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                     Abstract 
 Production of chitosan and its derivatives by traditional methods involves the excessive use of a reaction solution comprised 

of sodium hydroxide and hydrochloric acid. Waste water resulting from this process has limited the application of chitosan 

as a fertilizer as the process causes serious environmental pollution. Specifi cally, the resulting waste water contains high 

levels of dissolved nitrogen and minerals from shrimp shells. In this study, an eco-friendly method was established to pro-

duce chitooligosaccharides (COS) with diff erent degrees of deacetylation (DDAs) from shrimp shell waste. At a solid-to-

solvent ratio of 1:6, the degree of demineralization was above 90% with the treatment of 30 g·L −1   H 3 PO 4 , and the degree of 

deproteinization was above 80% when treated with 30 g·L −1  KOH at 70 °C. Chitosans with diff erent DDAs were obtained 

by microwave-assisted KOH metathesis and the COS with Mw approximately 1500 Da were then prepared by oxidative 

degradation. In summary, 33.73 kg  H 3 PO 4 , 12.77 kg, and 241.31 kg KOH were supplied during the processes of demineraliza-

tion, deproteinization, and deacetylation of 100 kg shrimp shell waste, respectively. The process water was totally recycled, 

demonstrating that the shrimp shell could be wholly transformed into fertilizer. The entire process created a product with 

the fractions of N:P 2 O 5 :K 2 O:COS = 7.94:24.44:10.72:18.27. The test on the germination promotion of wheat seeds revealed 

that the COS with 72.12% DDA signifi cantly promoted germination. This work demonstrated the use of an eco-friendly 

preparation method of COS with a specifi c degree of deacetylation that can be applied as a fertilizer. 

   Keywords     Chitooligosaccharide    ·  Deacetylation degree    ·  Phosphoric acid    ·  Potassium hydroxide    ·  Germination promotion  

      Introduction 

 Shrimp shells are a natural resource with complex compo-

sition that includes chitin, protein, and astaxanthin. Chi-

tooligosaccharides (COS), derivatives of chitin, are homo-

oligomers or hetero-oligomers of  N -acetyl-glucosamine and 

 D -glucosamine linked by  β -1,4-glycosidic bonds (Aam et al. 

 2010 ). The process of extracting and preparing COS from 

shrimp shells involves demineralization, deproteinization, 

deacetylation, and depolymerization. Traditional chemical 

processes involved in the extraction of chitosan from shrimp 

shells mostly use hydrochloric acid (HCl) for deminerali-

zation (Mohammed et al.  2013 ; Younes et al.  2016 ) and 

sodium hydroxide (NaOH) for deproteinization and dea-

cetylation (Benhabiles et al.  2012 ; Kumari et al.  2015 ). The 

chitosan is then oxidatively degraded to COS, a method that 

is highly economical as well as eff ective (Ma et al.  2014b ). 

However, the excessive usage of HCl and NaOH results in 

serious problems, specifi cally environmental pollution from 

the liquid waste that is rich in protein and NaCl, limiting the 

use of chitosan as a fertilizer. 

 COS have been widely used in agriculture, including the 

promotion of wheat seed germination (Hamel and Beaudoin 

 2010 ; Cristóbal et al.  2012 ). Generally, the germination per-

centage of wheat seeds is low due to fl uctuations in envi-

ronmental temperature and moisture, thus, infl uencing the 

production of wheat (Nyachiro et al.  2002a ,  b ; Singkhornart 

et al.  2014 ). It has been reported that the germination per-

centage of wheat seeds could be improved if the seeds are 
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pretreated by soaking in either chitosan or COS (Ma et al. 

 2014a ; Tawaha et al.  2013 ). It has also been shown that the 

degree of deacetylation (DDA) of COS aff ects the physiol-

ogy of plants, including growth promotion and stress resist-

ance (Cabrera et al.  2006 ; Vander et al.  1998 ). However, 

limited attention has been given to clarifying the relationship 

between the DDA of COS and its germination promotion 

activity. 

 In this study, an eco-friendly method was established 

for the production of COS, using phosphoric acid  (H 3 PO 4 ) 

for demineralization and potassium hydroxide (KOH) for 

deproteinization and deacetylation. The eff ects of the COS 

with diff erent DDA on the germination of wheat seeds were 

also studied. Lastly, enzyme activity involved in energy 

metabolism and biochemical composition of seeds during 

the early stages of germination were determined for further 

evaluation. 

    Results and discussion 

   Extraction of chitin from shrimp shells 

 In this study,  H 3 PO 4  and KOH were used to remove miner-

als and proteins, instead of the traditionally used HCl and 

NaOH, respectively. The degree of demineralization (DDM) 

varied from 37.18% to 94.04% when the concentration of 

 H 3 PO 4  was increased from 10 to 30 g·L −1  (Table  1 ). Diff erent 

solid-to-solvent ratios could infl uence the demineralization of 

shrimp shells. The DDM was over 90% when 30 g·L −1   H 3 PO 4  

with a solid-to-solvent ratio of 1:6 was used for 30 min. The 

degree of deproteinization (DDP) varied from 52.23% to 

85.65% when increasing the concentration of KOH from 10 

to 30 g·L −1  (Table  2 ), however, no signifi cant increase was 

observed with a concentration above 30 g·L −1 .   

 It is necessary to remove the minerals (demineralization) 

and proteins (deproteinization) during the extraction of chi-

tin from shrimp shells (Younes et al.  2014 ). Many industries 

extensively use chemicals for demineralization and depro-

teinization during the extraction process. In general, HCl and 

NaOH have been effi  ciently used for demineralization and 

deproteinization (Al Sagheer et al.  2009 ; Percot et al.  2003 ). 

The DDM was 93.8% with the use of 0.25 mol·L −1  HCl 

(John et al.  2006 ), and the DDP reached 80% with the use of 

50 g·L −1  NaOH at 90 °C for 1 h (Holanda and Netto  2006 ). 

However, the liquid waste generated during the process is 

harmful to the growth of plants due to remaining chlorine in 

the chitin, thus limiting the further application of chitin and 

its derivatives as fertilizers. 

 Compared with earlier studies using HCl and NaOH, no 

discernable diff erences of DDM or DDP were observed for 

the treatment of  H 3 PO 4  and KOH in this study. Moreover, 

the liquid waste, generated during the demineralization 

and deproteinization using  H 3 PO 4  and KOH, was rich in 

phosphorus, potassium, and nitrogen, which are the main 

constituents of fertilizers. Process water in this study was 

totally recycled, which provided an eco-friendly method for 

the preparation of chitosan and its derivatives. 

    Production of chitosan and COS 

 Microwave-assisted chemical reactions are rapid and effi  -

cient. In this study, the DDA of chitosans was enhanced 

by increased microwave heating time. Chitosan with four 

diff erent DDAs (63.79%, 72.12%, 79.34%, and 88.15%) 

were prepared by microwave heating with 450 g·L −1  KOH 

for 6.0–8.5 min (Table  3 ). Compared with the traditional 

method using NaOH, the combination presented was more 

effi  cient (Yen et al.  2009 ; Viarsagh et al.  2010 ). Microwave 

heating is an important processing step for preparation of 

  Table 1       Eff ects of phosphoric 

acid concentration and the 

solid-to-solvent ratio on 

demineralization of shrimp 

shells  

 Diff erent letters indicate statistically signifi cant results ( P  < 0.05) based on one-way ANOVA with Tukey’s 

test. DDM is the degree of demineralization. Data are expressed as means ± SDs ( n  = 3) 

    H 3 PO 4  conc.(g·L −1 )    Solid/solvent ratio  

  10    30    50    1:4    1:6    1:8  

  DDM (%)    37.18 ± 1.36 a     94.04 ± 0.52 b     94.28 ± 0.36 b     68.61 ± 0.19 a     94.51 ± 0.53 b     94.99 ± 1.31 b   

  Table 2       Eff ects of potassium 

hydroxide concentration and 

temperature on deproteinization 

of shrimp shells  

 Diff erent letters indicate statistically signifi cant results ( P  < 0.05) based on one-way ANOVA with Tukey’s 

test. DDP is the degree of deproteinization. Data are expressed as means ± SDs ( n  = 3) 

    KOH conc.(g·L −1 )    Temperature (°C)  

  10    30    50    50    70    90  

  DDP (%)    52.23 ± 0.27 a     85.65 ± 1.06 b     84.10 ± 1.06 b     75.61 ± 0.56 a     84.58 ± 0.21 b     83.87 ± 0.79 b   
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chitosan with specifi ed molecular weight distribution. The 

molecular weight (17.4 × 10 5 –5.7 × 10 5  Da) and viscosity 

of chitosans decreased with increased microwave heating 

time, indicating that the combination of microwave heating 

and alkali effi  ciently destroyed the carbohydrate chain (Bajaj 

et al.  2011 ).  

 According to the FTIR spectrum of chitin and chi-

tosans (Fig.   1 ), the C=O bands were approximately at 

around 1626.61 cm −1  and 1660.29 cm −1  and N–H band 

was at 1557.99 cm −1 . The characteristic absorption bands 

at 3445.62  cm −1  corresponded to OH stretching, while 

those at 3268.62 cm −1  and 3106.16 cm −1  corresponded 

to NH stretching. The absorption bands at 1417.07 cm −1  

and 1378.51 cm −1  were attributed to  CH 2  and CH bend-

ing, respectively. Similar absorption bands were observed 

both with chitin (Fig.  1 a) and chitosans with diff erent DDA 

(Fig.  1 b–e). Moreover, functional groups of chitosan, such 

as the C=O and N–H bands, were all presented (Fig.  1 b–e).         

 Chitosans with diff erent DDA (63.79%, 72.12%, 79.34%, 

and 88.15%) were oxidatively degraded with  H 2 O 2  to pro-

duce COS. HPLC analysis revealed that the molecular 

weights of the COS were 1559, 1553, 1599, and 1526 Da, 

respectively. 

 According to the component analysis results, whiteleg 

shrimp shell was rich in protein (49.61%), minerals 

(29.06%), and chitin (21.33%) (Table   4 ). In summary, 

33.73 kg  H 3 PO 4 , 12.77 kg, and 241.31 kg KOH were sup-

plied during the processes of demineralization, deprotein-

ization, and deacetylation for 100 kg shrimp shell waste, 

respectively. The whole process created a product with the 

fractions of N:P 2 O 5 :K 2 O:COS = 7.94:24.44:10.72:18.27. 

The supply of N, P, and K can also be adjusted according 

  Table 3       The degree of deacetylation, viscosity [ η ], and molecular 

weight ( M  v ) of chitosans under diff erent microwave heating times  

  Microwave heating time 

(min)  

  6    7    8    8.5  

  Degree of deacetylation 

(%)  

  63.79    72.12    79.34    88.15  

  [ η ] (mL·g −1 )    /    754    557    561  

   M  v  (Da)    17.4 × 10 5     13.6 × 10 5     7.5 × 10 5     5.7 × 10 5   

  Fig. 1       FTIR spectra of chitin and chitosan with diff erent degrees of deacetylation. a: Chitin; b–e: chitosans with diff erent degrees of deacetyla-

tion (63.79%, 72.12%, 79.34%, and 88.15%)  
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to plant requirements when used in an agricultural setting. 

Moreover, liquid waste and solid waste generated during the 

process was totally recycled, making COS valuable as fer-

tilizer. The detailed process fl ow diagram of COS fertilizer 

from shrimp shells is presented in Fig.  2 .          

    Eff ects of COS with diff erent DDA 
on the germination of wheat seeds 

 Using chitosan oligomer (28 kDa, 78% DDA) to coat zuc-

chini seeds has been shown to shorten germination time and 

increase germination percentage (Cristóbal et al.  2012 ). COS 

(70% DDA) has also been reported to be valuable as an elici-

tor enhancing the germination of barley seeds during seed 

priming (Lan et al.  2016 ). Additionally, Kananont and col-

leagues ( 2010 ) reported that chitosans with 70% and 80% 

DDA could signifi cantly improve the germination of  Den-
drobium bigibbum  var.  compactum  and that chitosan with 

70% DDA could enhance the germination of  Dendrobium 
formosum . This suggests that the DDA of chitosan may have 

a major impact on seed germination; however, limited data 

are available on the relationship between the DDA of COS 

and its eff ect on the germination of wheat seeds. 

 In this study, wheat seeds were soaked in COS with dif-

ferent DDA, and the germination percentage was recorded 

every day. Compared to the control group, a higher germina-

tion rate was observed with seeds soaked in COS (Fig.  3 ). 

During the fi rst 24 h, no signifi cant diff erences in germina-

tion percentage were observed among all groups. After 48 h, 

the highest germination percentage was observed with the 

treatment of 72.12% DDA, showing a signifi cant diff erence 

compared to the control ( P  < 0.05).         

    Analysis of enzyme activities and estimation 
of biochemical components 

 Germination involves complex physiological and biochemi-

cal processes (Bewley  1997 ). During germination, intrinsic 

enzymes, such as amylase and protease, are activated after 

the uptake of water by dry seeds. The low-molecular weight 

metabolites produced by the hydrolysis of starch and protein 

participate in respiratory events and provide energy for the 

seedlings (Müntz et al.  1998 ; Mohan et al.  2010 ; Zhu et al. 

 2017 ). Changes in enzyme activity and stored biochemi-

cal components signifi cantly aff ect seed vigor (Nandi et al. 

 1995 ). In this study, changes in enzyme activity and contents 

of sugar, starch, and protein were assessed from 0 to 24 h 

during germination (Fig.  4 ).         

 During germination, the activity of β-amylase increased 

in the fi rst 6 h, with its activity approximately 6–10 times 

higher than that of the α-amylase in the tested samples 

(Fig.  4 a, b). COS with DDA of 63.79% and 72.12% signifi -

cantly increased the β-amylase activity ( P  < 0.05), with the 

highest β-amylase activity (260.35 mg·min −1 ·g −1 ) observed 

in the 72.12% DDA-treated group. After 12 h, the β-amylase 

activity considerably decreased, which was analogous to 

an earlier report that the β-amylase activity signifi cantly 

increased while the α-amylase activity had negligible 

  Table 4       The evaluation of input and output in process  

  Components    Mass (kg)  

  Components of shrimp shell  

   Shrimp shell    100  

   Protein    49.61  

   Mineral    29.06  

   Chitin    21.33  

  Input of raw materials  

   H 3 PO 4  (demineralization)    33.73  

   KOH (deproteinization)    12.77  

   KOH (deacetylation)    241.31  

   HAc (dissolved chitosan)    37.54  

  Water    2355.96  

   Components of products  

   Chitooligosaccharide    18.27  

   N    7.94  

   P 2 O 5     24.44  

   K 2 O    10.72  

   Waste    0  

  Fig. 2       Process fl ow diagram of COS fertilizer derived from shrimp 

shells  
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change when nitric oxide was used as an inducer during the 

early stages of germination (Zhang et al.  2005 ). β-Amylase 

activity is a key indicator of germination potential, while 

α-amylase infl uences the speed of seedling growth in later 

stages of germination (Nandi et al.  1995 ). β-Amylase activ-

ity mainly depends on the release of free β-amylase, while 

bound β-amylase, which is linked to glutenin with a disulfi de 

bond, has negligible activity (Sopanen and Laurièr  1989 ). 

Cysteine-endopeptidases have been reported to liberate the 

bound β-amylase from glutenin and increase its activity 

(Guerin et al.  1992 ). The increase in β-amylase activity in 

this study may be due to the release of β-amylase by endo-

protease. Moreover, COS with diff erent DDA were shown 

to enhance the protease activity compared to the control 

( P  < 0.05), of which the COS with 72.12% DDA showed 

the best eff ect (Fig.  4 c). 

 Soluble sugar, a substrate of the glycolytic pathway, par-

ticipates in respiratory activity providing adequate energy to 

support metabolism during germination (Attucci et al.  1991 ). 

During the fi rst 12 h, the soluble sugar content decreased. 

The seeds treated by COS with 72.12% DDA showed the 

lowest sugar content (Fig.  4 e). Metabolism of protein and 

starch occur during the germination to support seedling 

growth (Kuraś  1986 ; Zhao et al.  2018 ). In this study, sugar 

consumption was more than the production of sugar by 

starch hydrolysis during germination. However, there was 

no regular change in the protein and starch contents during 

the fi rst 24 h of germination when the seeds were treated 

with COS (Fig.  4 d, f). This might be due to the dynamic 

balance between the consumption and synthesis of nutrients 

during early germination. 

     Conclusion 

 In this study, an eco-friendly method was used to produce COS 

with diff erent DDA using  H 3 PO 4  and KOH instead of HCl 

and NaOH. The liquid waste and solid waste generated dur-

ing demineralization, deproteinization, and deacetylation were 

totally recycled, demonstrating that the shrimp shell could be 

wholly transformed into fertilizer. The above process resulted 

in a product with the fractions of N:P 2 O 5 :K 2 O:chitooligosac

charide = 7.94:24.44:10.72:18.27. Moreover, it was revealed 

that the DDA of COS could infl uence the germination of 

wheat seeds by increasing the activity of β-amylase and pro-

tease enzymes and the consumption of sugar. The COS with 

72.12% DDA was found to be most eff ective in promoting the 

germination of wheat seeds. 

    Materials and methods 

   Materials 

 Whiteleg shrimp ( Penaeus vannamei ) shells were obtained 

from local aquatic products processing factories. Wheat seeds 

( Triticum aestivum  L.) were purchased from the agro-market 

in Qingdao. 

  Fig. 3       Eff ects of COS with 

diff erent degrees of deacetyla-

tion on the germination of 

wheat seeds. UN refers to the 

seeds treated with distilled 

water, used as the control. Data 

are expressed as means ± SDs 

( n  = 3). Diff erent letters indicate 

statistically signifi cant results 

( P  < 0.05) based on one-way 

ANOVA with Tukey’s test  
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    Demineralization of shrimp shells 

 To evaluate the eff ect of phosphoric acid concentration on 

the demineralization of shrimp shells, 5 g shrimp shells were 

soaked in 100 mL 10, 30, and 50 g·L −1   H 3 PO 4  at 25 °C for 

30 min with constant stirring for demineralization. The treated 

samples were then washed with distilled water until neutrality 

was reached then dried at 60 °C. The ash content was deter-

mined by putting the samples in a muffl  e furnace at 550 °C. 

The degree of demineralization (DDM) was calculated using 

the following equation:

      

where  A  O  was the ash content of the sample before demin-

eralization,  A  P  was the ash content of the sample after dem-

ineralization, and O and P were the dry mass of the samples 

DDM (% ) =
(AO × O) − (AP × P)

AO × O
× 100,

before and after demineralization, respectively. Furthermore, 

the variation of demineralization was investigated on diff er-

ent solid-to-solvent ratios of 1:4, 1:6, and 1:8. 

    Deproteinization of shrimp shells 

 The demineralized shrimp shells were soaked in 10, 30, and 

50 g·L −1  KOH at diff erent temperatures (50 °C, 70 °C, and 

90 °C) for 60 min with constant stirring for deproteinization. 

The sample was then centrifuged at 4800 rpm for 15 min 

to remove the dissolved protein and chitin was obtained. 

The protein content of the sample was determined by the 

Kjeldahl method. The degree of deproteinization (DDP) was 

calculated using the following equation:

      

DDP (% ) =
PS

PR

× 100,

  Fig. 4       Eff ect of COS with diff erent degrees of deacetylation on the 

activity of enzymes and content of biochemical components during 

the early stages of germination.  (a – c)  The activities of β-amylase, 

α-amylase, and protease, respectively;  (d – f)  the contents of protein, 

starch, and sugar, respectively. UN refers to the seeds treated with dis-

tilled water, used as the control. Data are expressed as means ± SDs 

( n  = 3). Diff erent letters indicate statistically signifi cant results 

( P  < 0.05) based on one-way ANOVA with Tukey’s test  
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where  P  R  was the protein content of demineralized sample, 

calculated by subtracting the chitin nitrogen from total nitro-

gen before deproteinization and  P  S  was the protein content 

of the supernatant (Holanda and Netto  2006 ; Synowiecki 

and Al-Khateeb  2000 ). 

    Preparation of chitosans with diff erent DDA 

 The chitin extracts were mixed with 450 g·L −1  KOH at 1:15 

(w/v) in Tefl on crucible and microwave heated at 600 W for 

6, 7, 8, and 8.5 min, respectively. The treated samples were 

then washed with distilled water until neutrality was reached 

then dissolved in 0.34 mol·L −1  acetic acid. The superna-

tants were obtained after centrifugation at 4800 rpm for 

15 min and the pH was adjusted to 7.0 using 40 g·L −1  KOH 

to deposit chitosan. The chitosan was dried at 60 °C and the 

DDA calculated using the following equation:

      

where  V  was the volume of NaOH consumed between the 

two abrupt changes of pH, c was the concentration of NaOH, 

and m was the dry weight of chitosan (Zhang et al.  2006 ). 

    Preparation of chitooligosaccharides 

 Two grams of chitosan with diff erent DDA were individually 

dissolved in 100 mL of 0.34 mol·L −1   CH 3 COOH.  H 2 O 2  was 

added to a fi nal concentration of 43 mmol·L −1  and the oxida-

tive degradation was carried out at 50 °C for 6 h. The pH was 

adjusted to neutral with KOH to precipitate the large-molec-

ular weight fractions then the supernatant was freeze-dried. 

    Characterization of chitosan and COS 

   Viscosity measurement 

 The chitosan sample was dissolved in 0.2 mol·L −1  NaCl and 

0.1 mol·L −1   CH 3 COOH at 25 ± 0.1 °C to obtain a homoge-

neous solution. The intrinsic viscosity was then measured 

using a Ubbelohde viscometer (internal diameter of 0.6 mm) 

(Sannan et al.  1976 ). 

    Fourier transform infrared spectroscopy analysis 

 The Fourier transform infrared (FTIR) spectrum of chitin 

and chitosan was obtained using an FTIR spectrophotometer 

(Nicolet iS10, Thermo Fisher Scientifi c, Madison, USA). 

The sample was mixed with potassium bromide and pressed 

to a disk. The FTIR frequency range and resolution used 

were 400–4000 cm −1  and 4 cm −1 , respectively. 

DDA (% ) =
V × c × 10−3 × 16

m × 0.0994
× 100,

    Molecular weight analysis of COS 

 The molecular weight of COS was measured by high-per-

formance liquid chromatography (HPLC) (Agilent 1260, 

Agilent Technologies, Santa Clara, CA, USA) using a TSK-

gel G4000  PW XL  column (30 cm × 7.8 mm, Tosoh, Tokyo, 

Japan) and eluted with a solution of 0.2 mol·L −1   NaNO 3  and 

0.01 mol·L −1   NaH 2 PO 4  (pH 7.0). 

    Wheat seed treatment and determination of germination 
percentage 

 All the seeds were soaked in 75% ethanol for 10 min to 

remove the debris and mold, after which they were thor-

oughly washed with distilled water to remove ethanol. 

Sets of 100 seeds were then individually soaked in COS 

(100 mg·L −1 ) with diff erent DDA in centrifuge tubes and 

placed in an illumination incubator in the dark for 24 h at 

25 ± 0.1 °C. Seeds soaked in distilled water were used as the 

control. After the soaking period, the seeds were transferred 

to individual Petri dishes containing a gauze and sheet of 

fi lter paper moistened with distilled water. All groups were 

placed in an illumination incubator for 12 h each of light 

and dark periods for 5 days at 25 ± 0.1 °C. The number of 

seedlings that emerged was recorded every day. Germination 

percentage was calculated as the total number of seedlings 

that emerged versus the total number of seeds sown. 

    Assay of amylase and protease activities 

 One gram of seed sample was mixed with 0.01 mol·L −1  

phosphate buff er (pH 7.0) and grounded on ice then diluted 

to 50 mL using a phosphate buff er. The supernatant was 

obtained after centrifugation at 10,000 rpm for 10 min at 

4 °C and subsequently used for enzyme and protein assays. 

The amylase and protease activities were determined accord-

ing to published methods (Hameed et  al.  2013 ; Osman 

 2002 ). 

    Assay of soluble sugar, starch and protein 

 The supernatant of ground seed sample was obtained accord-

ing to the method mentioned above, and the soluble protein 

content of the seed sample in the supernatant was deter-

mined using Folin-phenol reagent (Lowry et al.  1951 ). The 

content of soluble sugar and starch was obtained according 

to methods published by Maness ( 2010 ) and Bellasio et al. 

( 2014 ) with slight modifi cations. Total soluble sugar of seed 

samples was extracted using 80% ethanol for 30 min at 70 °C 

after fully grinding on the ice. The supernatant was obtained 

after centrifugation at 4800 rpm for 15 min and the sugar 

content was measured using phenol–sulfuric acid method 

(Kochert  1978 ). The centrifugation sediment was boiled for 
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15 min and soaked in 9.2 mol·L −1  perchloric acid on ice for 

15 min. After centrifugation at 4800 rpm for 15 min, the 

supernatant was collected and the sediment was soaked in 

4.6 mol·L −1  perchloric acid on ice for another 15 min. After 

centrifuging twice, the supernatant was merged and used to 

measure the starch content by phenol–sulfuric acid method 

(Kochert  1978 ). 

     Statistical analysis 

 All statistical analyses were performed using SPSS version 

22.0 software (SPSS, Inc., Chicago, USA). All experiments 

were carried out in three replicates and results presented as 

mean ± standard deviation (SD). Diff erences among more 

than two groups were analyzed by one-way analysis of 

variance (ANOVA) followed by Tukey’s test. Diff erences 

with  P  values of less than 0.05 were considered statistically 

signifi cant. 
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