP9/15 (μL) 0 833 

Sodium acetate-acetic acid (μL) 1400 567 

3,5-Dinitrosalicylic acid (DNS) (μL) 1000 1000 

 
 
 
methanol-complex medium (BMMH) liquid medium and 
then induced. At an interval of 24 h, the culture were 
added to methanol with final concentrations of 0.5% 
induced for 72 h, the supernatant were analyzed by SDS-
PAGE. Then, the fusion protein was transferred to a 
polyvinylidene fluoride (PVDF) membrane and then 
subjected to Western blot analysis by using histidine-
tagged polyclonal antibodies as the primary antibody and 
horseradish peroxidase goat anti-rabbit IgG (H&L) as the 
secondary antibody. An NBT/BCIP alkaline phosphatase 
color development kit was used as a chromogenic 
reagent. The final protein solution was concentrated after 
vacuum freeze drying was performed, and its 
concentration was determined with Bradford method. 
 
 
Inhibition of L. biglobosa PG activity by PGIP9 and 
PGIP15 
 
A plaque of L. biglobosa (NM-1) mycelia growing on 
potato dextrose agar (PDA) culture media was inoculated 
in CzapekDox liquid medium with shaking at 120 rpm in 
the dark for 7 days at 21°C. The bacterial suspension 
was filtered with a vacuum pump, and 20 mL of the liquid 
was packed in a centrifuge tube and dried by vacuum 
freeze drying. Frozen-dried powders were dissolved in 
500 μL of sterile water to obtained the concentrated PG. 
The polygalacturonic acid–agarose solid medium (0.4% 
polygalacturonic acid and 1% agarose in 100 mmol/L 
sodium acetate buffer; pH 5.0) was used as a substrate, 
in which two holes were bored (Taylor and Secor, 1988; 
Zhou et al., 1998; Ferrari et al., 2003; Di et al., 2009). 
Then, 20 μL of PG solution was poured into both holes, 
40 μL PGIP9 solution and 40 μL PGIP15 solution were 
loaded into holes 1 and 3, respectively. Also, 40 μL empty 
pPICZαA induced solution were loaded into  holes  2  and 

4, respectively, and were incubated for 12 h at 30°C. 
Afterward, the halos around  the  holes  produced  by  the 
reaction were observed after 1 h of  treatment  with  0.2% 
(w/v) Congo red solution and successively washed with 
0.4% NaCl solution and distilled water. The size of the 
transparent circle surrounding each hole determined the 
degree of inhibition of L. biglobosa PG activity by PGIP9 
and PGIP15.  

D-galacturonic acid standard curve was constructed by 
using the amount of D-galacturonic acid (mg) as the 
abscissa and the absorption at 540 nm (A540 nm) as the 
ordinate (Zhou et al., 1998). 300 μL 0.5% (w/v) 
polygalacturonic acid and 300 μL PG, different sodium 
acetate buffer concentrations (100 mmol/L, pH 5.0), and 
PGIP9 or PGIP15 were added to three cuvettes and 
incubated at 30°C for 1 h. Subsequently, 1 mL of DNS 
was added to each cuvette (Table 1). The cuvette was 
heated in a boiling water bath for 5 min and cooled to 
room temperature. Finally, 8 mL of double-distilled H2O 
was added to each cuvette, and the corresponding A540 
nm values were obtained. This procedure was performed 
thrice, and the average values of the three replicates 
were calculated to determine the amount of D-
galacturonic acid in the reaction solution on the basis of 
the standard curve. 
 
 
RESULTS AND DISCUSSION 
 
Observations of cloning Pgip9 and Pgip15 CDS 
without signal peptide  
 
The fragments amplified through reverse-transcription 
PCR (RT-PCR) were detected through 1% agarose gel 
electrophoresis, the specific bands were consistent with 
the expected  fragment  size  at  approximately  1000  bp.

 
Pgip9F: CCGCTCGAGAAAAGAAAAGATCTATGTAACCAAAACGACAA (XhoI, Kex2)  
Pgip9R: CTAGTCTAGAGCCTTGCAACTACTATCAAGAGGTGC (XbaI)  
Pgip15F: CGCTCGAGAAAAGAAAAGACCTCTGTCACAAAGATGACAAAAAC (XhoI, Kex2)  
Pgip15R: ATAAGAATGCGGCCGCTTCTGATGGTAAATTTAGATAAAGATCGGTTGC   (NotI) 
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Figure 2. SDS–PAGE analysis of the supernatant induced Pgip9 and Pgip15; lane M, 
Premixed protein marker (high); Lane 1, induced PMAD16 strain; Lane 2, methanol 
induced pPICZαA-PMAD16 bacterial supernatant for 72h; Lane 9, methanol induced 
pPICZαA-Pgip9 bacterial supernatant for 72h; Lane 15, methanol induced pPICZαA-
Pgip15 bacterial supernatant for 72h. 

 
 
 
When aligned against the sequences in GenBank, the 
sequences of the Pgip9 and Pgip15 CDS without the 
signal peptides sequences showed 97 and 99% 
homologies, respectively. The deduced amino-acid 
sequence homologies were 96.5% and 99.7%, 
respectively.   

During the coevolution of plants and pathogenic 
microorganisms, a series of antagonistic and complex 
defense reaction systems have been evolved in plants. 
During the interaction between plants and pathogens, the 
numerous genes are induced to express. These genes 
encode proteins involved in plant defense responses 
against pathogens and are thus called defense genes. 
Hegedus et al. (2008) demonstrated that the Pgip2 gene 
transcription and expression do not occur in the leaves of 
uninfected B. napus plants. Conversely, RT-PCR has 
shown that the Pgip2 expression is induced after the 
leaves are inoculated with S. sclerotiorum for 18 h. In this 
experiment, the leaves of B. napus cultivar Qingza5 after 
24, 48, and 96 h infection with L. biglobosa spore 
suspension were used for total RNA extraction, then RT-
PCR was conducted. After the process, Pgip9 and 
Pgip15 were not found. The evident lesions that 
appeared on the cotyledons were inoculated with L. 
biglobosa for 7 days. The total RNA was extracted and 
subjected to  RT-PCR  to  detect  the  target  genes.  This 

demonstrated  that  defense  gene  was  induced  and  its 
expression peak appeared, and was closely  related  with 
the resistance reaction. That is, different fungi induce 
defense genes at different time which result in the 
difference of degree of disease resistance to fungi. 
 
 
Expression and product quantification of Pgip9 and 
Pgip15 in P. pastoris and their western blot analysis  
 
The recombinant plasmid was induced by methanol, and 
the culture supernatant was collected for sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) 
(Figure 2). The results obtained reveal that Pgip9 and 
Pgip15 without their signal peptides sequence were 
expressed successfully, compared with those in the blank 
control strain PMAD16 (Lane 1) and the negative control 
control pPICZαA (Lane 2) specific bands were found 
approximately on 36 and 37 kDa locations (Lanes 9 and 
15), and these findings were consistent with the expected 
fragment sizes without protein impurity. The findings 
indicate that the fusion protein was completely secreted 
outside the cell and was not purified. These preliminary 
results suggest that the fusion protein was expressed 
correctly. The concentrations of PGIP9 and PGIP15 were 
12.4  and   12.0   μg/μL,   respectively,   as   revealed   by
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Figure 3. Western blot analysis of PGIP9 and PGIP15. Line M, Premixed protein marker (high); 

Lanes 1、3, PGIP9 protein; Lanes 2、4, PGIP15 protein. 

 
 
 
Bradford method. 

The secretory expression of PGIP9 and PGIP15 were 
detected through Western blot. The two fusion proteins 
reacted with the histidine-tagged polyclonal antibodies, 
and PGIP9 and PGIP15 produced single specific bands 
of approximately 36 and 37kDa, respectively (Figure 3). 
This finding further confirmed that the fusion proteins 
were correctly expressed in P. pastoris with the correct 
reading frames. 

In P. pastoris expression system, the secreted protein 
for extracellular expression must be guided by a signal 
peptide, but the natural signal peptide of a foreign protein 
cannot be completely utilized by the yeast expression 
system, and it is incompletely cut (Doyle et al., 2009; Zhu 
et al., 2009). Secondly recombinant protein expressed 
with a low efficiency of secretion and a high chance of 
degradation (Zhang et al., 2007). Thus, signal peptides of 
the yeast vector was utilized to improve the expression 
efficiency of foreign genes (Sreekrishna et al., 1997; 
Zhao et al., 2003). The yeast signal peptide and the 
target protein are fused for expression, and the target 
protein is directed to the extracellular space after 
processing and folding (Tan et al., 2010), then signal 
peptide is removed automatically by the membrane 
protease of yeast during secretion to ensure that the N-
terminal of the foreign protein excludes additional amino 
acid residues (Wang, 2004). So, in this work, the signal 
peptide sequences were removed from the upstream 
primer and replaced with that of the S. cerevisiae α 
mating factor of the pPICZαA vector. Restriction enzyme 
digestion sites were introduced with a Kex2 cleavage site 
for the cutting of the signal peptide of α-MF, and no 
excess amino acid in the N-terminal of the  target  protein 

was  found.  The  downstream  primers  without  the  stop 
codons were connected with a 6×histidine  tag  to  enable 
easy protein purification and Western blot detection. 
Methanol was added every 24 h to generate a final 
concentration of 0.5% to induce expression. A sample 
was obtained at 72 h and assessed to determine the 
secreted protein levels through SDS-PAGE. The results 
obtained reveal expression levels at 72 h without other 
protein impurities in the supernatant. Therefore, 
purification was unnecessary. The Western blot of the 
supernatant revealed single protein band; hence, the 
protein was correctly expressed. 
 
 
Inhibitory effects of PGIP9 and PGIP15 on PG 
 
The agarose diffusion assay shows that the halos 
surrounding the circular (hole 1 and 3) added with PGIP9 
and PGIP15 decreased obviously, compared with those 
in the control holes (hole 2 and 4). Therefore, Pgip9 and 
Pgip15 without the signal peptides sequence expressed 
in P. pastoris showed bioactivity and inhibited L. 
biglobosa PG functions (Figures 4a and b).  

Using the DNS method of detection, it was observed 
that the PG degraded polygalacturonic acid to produce D-
galacturonic acid. PGIP9 and PGIP15 inhibited the PG 
activity. Hence, the amount of D-galacturonic acid directly 
decreased. The control group (no PGIP) generated 0.772 
mg of D-galacturonic acid. By contrast, the treatment 
groups (PGIP9 and PGIP15 in separate holes) obtained 
0.107 and 0.109 mg D-galacturonic acid, respectively, 
which were significantly lower than those of the control 
group. Therefore, the  relative  activity  of  PG  decreased
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Figure 4. Inhibition of the L. biglobosa PG by the PGIP proteins. (a) Hole 1 20 μL PG + 40 μL PGIP9; hole 220 μL PG + 40 
μL pPICZαA ; (b) Hole 3 20 μL PG + 40 μL PGIP15; hole 4 20 μL PG + 40 μL pPICZαA. 

 
 
 

 
 

Figure 5. PG inhibition by PGIP9 and PGIP15.  
Note: Values are means of three replicates. The error bars show the 
standard deviation. The significances of the amount of D-galacturonic acid 
between experimental groups with PGIP9 or PGIP15 and controlled group 
without PGIP are indicated: *(Student’s t-test, P<0.05). 

 
 
 
when the PGIP proteins were added. This finding 
demonstrated that PGIP9 and PGIP15  can  inhibit  the  
PG activity of L. biglobosa (Figure 5). 
 
 

Conclusion  
 

The Pgip genes without the signal peptide sequences 
were expressed successfully and efficiently in P. pastoris. 
The proteins also inhibited the PG activity of L. biglobosa. 
These findings provided a technical basis of the PGIP 
expression in vitro. The study also laid the foundation of 
the interaction between PGIP proteins and PG of blackleg 
disease pathogens (bacteria and other fungi).  Our  study 
further demonstrated a theoretical basis of  investigations 

on rapeseed resistance to blackleg disease. 
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