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Abstract. △1-pyrroline-5-carboxylate synthase (P5CS) is a key enzyme in proline biosynthesis. In this 

study, the nucleotide sequence of sugarcane P5CS (SoP5CS) gene was obtained from sugarcane. Then the 

ORF of SoP5CS linked with pET-30a vector and the SoP5CS protein was expressed successfully in E. 

coli by the induction of 1.0 mM IPTG at 28 °C for 6 h. The prokaryotic expression protein was expressed 

as inclusion bodies (IBs). It was purified by Ni- NTA Resin firstly and then refolded, dialyzed and further 

purified by gel filtration. The monoclonal antibody of SoP5CS was prepared using mice. The expression 

of SoP5CS gene and the corresponding protein and physiological parameters associated with drought 

resistance were detected in sugarcane leaves under different drought stresses, they worked together to 

regulate the drought resistance process of sugarcane. This is the first report on the preparation of P5CS 

monoclonal antibody and the expression of the antibody in sugarcane, which would provide new methods 

to study the function of SoP5CS response to various abiotic stresses and other aspects. 

Keywords: sugarcane, P5CS gene; proline, monoclonal antibody, physiological index 

Abbreviations: ABA: Abscisic acid; CAT: Catalase; cDNA: Complementary DNA; DTT: Dithiothreitol; 

ELISA: Enzyme-linked immunosorbent assay; IBs: Inclusion bodies; IPTG: Isopropyl-β-D-

thiogalactopyranoside; LB: Luria-Bertani; MDA: Maleic dialdehyde; ORF: Open reading frame; P5CS: 

△1-pyrroline-5-carboxylate synthase; PBS: Phosphate buffer saline; PCR: Polymerase chain reaction; 

POD: Peroxidase; ROS: Reactive oxygen species; RWC: Relative water content; SDS-PAGE: Sodium 

dodecyl sulfate polyacrylamide gel electrophoresis; So: Saccharum officinarum; SOD: Superoxide 

dismutase 

Introduction 

Proline plays an important role in plant osmotic adjustment processes, and it is a 

penetration protective agent, protein stabilizer and free-radical scavenger (Kishor et al., 

2005). Studies have shown that the accumulation of proline showed a positive 

correlation with stress adaptation of drought and salt in plants (Kishor et al., 1995). In 

normal conditions, proline is synthesized mainly by ornithine pathway, whereas it is 

made directly through the glutamate pathway under stress conditions (Delauney et al., 

1993). P5CS is a bifunctional enzyme and catalyzes the first two steps of glutamate 

pathway (Kishor et al., 1995). 

In plants, the activity of P5CS was assayed in duckweed under gradually increasing 

cadmium stress (Qiao et al., 2015), and in Arabidopsis thaliana under salt tolerance 

(Saibi et al., 2015). More researches concentrated on the P5CS gene, which has been 
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isolated from many plants, such as cowpea (Hu et al., 1992), alfalfa (Ginzberg et al., 

1998, barley (Romman et al., 2011), sorghum (Su et al., 2011), Chinese wolfberry 

(Guan et al., 2014); Nitraria tangutorum (Zheng et al., 2014), mulberry (Zhou et al., 

2016), and others. The expression of P5CS gene was analyzed by RT-PCR under salt 

stress (Ortega et al., 2008), Northern blotting under drought (Porcel et al., 2004), salt 

(Do et al., 2003) stress and qRT-PCR (Jain et al., 2015) under drought stress. And 

previous research showed that drought stress could induce the changes in gene and 

protein expression and physiological parameters associated with drought resistance 

(Kuzuoglu-Ozturk et al., 2012; Dey et al., 2016; Wang et al., 2016; Cao et al., 2017). 

Monoclonal antibody is widely employed in the detection and identification of 

protein in plants by Western blotting and enzyme-linked immunosorbent assay 

(ELISA). The former is widely used in studying the expression of a protein in different 

plant tissues (Pereira et al., 2005), under various stresses (Pruvot et al., 1996; Ozturk et 

al., 2012). Most reports have been focusing on transgenic plants accumulation of a 

foreign protein resistant to virus (Yu et al., 2011), disease (Maruthasalam et al., 2007), 

pest (McManus et al., 1999), abiotic stress (Subramanyam et al., 2012) and so on. 

To our knowledge, there have not been any reports about P5CS monoclonal antibody 

in plants. Sugarcane (Saccharum L. spp. hybrids) is the most important sugar crop and 

one of the main agricultural commodities in the world. Guangxi is the largest sugarcane 

producing areas in China, however, about 80% of the sugarcane is planted in upland 

areas with shallow tillage layer and no irrigation system, so drought is a main constraint 

factor for sugarcane production (Li and Yang, 2015). The purpose of this study was to 

prepare monoclonal antibody of sugarcane P5CS gene to provide a reference for further 

study on the mechnism of sugarcane resistance to drought stress. 

Materials and methods 

Sugarcane material and treatments 

The sugarcane variety GT 21 was used as plant material, and the single bud cane 

setts were planted in sand. After the seedlings grew to 3-4 leaves, they were 

transplanted to plastic pots containing sand and soil with the ratio of 1:2 for culturing. 

When the seedlings grew to 7˗8 leaves, the consistent plants were selected for drought 

treatment, that is, the plants were subjected to withholding water and the control plants 

were well-watered. The leaf samples were collected from leaf + 1 (top visible dewlap 

leaf) at 0, 1, 3, 5 and 7 d, respectively, after drought treatment. There were three 

replications for each treatment and all the samples were wrapped in aluminum foil, 

placed in liquid nitrogen and stored at -80 °C. 

 

Experiment reagents 

The Trizol reagent and anti β-Actin mouse monoclonal antibody were bought from 

Beijing ComWin Biotech Co., Ltd. (Beijing, China); EcoR I and Xho I restriction 

enzymes and RevertAid First Strand cDNA Synthesis Kit were bought from Thermo 

Fisher Scientific (Shanghai, China); PMD18-T vector and DNA Ligation Kit were got 

from TaKaRa Company (Dalian, China). Escherichia coli DH5α and BL21 (DE3) were 

bought from TransGen Biotech (Beijing, China). Protein A Sefinose™ Kit, Ni-NTA-

Sefinose Column, Sefinose™ CL-6B and Non-Interference Protein Assay Kit were 

products of Sangon Biotech Company (Shanghai, China). pET-30a was kept by the 
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laboratory. All other chemicals were obtained from commercial sources and analytical 

grade. 

 

Isolation of SoP5CS 

Total RNA of sugarcane leaves was extracted and tested the concentration and 

integrity by Implen P 300 NanoPhotometer and 1% agarose gel electrophoresis. The 

cDNA for gene cloning was synthesized using RevertAid First Strand cDNA Synthesis 

Kit. Based on the sugarcane P5CS gene sequences in GenBank (Accession No. 

Eu005373), the primers of upstream and downstream for both sides of its largest open 

reading frame (2148 bp) designed with Primer Premier 5.0 software are 5’-

TCAGAATTCATGGCCACCGTGGACCGGACC-3’, and 5’-TGTCTCGAGTTG- 

CAAAGGAAGGTTCTTATG-3’, respectively, that EcoR I and Xho I restrict enzyme 

sites are underlined. The PCR products were purified and cloned into PMD18-T vector 

and sequenced on both strands in Beijing Genomics Institute (Shenzhen, China). 

 

Prokaryotic expression, extraction and purification of SoP5CS protein 

The pET-30a was used as the prokaryotic expression vector. The plasmids of 

recombinant strain PMD-SoP5CS and pET-30a were extracted and double digested with 

EcoR I and Xho I. Then SoP5CS and the vector fragments were ligated and transformed 

into the E. coli BL 21 (DE 3) cells. The recombinant plasmid was detected by PCR and 

sequenced (The Beijing Genomics Institute, Shenzhen), and verified by double enzymes 

digestion. The recombinant strain was incubated in liquid LB medium (contained 100 

mg/L kanamycin) until the value of OD 600 reached 0.4–0.6, and the target protein was 

induced with 1.0 mM IPTG for an additional 6 h. The cell pellets were collected by 

centrifugation and resuspended in lysis buffer (500 mM NaCl, 50 mM NaH2PO4, and 10 

mM imidazole, pH 8.0), then lysed by sonication (pulse 5 s, pause 5 s, 20 min) using an 

ultrasonic processor VCX 750 (Sonics & Materials, Inc.). Then the cell lysate was 

centrifuged to precipitate the cellular debris and the supernatant was transferred to fresh 

microcentrifuge tubes for further purification using a Ni-NTA-Sefinose Column. Then 

the wash fractions were collected and analyzed by SDS-PAGE. 

 

Refolding, dialysis and concentration of SoP5CS protein 

The over expressed SoP5CS proteins were refolded under the buffer (PBS, 2 mM 

DTT, 0.05% SKL, pH 7.4) and centrifuged, then the supernatant was collected and 

dialyzed for overnight at 4 °C with dialysis tubing cellulose membrane (MW 10,000 Da, 

Sigma). The proteins were further dialyzed twice with fresh dialysis buffer each time 

for 3 h. The dialyzed proteins were analyzed by SDS–PAGE to confirm it remained 

intact and then purified by gel filtration using Sefinose™ CL-6B. Then the protein was 

concentrated by PEG 20000 and determined using the Non-Interference Protein Assay 

Kit. 

 

Preparation of monoclonal antibody 

Female BALB/c mice were immunized subcutaneously using conventional methods. 

The immunization was given 3 times with 2 week intervals after the first immunization. 

And the mice would have an ictus immunisatorius before the cell fusion. The antiserum 

was collected in 10 days after the last immunization and the SoP5CS antibody titer was 
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determined by indirect ELISA. The mouse whose antiserum exhibited the highest value 

of the antibody titer was selected for the subsequent fusion. Splenocytes of selected 

mice were fused with Sp2/0 cells, then the fused cells were suspended and placed into a 

total of 96 wells cell culture plates under 5% CO2, 37 °C. Two weeks later, positive 

hybridomas were selected and subcloned. Supernatants from the positive wells were 

detected by indirect ELISA and the clones showed high titer and good condition were 

selected to generate ascites. Antiserum of selected mouse was reacted with different 

amounts of the purified SoP5CS protein to analyze the quality. For Western blotting, the 

dilution rate of SoP5CS antibody and goat anti-mouse antibody (Beijing ComWin 

Biotech Co., Ltd.) was 1:2000. The membrane was placed in FluorChem and HD2 

(ProteinSimple) was exposed for 1˗10 min for images captured by using 

electrochemiluminescence (ECL) substrate (PIERCE). Then the monoclonal antibodies 

were purified by using the protein A column and stored at -80 °C. 

 

Application of monoclonal antibody 

After drought treatment, the leaves were sampled to detect the expression of SoP5CS 

gene and its encoded protein. Besides, the physiological parameters, including proline, 

maleic dialdehyde (MDA) and abscisic acid (ABA) contents, superoxide dismutase 

(SOD), catalase (CAT) and P5CS activities, relative water content (RWC) and 

Chlorophyll content (SPAD value) were also measured. Total proteins in sugarcane 

leaves were extracted with the method of Parrott et al. (2005) and qRT-PCR was used 

the method described by Niu et al. (2015). RWC of the leaves were calculated with the 

method of Kautz et al. (2015). SPAD value was measured as the method of Phan et al. 

(2016). Other physiological parameters (contents of proline, MDA and ABA, and 

activities of SOD, CAT and P5CS) were measured using ELISA Kit (ColorfulGene 

Biological Technology Co., Ltd., Wuhan, China). 

 

Statistical analysis 

The data were analyzed using the IBM SPSS Statistics 20 software and Excel 2013 

(Microsoft). There were three replicates for each experiment, and statistical differences 

were compared based on the Duncan’s test with P values set at 0.05 and 0.01 levels. 

 

Statement on ethical approval 

All experimental procedures were conducted in conformity with institutional 

guidelines for the care and use of laboratory animals in The Animal Experimental 

Center of Shanghai General Hospital, Shanghai, China, and conformed to the National 

Institutes of Health Guide for Care and Use of Laboratory Animals. 

Results 

Construction of prokaryotic expression vector 

Bands of about 2150 bp were obtained by RT-PCR (Fig. 1A) and they were 

recovered together and inserted into pMD-18T to get the recombinant plasmid pMD-

SoP5CS which showed a fragment of 2148 bp by sequencing. ORF of SoP5CS was 

ligated with pET-30a and the recombinant plasmid pET-SoP5CS was expressed in E. 

coli BL 21 (DE 3) and confirmed by double digested with EcoR I and Xho I. The result 
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showed that the prokaryotic expression vector with SoP5CS gene pET-SoP5CS had 

been built successfully (Fig. 1B). 
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Figure 1. Amplification of SoP5CS and verification of recombinant plasmid. A Products of RT-

PCR from cDNA of sugarcane leave by. Lane 1-2, products of RT-PCR; Lane M, DNA marker. 

B Restriction enzymes digestion analysis of pET-SoP5CS plasmid. Lane 1, Products of double 

enzymes digestion. Lane M, DNA marker 

 

 
Expression, purification, AND concentration of SoP5CS protein 

The molecular weight of the fusion SoP5CS protein is ~84 kDa according to the 

sequences of pET-30a and ORF of SoP5CS. SDS-PAGE analysis revealed that the 

target protein was expressed only in the insoluble inclusion bodies (IBs) (Fig. 2A). Then 

the SoP5CS protein was purified using Ni–NTA Resin (Fig. 2B), the final product was 

refolded and dialyzed. After gel filtration, the pure SoP5CS protein was obtained 

(Fig. 2C). Then the protein was concentrated using PEG 20000 and a expected single 

band of ~84 kDa protein was observed (Fig. 2D). About 15 mg of SoP5CS at the 

concentration of 1.37 mg/ml was obtained by the protein quantitative kit, and the purity 

was more than 90%, which meet the requirement of preparing the monoclonal antibody. 

 

Titer and specificity analysis of SoP5CS antibody 

After fusion of immunized BALB/c mouse splenocytes and Sp2/0 mouse myeloma 

cells, cell supernatant was measured by indirect ELISA (OD450). The cell lines with the 

highest positive value were selected and subcloned. Nine hybridoma cell lines that 

stably secreted SoP5CS McAb were obtained and they were 1E1, 3D10, 3H10, 5F8, 

5E12, 4D6, 4F10, 5C10 and 2F11. The titer of 9 hybridoma cell lines was determined 

by indirect ELISA method (Table 1). Based on the growth state, the cell line of 4F10 

was finally selected to collect the supernatant which was purified by Protein A 

Sefinose™ Kit. The pure supernatant was reacted with different amounts of SoP5CS 

protein by Western blotting. The expected 84 kDa in different brightness bands were 

detected with different amount of antigen (Fig. 3). 

According to the growth state, the cells of 4F10 and 4F10E8 were selected to inject 

the mice, and the ascites was purified by Protein A Sefinose™ Kit. The concentration of 

monoclonal antibody was 2.15 mg/ml measured with UV spectrophotometer. The titer 
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of the purified antibody was more than 64 k analyzed by indirect ELISA method 

(Table 2), which met the requirement of Western blotting detection. Thus, the 

preparation of SoP5CS monoclonal antibody was successful and it is ready for further 

research. 
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Figure 2. Analysis of SoP5CS protein expression, purification and concentration by SDS-PAGE 

from pET-SoP5CS. A SoP5CS protein induced by 1.0 mM IPTG. Lane 1, induced 6 h, 28 °C 

(Precipitant); Lane 2, induced 6 h, 28 °C (Supernatant); Lane 3, no IPTG (Precipitant); Lane 4, 

no IPTG (Supernatant); Lane M, protein Marker. B The protein purification by Ni2+ affinity 

chromatography. Lane 1, before loading; Lane 2, flow through; Lane 3, wash with 20 mM 

imidazole; Lane 4-7, wash with 500 mM imidazole; Lane M, protein marker. C The protein 

purified with gel filtration (Lane 1-12). D, SoP5CS protein concentrated (Lane 1) 

 

 
Table 1. Titer determination of supernatant of selected hybridoma cell lines by ELISA 

Sample  +  - Blank 
Dilution rate 

1:1 1:100 1:200 1:400 1:800 1:1600 1:3200 1:6400 

1E1 

3D10 

3H10 

5F8 

5E12 

4D6 

4F10 

5C10 

2F11 

1.176 

1.393 

1.385 

1.167 

0.958 

1.007 

1.769 

1.380 

1.129 

0.035 

0.058 

0.048 

0.054 

0.137 

0.065 

0.046 

0.065 

0.064 

0.062 

0.061 

0.056 

0.057 

0.053 

0.075 

0.057 

0.058 

0.075 

0.643 

0.733 

0.630 

0.464 

0.343 

0.628 

0.517 

0.260 . 

0.454 

0.438 

0.489 

0.421 

0.248 

0.222 

0.382 

0.342 

0.182 

0.312 

0.287 

0.324 

0.279 

0.134 

0.125 

0.269 

0.207 

0.146 

0.215 

0.172 

0.209 

0.158 

0.097 

0.081 

0.159 

0.124 

0.074 

0.156 

0.096 

0.120 

0.095 

0.067 

0.049 

0.081 

0.066 

0.080 

0.114 

0.081 

0.079 

0.077 

0.069 

0.051 

0.049 

0.049 

0.064 

0.095 

0.052 

0.044 

0.064 

0.039 

0.050 

0.068 

0.037 

0.062 

0.065 

0.049 

0.041 

0.034 

0.026 

0.049 

0.036 

0.030 

0.064 

0.068 

+: Positive control (the mouse serum before fusion). -: Negative control (the mouse serum before 

immunization). Blank: Antibody dilution buffer. The data are optical density values at 450 nm 
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Table 2. Titer determination of monoclonal antibody by ELISA 

  +  - Blank Dilution rate 

1:1000 1:2000 1:4000 1:8000 1:16000 1:32000 1:64000 

OD450 2.128 0.065 0.069 1.253 0.894 0.498 0.337 0.263 0.218 0.192  

+: Positive control (the mouse serum before fusion). -: Negative control (the mouse serum before 

immunization). Blank: Antibody dilution buffer 
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Figure 3. Specificity analysis of SoP5CS antibody by Western blotting assay. The supernatant 

of selected hybridoma cell reacted with different amounts of the SoP5CS protein. Lane 1-3, 

loaded 1, 2 and 4 μg protein, respectively 

 

 

Expression of SoP5CS gene and its encoded protein in sugarcane under drought 

stress 

Under drought stress, the expression level of SoP5CS increased rapidly, reached the 

peak at 5 d, which was 11.22-fold higher than that at 0 d, and also maintained at high 

levels (~5-fold) at 3 and 7 d (Fig. 4A). Endogenous SoP5CS proteins from sugarcane 

leaves under drought stress were detected by Western blotting and β-actin was used as 

the reference gene. A total of 25 μg protein was loaded in each lane and the results 

(Fig. 4B, C) indicated that the relative expression levels of SoP5CS under drought stress 

were all higher than that in normal condition (0 d). But the expression level of SoP5CS 

protein increased slightly that were all below 2-fold while compared to 0 d, and the 

highest expression was at 7 d (1.99-fold). 
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Figure 4. Relative expression of SoP5CS gene (A) and its encoded protein (B, C) in sugarcane 

leaves under drought stress. For Western blotting, the anti-SoP5CS antibody reacted with 

endogenous SoP5CS protein from sugarcane leaves under different drought stresses. Lane 1-6, 

0, 1, 3, 5 and 7 d under drought stress, respectively; Lane +, purified SoP5CS protein; Lane -, 

sterile water. Whiskers indicate the standard deviation of three replicates 
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Physiological changes in sugarcane leaves under drought stress 

Under drought stress, contents of proline and MDA increased rapidly and reached the 

peak at 7 d, and those at 1, 3 and 5 d were also significantly higher than those of 0 day 

(Fig. 5A, C). ABA content increased slightly and also reached the peak at 7 d (Fig. 5B). 

As shown in Figure 6A, there was no significant difference in SOD activity between 

normal condition (0 d) and 1 d, while it was significantly higher at 3, 5 and 7 d. Drought 

stress treatments showed significantly higher CAT activity than that at 0 d (Fig. 6B). 

P5CS activity showed the trend of increase firstly and then decrease, which reached the 

peak at 3 d (Fig. 6C). Chlorophyll content and RWC decreased slightly firstly and then 

reduced markedly as the drought stresses were intensified (Fig. 7). 

Discussion 

There have been no literature reports on overexpression and purification of plant 

P5CS in E. coli yet, however, the prokaryotic expression vector of pET-30a has been 

used in different proteins from other plants (Wan et al., 2010; Zhu et al., 2012; Wang et 

al., 2015). In this research, the recombinant protein was expressed in E. coli as an 

inclusion body, but it takes long and intricate steps to form soluble proteins and it is 

difficult for purification (Nahálka et al., 2009). The formation of bacterial IBs is 

common due to an imbalance between protein deposition and removal (Carrio et al., 

1999; Carrio and Villaverde, 2001). The concentration of IPTG, growth temperature 

and time may influence the expression pattern of recombinant protein (Sorensen and 

Mortensen, 2005; Montalbán et al., 2006). But in many cases, screening and 

optimization of these conditions still could not eliminate the formation of IBs (Sahdev 

et al., 2008; Xue et al., 2011). Although we made efforts to optimize the expression 

conditions, the recombinant protein still accumulated as IBs. The IBs of SoP5CS were 

firstly purified by Ni-NTA Resin and about 15 mg purified SoP5CS was obtained from 

1 liter of culture broth after refolding, dialysis, gel filtration and concentration. The 

yield of SoP5CS was not very high compared with other proteins purified from 

inclusion body (Ruan et al., 2016), but it was enough for further use. 

Under drought stress, drought resistance genes could be induced. And previous 

research showed that the expression of P5CS gene was up-regulated under drought 

stress (Jain et al., 2015; Zhou et al., 2016; Wei et al., 2016), which was consistent with 

the results of our study. The expression of SoP5CS protein in different drought stresses 

was also up-regulated but showed lower expression quantity compared to the 

corresponding gene. In this study, distinct changes in physiological parameters 

associated with drought resistance were also detected. The increased activities of both 

SOD and CAT could protect sugarcane cells against reactive oxygen species (ROS). 

The free proline acts as a multifunctional osmolyte in plants and plays important roles 

in enhancing osmotic stress tolerance (Krasensky and Jonak, 2012). Higher activity of 

P5CS could help synthesize more proline that act as an osmoprotectant thus help 

tolerate drought stress. Endogenous ABA was also increased with the up-regulated of 

SoP5CS, thus SoP5CS may be involved in an ABA-dependent stress signaling pathway. 

Previous studies showed that accumulation of ABA was important for the regulation of 

P5CS expression and proline accumulation level in Lycium chinense (Guan et al., 2014). 

The up-regulated expression of SoP5CS gene and the corresponding protein and 

physiological changes in sugarcane leaves might work together to regulate the drought 

resistance process of sugarcane. 
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Figure 5. Contents of proline (A), ABA (B) and MDA (C) in sugarcane leaves under drought 

stress. All data are means ± SD calculated from three replicates. Symbols * and ** indicate 

significant difference between different drought stresses and normal condition (0 d) at 0.05 and 

0.01 levels, respectively 
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Figure 6. Activities of SOD (A), CAT (B) and P5CS (C) in sugarcane leaves under drought 

stress. All data are means ± SD calculated from three replicates. Symbols * and ** indicate 

significant difference between different drought stresses and normal condition (0 d) at 0.05 and 

0.01 levels, respectively 
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Figure 7. Chlorophyll content (A) and RWC (B) in sugarcane leaves under drought stress. All 

data are means ± SD calculated from three replicates. Symbols * and ** indicate significant 

difference between different drought stresses and normal condition (0 d) at 0.05 and 0.01 levels, 

respectively 

Conclusion 

In this study, SoP5CS monoclonal antibody was prepared and the expression of 

SoP5CS protein and the corresponding gene and physiological parameters associated 

with drought resistance were detected in sugarcane leaves under drought stress. The 

SoP5CS monoclonal antibody obtained in the present study will be useful for further 

research on plant stress response, defense signaling pathways, and other aspects in 

plants. In future research, the function of SoP5CS could be identified by over-

expression of SoP5CS protein not only in sugarcane but also in other plants. The 

preparation of SoP5CS monoclonal antibody could provide a new approach in research 

of the P5CS protein in plants. 
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