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Kudzu (Pueraria lobata) and lotus (Nelumbo 
Nucifera) are two well-known medicinal starch 
sources. The plants are widely cultivated in East 
Asian countries, such as China, Korea or Japan. 
For many years, both kudzu and lotus have been 
considered the root plants of high nutritional value 
used for health care including diuretic, antiemetic, 
antidote in the treatment of tissue inflamma-
tion and cancer, and treating fever, diarrhoea, 
dysentery, diabetes, dizziness or cerebrovascular 
diseases [1, 2]. Kudzu and lotus starches are iso-
lated from the root and lotus rhizome, the yields 
of starches being approximately 15–35 g·kg-1 and 
10–20 g·kg-1 for both fresh root and rhizome, 
respectively [3]. Kudzu and lotus rhizome starches 
have become a very popular functional food in 
China and have been widely used as a nutritive 
powder, breakfast, fast food, traditional confec-
tionery and food additive. It is expected that the 
eating and nutritional quality of kudzu and lotus 
foods depend greatly on the starch quality, espe-
cially for the property of good digestibility [4, 5]. 

Starch consists of amylose containing a linear po
lymer of α-d-glucose units linked by α-1, 4  gly-
cosidic linkages, and amylopectin possessing 
a branched polymer of α-d-glucose units linked by 
α-1, 4 and α-1, 6 glycosidic linkages [6]. Generally, 
normal starches contain 70–80 g·kg-1 amylopec-
tin and 20–30 g·kg-1 amylose [7]. It was reported 
that kudzu and lotus rhizome starches contain 
20–23 g·kg-1 and 19–25 g·kg-1 amylose, respec-
tively [8, 9]. Currently, most studies focus on the 
effects of starch granular size and shape, amylose 
content, the ratio of amylose to amylopectin, type 
and degree of crystallinity on the enzymatic hy-
drolysis of kudzu and lotus rhizome starches [5, 
10, 11]. It was been reported that the chain length 
distribution of amylopectins are closely relevant 
to physico-chemical properties and digestibility of 
starch [12–16]. Amylopectin chains are classified 
as external and internal [12]. External chains in-
teract with each other to form crystalline lamellae 
consisting of double helices. Internal chains exist 
in the amorphous lamellae composed of clusters 
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Amylase activity assay
Amylase activity was analysed by quantifying 

reducing sugars on the basis of the Somogyi-Nel-
son method [19]. Soluble starch (1.0 mg·ml-1) was 
as substrate in 100 mmol·l-1 sodium maleate buffer 
(pH 6.0) containing 5.0 mmol·l-1 calcium chloride 
at 35 °C [20]. Maltose (0–0.001 mol·l-1) was used as 
a standard. The results were represented as micro-
moles of maltose equivalents released per minute 
and per millilitre at 35 °C. One unit (U) means the 
amount of enzyme releasing 1.0 μmol maltose per 
millilitre from soluble starch per minute at 35 °C 
and pH 6.0.

Extraction and purification of amylopectins
Amylopectins were extracted and purified by 

previously published methods with minor modi-
fications [2]. Kudzu or lotus rhizome starch was 
added to 50 ml of 90% (v/v) dimethyl sulfoxide 
and then stirred uniformly and heated at 100 °C 
for 60  min. The gelatinized solution was cooled 
to room temperature and then 300 ml of absolute 
ethanol was added with continuous stirring for 
20 min and centrifuged at 100 Hz for 5 min. The 
sediment was washed with 150 ml absolute etha-
nol and then centrifuged at 6 000 ×g for 5 min. The 
precipitate was dispersed in 100 ml of 90% dime-
thyl sulfoxide, heated at 100 °C with constant stir-
ring for 30 min and then cooled to room tempera-
ture. A volume of 400 ml distilled water containing 
6% (v/v) 1-butanol and 6% (v/v) isoamylalcohol 
was added to the mixed solution and stirred at 
100 °C for 60 min, and then the mixture was cooled 
to room temperature. The mixed solution was cen-
trifuged at 10 000 ×g for 15 min. The supernatant 
was concentrated to 60 ml at 40 °C under vacuum 
using a rotary evaporator (Hei-VAP Advantage 
ML/HB/G3, Heidolph, Schwabach, Germany). 
A volume of 40 ml absolute ethanol was then add-
ed to the concentrated solution to precipitate amy-
lopectin. The amylopectins were lyophilized and 
their contents were determined by the previously 
published method [21]. In this study, the contents 
of kudzu and lotus rhizome amylopectins was 
(92.64 ± 0.08) g·kg-1 and (95.02 ± 0.05) g·kg-1, re-
spectively.

Preparation of φ,β-limit dextrins from amylopectins
According to the previously published method 

[22] with minor modifications, kudzu amylopec-
tin or lotus rhizome amylopectin (1.0 g, dry basis) 
were dissolved in 50 ml of 90% dimethyl sulfoxide 
at room temperature for 60 min with constant stir-
ring. A volume of 0.4 ml of rabbit muscle phos-
phorylase α (9 U·ml-1) was mixed with 0.01 mol·l-1 
sodium acetate buffer (pH 6.9; Huanling Chemi-

of branches [14, 15, 17]. It is noteworthy that the 
internal structure of amylopectin including clus-
ter and φ,β-limit dextrin structures is closely re-
lated to the enzymatic hydrolysis of starch [12, 16]. 
However, the correlation between the chain length 
distribution and enzymatic hydrolysis of amylo-
pectins has not been widely reported. α-Amylase 
and glucoamylase, as endo-acting and exo-acting 
enzymes, respectively, are extensively utilized to 
investigate starch hydrolysis [18]. In this context, it 
is important to elucidate the effects of the internal 
molecular structure of kudzu and lotus rhizome 
starches on their digestibility in order to explore 
a nutritional ingredient in functional foods. In this 
study, the chain length distribution of kudzu and 
lotus rhizome amylopectins was comparatively 
analysed using high-performance anion-exchange 
chromatography with pulsed amperometric de-
tection (HPAEC-PAD). Then, based on the chain 
length distribution of amylopectin, the suscepti-
bility of kudzu and lotus rhizome amylopectins 
to α-amylase from Bacillus amyloliquefaciens, or 
in combination with glucoamylase from Aspergil-
lus niger, was studied using logarithm of slope 
analysis, ultraviolet spectrophotometry and high-
performance liquid chromatography (HPLC) to 
describe the relationship between the chain length 
distribution and enzymatic hydrolysis of amylo-
pectins.

Materials and methods

Kudzu and lotus rhizome starches were ob-
tained from Geye Starch (Anhui, China) and 
Zhoushi Food (Guangxi, China), respectively. The 
starches were defatted with methanol (85 %, v/v) 
and then were deproteinized with chloroform/
n-butanol (4 : 1, v/v). Barley β-amylase (EC 3.2.1.2, 
460 U·ml-1), α-amylase from Bacillus amyloliquefa-
ciens (EC 3.2.1.1, 420 U·ml-1), glucoamylase from 
Aspergillus niger (EC 3.2.1.3, 340 U·ml-1), rabbit 
muscle phosphorylase α (EC 2.4.1.1, 110 U·ml-1) 
and isoamylase (EC 3.2.1.68, 160 000 U·ml-1) from 
Pseudomonas amyloderamosa were obtained from 
Sigma-Aldrich (St. Louis, Missouri, USA). Pro-
mozyme D2 (EC 3.2.1.41, 1 350 U·ml-1) was kindly 
donated by Novozymes (Copenhagen, Denmark). 
d-(+)-Maltose monohydrate standard and the 
reagents used in the colorimetric determination 
of reducing sugars (3,5-dinitrosalicylic acid, DNS) 
were from Sigma-Aldrich. Glucose, maltose, mal-
totriose, maltotetraose, maltopentaose, malto-
hexaose and maltoheptaose were obtained from 
Sigma-Aldrich.
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cal, Changzhou, China). The mixed solution 
was incubated at 37 °C for 12 h and then the en-
zyme reaction was stopped by boiling for 15 min. 
d-Glucose 1-phosphate produced was removed by 
using a tangential-flow filtration with an Omega 
10 K membrane in a Minimate TFF capsule system 
(Pall Life Sciences, Ann Arbor, Michigan, USA). 
Phosphorolysis was carried out once more to gain 
φ-limit dextrins. Subsequently, the φ-limit dextrins 
were hydrolysed with 0.45 ml β-amylase (9 U·ml-1) 
in 0.01 mol·l-1 sodium acetate buffer (pH 4.8) 
and incubated at 40 °C for 5 h to remove exter-
nal chains. The hydrolysate solution was boiled 
for 15 min to inactivate the enzyme. A volume of 
0.35 ml β-Amylase (9 U·ml-1) was added to the hy-
drolysate solution and the solution was incubated 
at 40 °C for 3 h to ensure complete removal of the 
remaining external chains. The hydrolysis reaction 
was terminated by boiling for 15 min. Finally, the 
hydrolysate was dialysed with dialysis membranes 
MD55 (Solarbio, Beijing, China, molecular weight 
cut off 3 500 Da) in deionized water to remove 
maltose and salt ions. The φ,β-limit dextrins ob-
tained were lyophilized and stored at –18 °C. 

Chain length distribution of amylopectins and 
φ,β-limit dextrins

Amylopectins or φ,β-limit dextrins (2.0 mg) 
were dissolved in 150 μl of 90% dimethyl sulfoxide 
at 100 °C with constant stirring for 30 min, respec-
tively. The dispersion was diluted with 800 μl warm 
water and 100 μl of 0.1 mol·l-1 sodium acetate 
buffer (pH 5.5) containing 0.2 ml of 10% sodium 
azide to inhibit microbial growth. Then, 1  μl iso-
amylase and 1  μl pullulanase were added to the 
dispersion at room temperature. The debranching 
reaction was initiated at 25 °C with constant stir-
ring for 12 h and then the reaction was terminated 
by heating at 100 °C for 20 min. The hydrolysates 
were diluted to a concentration of 1.0 mg·ml-1 with 
distilled water. An aliquot of 50  μl was filtered 
using a 0.45 μm organic acetylcellulose mem-
brane filter (Solarbio) and then analysed using 
HPAEC-PAD on a  Dionex ICS 3000 instrument 
(Thermo Fisher Scientific, Sunnyvale, Califor-
nia, USA). The analytical column was CarboPac 
PA-100 anion-exchange column (250 mm × 4 mm, 
Thermo Fisher Scientific), coupled to a CarboPac 
PA-100 guard column (50 mm × 4  mm, Thermo 
Fisher Scientific). The injection volume was 25 μl 
and the flow rate was 0.5 ml·min-1. The hydro-
lysates were eluted at 0.5 ml·min-1 with a gradient 
of sodium acetate prepared by the mixture of 
eluent B (1  mol·l-1 sodium acetate) and eluent 
A (0.25 mol·l-1 sodium hydroxide) (composition 
given on v/v basis): 0 min to 15 min from 15 % to 

34 %; 15 min to 26 min from 34 % to 40 %; 26 min 
to 52 min from 40 % to 49 %; 52  min to 54 min 
from 49 % to 100 %; 58 min to 60 min from 100 % 
to 15 %. Pulsed amperometric detection (PAD) 
signal was transformed into carbohydrate con-
tents. Definition and method of calculation of all 
variables of chain length distributions are as fol-
lows:

External chain length (ECL)

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐶𝐶𝐶𝐶ap − 𝐶𝐶𝐶𝐶ld + 1.5 	 (1)

where CLap is average chain length of amylopectin 
and CLld is average chain length of φ,β-limit dex-
trins.

Internal chain length (ICL)

𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐶𝐶𝐶𝐶�� − 𝐸𝐸𝐸𝐸𝐸𝐸 − 1 	 (2)

Total internal chain length (TICL)

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐵𝐵𝐵𝐵𝐵𝐵�� − 1 t	 (3)

where BCLld is average chain length of B-chains 
calculated from φ,β-limit dextrin.

Number of chains (NC)

𝑁𝑁𝑁𝑁 =
𝐷𝐷𝐷𝐷ld
𝐶𝐶𝐶𝐶ld

 	 (4)

where DPld is degree of polymerization of φ,β-limit 
dextrins.

Density of branch (DB)

𝐷𝐷𝐷𝐷 =
(𝑁𝑁𝑁𝑁 − 1)
𝐷𝐷𝐷𝐷ld

× 100 	 (5)

Number of chains per B-chain (NCB)

𝑁𝑁𝑁𝑁B =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

(𝐼𝐼𝐼𝐼𝐼𝐼 + 1)
 	 (6)

φ,β-limit value (LV)

𝐿𝐿𝐿𝐿 = 100 − 100 ×
𝐶𝐶𝐶𝐶�d 
𝐶𝐶𝐶𝐶ap

 	 (7)

Hydrolysis of amylopectins using α-amylase and 
glucoamylase, individually and in combination

Digestibility 
Lotus rhizome amylopectin or kudzu amy-

lopectin (0.5 g, dry basis) were dissolved and 
uniformly stirred in 50 ml of 0.2 mol·l-1 acetate 
buffer (pH 6.0) containing 0.4 ml 10% sodium 
azide. α-Amylase (6.1 U·ml-1) and glucoamylase 
(4.0 U·ml-1), individually and in combination, 
were added to kudzu amylopectin or lotus rhizome 
amylopectin dispersions. The dispersions were 
incubated in a shaking water bath at 37 °C in the 
range of time from 0 h to 72 h. Aliquots (2 ml) of 
the hydrolysates were withdrawn at time intervals 
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(0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80, 100, 120, 
240, 480, 1 080, 1 440, 2 880, 3 240 and 4 320 min) 
and then immediately heated at 95 °C for 10 min 
to deactivate enzymes. Each aliquot was filtered 
using a 0.22 μm organic acetylcellulose membrane 
(Solarbio) to wipe off the non-reacted starch resi-
due and the filtrate obtained was analysed for re-
ducing sugars. The degree of hydrolysis is defined 
as the reducing sugars generated in supernatant, 
expressed as milligrams of maltose equivalents re-
leased per kilogram (dry weight) of amylopectin 
[23]. In this study, the contents of the free sugar 
in kudzu and lotus rhizome amylopectins were 
(1.38 ± 0.01) mg·kg-1 and (2.84 ± 0.02) mg·kg-1, 
respectively. The contents of the free sugar were 
subtracted from total reducing sugars in the super-
natant.

Logarithm of slope plot
A logarithm of slope plot has been effectively 

applied to predict digestion in human body and is 
determined by expressing the first derivative of the 
first-order equation (Eq. 8) in logarithmic form 
(Eq. 9) [24–26]:

𝐶𝐶� = 𝐶𝐶�(1 − e−��  ) 	 (8)

ln �
𝑑𝑑𝐶𝐶
𝑑𝑑𝑡𝑡
� = −𝑘𝑘𝑘𝑘 + ln(𝐶𝐶�𝑘𝑘) 	 (9)

where t is digestion time (in minutes), Ct is product 
concentration (in grams per litre) at a given time 
(in minutes), C∞ is product concentration (in 
grams per litre) at the end of the reaction, and k 
is digestion rate constant (in reciprocal minutes). 
A plot of ln (dC/dt) against t is linear with a slope 
(–k). The intercept on the y axis equals to ln (C∞k) 
and C∞ is calculated from the value of k obtained 
from the slope of the plot. Based on the enzyme-
kinetic principles, a logarithm of slope plot uses 
two variables (C∞ and k) to precisely manifest the 
hydrolysed products released by amylolysis [27, 
28]. A logarithm of slope plot can supply two or 
more distinct linear phases. The slope of each dis-
tinct phase can give the rate constant such as k1, 
k2…..etc., accordingly obtaining the end-point of 
starch amylolysis (C1∞, C2∞….etc.) to be calcu
lated [26, 28].

Oligosaccharides released from amylopectins 
using amylases

The oligosaccharides released from kudzu 
and lotus rhizome amylopectins using α-amylase 
and glucoamylase (in percent, w/w), indivi
dually or in combination, were determined using 
a Waters 1500 HPLC system (Waters, Milford, 
Massachusetts, USA) equipped with a refractive 

index detector (RID, Waters 2414) and a Sugar-
pak column (300  mm × 6.5 mm, Waters). The 
mobile phase was ultrapure water at a flow rate of 
0.5 ml·min-1. The injection volume was 10 μl. The 
hydrolysates were dissolved in ultrapure water and 
then centrifuged for 20 min at 10 000 ×g. The su-
pernatant was filtered using a 0.22 μm organic ace-
tylcellulose membrane filter (Solarbio), and then 
injected into the HPLC system. The quantities of 
oligosaccharides produced were calculated from 
a  calibration curve constructed with a  mixture of 
standards.

Statistical analysis
All analyses were done in triplicate. The re-

sults were expressed as mean ± standard deviation 
and were analysed using analysis of variance and 
Students t-test. Each hydrolysis treatment against 
time was analysed using Prism 7 (GraphPad Soft-
ware, La Jolla, California, USA).

Results and discussion

Molecular structures of amylopectin and φ,β-limit 
dextrins

According to the division suggested by 
a  previous report [29], the molar-based chain-
length distribution of debranched amylopectins 
is grouped into four fractions: fraction A-chains 
(Fa) with a degree of polymerization (DP) of 6–12; 
fraction B1-chains (Fb1), or short B-chains (DP of 
3–24); fraction B2-chains (Fb2) or long B-chains 
(DP of 25–36); and fraction B3-chains (Fb3) or 
longer B-chains (DP > 36). Fig. 1 depicts the 
molar-based chain-length profile of debranched 
amylopectins. Fig. 1A demonstrates that the first 
peak of molar-based bimodal chain-length profiles 
for kudzu amylopectin was the largest fraction at 
DP of 12. The second peak was at DP 47, which 
is in agreement with previous reports [11, 30]. The 
proportion of short B-chains (DP of 3–24) and 
long B-chains (DP of 25–36) quickly and slowly 
decreased, respectively, and a small increase in 
longer chain length (DP > 36) occured, which is 
in agreement with a previous report [30]. Simi-
larly, Fig. 1B shows that the first peak of molar-
based bimodal chain-length profiles for lotus 
rhizome amylopectin was the largest fraction at 
DP of 12, and the second peak was at DP of 43. 
An obvious decrease in the proportion of short 
B-chains with a little decrease in the proportion of 
long B-chains, and a small increase in longer chain 
length (DP > 36) occured. The quantitative results 
are depicted in Tab. 1. Compared to lotus rhizome 
amylopectin, kudzu amylopectin possessed a lower 
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molar-based ratio of fractions Fa (DP of 6–12) and 
Fb1 (DP of 13–24), and a higher molar-based ratio 
of fractions Fb2 (DP of 25–36) and Fb3 (DP > 36). 
More detailed information on linear chain lengths 
of amylopectin indicated that kudzu amylopectin 
had a higher average chain length (CL) expressed 
as multiplying degree of polymerization by the 
peak area corresponding to each DP (25.13), long 

chain length (LCL, 58.43), external chain lengths 
(ECL, 21.47), internal chain length (ICL, 2.66) 
and total internal chain length (TICL, 15.02) than 
lotus rhizome amylopectin (CL 19.12, LCL  52.26, 
ECL 15.70, ICL 2.42, TICL 13.54). On the other 
hand, kudzu amylopectin had lower short chain 
length (SCL, 12.57) than that of lotus rhizome 
amylopectin (SCL 15.82). These data indicate 

Fig. 1. Unit chain length distribution of debranched amylopectins.

A – kudzu amylopectin; B – lotus rhizome amylopectin.

Tab. 1. Chain length distribution.

Chain categories Kudzu amylopectin Lotus rhizome amylopectin

Debranched amylopectins

A-chains (DP 6–12) [%] 19.6 ± 0.6 21.2 ± 0.2

Short B-chains (DP 13–24) [%] 42.3 ± 0.2 45.4 ± 0.4

Long B-chains (DP 25–36) [%] 14.6 ± 0.5 13.3 ± 0.5

Longer B-chains (DP >36) [%] 23.5 ± 0.5 20.1 ± 0.3

Average chain length 25.13 ± 0.32 19.12 ± 0.35

Average chain length of short chains (DP 6–36) 12.57 ± 0.37 15.82 ± 0.52

Average chain length of long chains (DP > 36) 58.43 ± 0.63 52.26 ± 0.42

External chain length 21.47 ± 0.51 15.70 ± 0.4

Internal chain length 2.66 ± 0.20 2.42 ± 0.62

Total internal chain length 15.02± 0.33 13.54 ± 0.54

Debranched φ,β-limit dextrins

Degree of polymerization 18.46 ± 0.32 16.53 ± 0.24

Average chain length 5.16 ± 0.31 4.92 ± 0.70

Number of chains 3.58 ± 0.26 3.36 ± 0.23

Chain length of B-chains 16.02 ± 0.35 14.54 ± 0.42

Density of branch [%] 14.0 ± 0.5 14.3 ± 0.3

Number of chains per B-chain 4.10 ± 0.34 3.96 ± 0.16

φ,β-limit value [%] 79.5 ± 0.4 74.3 ± 0.2

Short B-chains (DP 3–22) [%] 64.9 ± 0.9 70.9 ± 0.6

Long B-chains (DP > 22) [%] 5.3 ± 0.3 3.4 ± 0.5

Ratio of short B-chains to long B-chains 12.25 ± 0.50 20.85 ± 0.34
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lopectin possessed significantly more long chains 
than lotus rhizome amylopectin. It was reported 
that a higher number of short chains in a cluster 
increases the number of access points for amylase 
reactions. High degree of hydrolysis is positively 
correlated with a high proportion of short amylo-
pectin branch chains [32]. Thus, it is supposed that 
kudzu amylopectin may be more susceptible to hy-
drolysis by amylases than kudzu amylopectin due 
to a higher proportion of short chains.

that kudzu amylopectin possessed a higher long-
to-short chain ratio than that of lotus rhizome 
amylopectin. The information about the internal 
structure of amylopectin can be obtained through 
the structure of B-chains of debranched φ,β-limit 
dextrins [31]. φ,β-Limit dextrins derived from 
amylopectin were analysed by HPAEC (Fig.  2). 
Fig.  2A regards φ,β-limit dextrins from kudzu 
amylopectin, more than one peak being shown at 
DP >13. For φ,β-limit dextrins from lotus rhizome 
amylopectin, two or three peaks at DP >9 are in-
dicated in Fig.  2B. The linear dextrins (named 
group 1) consist of glucose, maltose and maltot-
riose, which derive from the interblock segments 
and are used for the estimation of interblock 
chain length (IB-CL). Group 1 elutes in front of 
the branched building blocks (DP ≤ 5). Group 2 
building blocks, which are most abundant (> 50 % 
by number) consist of only 2 chains with a DP of 
5–9. Group 3 building blocks (with 3 chains, DP of 
10–14) are the second most common group, and 
group 4 building blocks have DP of 15–19 [31]. It 
is obvious from Fig. 2C that, in comparison with 
φ,β-limit dextrins from kudzu amylopectin, lotus 
rhizome amylopectin possesses greater amounts at 
DP  <  10, and that group 3 and group 4 in lotus 
rhizome amylopectin are lower than that in kudzu 
amylopectin, which indicates that the amount of 
long chains of φ,β-limit dextrins in lotus rhizome 
amylopectin was lower than that in kudzu amylo-
pectin. The corresponding data of φ,β-limit dex-
trins of kudzu and lotus rhizome amylopectins are 
shown in Tab. 1. It is shown that average degree of 
polymerization (DPld 18.46), average chain length 
(CLld 5.16) and average number of chains (NCld 
3.58) of kudzu amylopectin were greater than 
those of lotus rhizome amylopectin (DPld 16.53, 
CLld 4.92, NCld 3.36), which suggests that kudzu 
amylopectin has larger building blocks. The inter-
nal chains are composed of B-chains (substituted 
with other chains), whereas all A-chains (unsub-
stituted and completely external) appear as mal-
tosyl stubs. B-chains are divided into short and 
long chains [29, 31]. The average chain length of 
B-chains (BCLld 16.02) of kudzu amylopectin was 
higher than that of in lotus rhizome amylopec-
tin (BCLld 14.54), whereas density of branch of 
kudzu amylopectin (DBld 14.0 %) was lower than 
that of lotus rhizome amylopectin (DBld 14.3 %). 
Besides, the average number of chains per B-chain 
(NCB 4.10) and φ,β-limit value (LV 79.5  %) of 
kudzu amylopectin were greater than those of lo-
tus rhizome amylopectin (NCB 3.96, LV 74.3  %). 
Kudzu amylopectin had a smaller molar ratio of 
short to long B-chains (12.25) than lotus rhizome 
amylopectin (20.85). It indicates that kudzu amy-
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Amylase hydrolysis of kudzu and lotus rhizome 
amylopectins

The hydrolysis plots of kudzu and lotus rhi-
zome amylopectins using α-amylase and glu-
coamylase, individually and in combination, are 
shown in Fig. 3. At using α-amylase alone, kudzu 
and lotus rhizome amylopectins exhibited a rapid 
increase in hydrolysis with increasing incuba-
tion time at the early stage (0–120 min), and then 
smoothly increased to a plateau of 40.46 mg·kg-1 
and 56.80 mg·kg-1, respectively. At using both 
α-amylase and glucoamylase, kudzu and lotus 
rhizome amylopectins displayed a rapid increase 
in hydrolysis with increasing time at the early 
stage and then smoothly increased to a plateau of 
48.28  mg·kg-1 and 63.77 mg·kg-1, respectively. It 
indicated that kudzu and lotus rhizome amylopec-
tin hydrolysis using α-amylase and glucoamylase 
was more effective than using α-amylase alone. 
This indicates synergism between α-amylase and 
glucoamylase in the hydrolysis of kudzu and lo-
tus rhizome amylopectins, whereas the synergism 
for lotus rhizome amylopectin is more significant 
than the synergism for kudzu amylopectin. Fig. 3 
demonstrates that when using α-amylase and glu-
coamylase individually or in combination, kudzu 
amylopectin was hydrolysed slower than lotus 
rhizome amylopectin at each time point, indicat-
ing that kudzu amylopectin was less susceptible 
to α-amylase and glucoamylase. This could be 
partially due to the different chain length distribu-
tion in kudzu and lotus rhizome amylopectins as 
discussed above. Compared to kudzu amylopectin, 
lotus rhizome amylopectin possesses higher num-
bers of short chains causing more non-reducing 
ends exposed to the action of amylase, which re-
sults in an increased accessibility of amylases to-
wards the glycosidic bonds [32]. Also, in terms 
of amylopectin chain length, kudzu amylopectin 

has longer chain length, long chain length, exter-
nal chain length, internal chain length and total 
internal chain length than lotus rhizome amylo-
pectin. Longer chains would make long helices 
and strengthen hydrogen bonds between chains, 
which could retard enzymatic hydrolysis, whereas 
a high proportion of shorter chains forming short 
or weak double helices, inversely affects digest-
ibility [11]. It confirms that the property of slow 
digestibility may arise from the rate-limiting step 
in enzyme hydrolysis of amylopectins with higher 
proportions of long chains.

Logarithm of slope analysis
A logarithm of slope plot is used to determine 

single-phase or two-phase amylolysis through a di-
gestibility curve obtained experimentally. Fig.  4 
shows that a logarithm of slope plots of kudzu and 
lotus rhizome amylopectins digestibility data were 
linear (R2 > 0.9), characterized by single and two 
rate constants. Kudzu amylopectin displayed a sin-
gle-phase plot, whereas lotus rhizome amylopec-
tin indicated a two-phase process. A logarithm of 
slope plot is composed of two linear phases, each 
identified by a rate constant (k and C∞). Fig. 4A 
and 4B present a single rate constant obtained 
by using a single-phase process for kudzu amylo-
pectin amylolysis. Fig. 4C and 4D imply a discon-
tinuity, indicating that lotus rhizome amylopec-
tin was digested in a two-phase process, as two 
sets of k and C∞ values were required to describe 
each amylolysis phase. The point at which the 
slower phase became the dominant reaction is ex-
pressed by the intersection between the two linear 
phases of a  logarithm of slope plot [27]. Fig. 4C 
reveal that, for lotus rhizome amylopectin hydro-
lysed by α-amylase alone, the faster phase was of 
a  short duration of approximately 25 min, which 
was then succeeded by the slower phase. Com
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paratively, Fig. 4D indicate that, in case of lotus 
rhizome amylopectin hydrolysed by α-amylase and 
glucoamylase, the more rapid phase was of rela-
tively long (lasting for 35 min) and then was fol-
lowed by the slower phase. The faster phase (k1 
and C1∞) denoted accessible chains and the slower 
phase (k2 and C2∞) represented the less accessible 
α-glucan chains [26]. The rapid-phase (k1 and C1∞) 
and slow-phase (k2 and C2∞) values were calcu-
lated from y-intercept and slope in the logarithm 

of slope plots. Generally, the first reaction rate 
(k1) is higher than the second reaction rate (k2). 
Values of k and C∞ calculated are listed in Tab. 2. 
For using α-amylase and glucoamylase individually 
or in combination, k1 values for the rapidly hydro
lysable kudzu and lotus rhizome amylopectins 
were higher than k2 values for the slowly hydro
lysable kudzu and lotus rhizome amylopectins. 
Using α-amylase and glucoamylase individually 
or in combination, k values of kudzu amylopectin 
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Tab. 2. Values of variables estimated from a logarithm of slope analysis.

Amylopectin Enzymes
Rapid phase Single or slow phase

k1 [min−1] C1∞ [g·l-1] k2 [min−1] C2∞ [g·l-1]

Kudzu
α-amylase – – 0.023 * 0.329 *

α-amylase and glucoamylase – – 0.039 * 0.400 *

Lotus rhizome
α-amylase 0.040 0.505 0.006 0.111

α-amylase and glucoamylase 0.063 0.495 0.047 0.547

Values are determined from a logarithm of slope plots with one or two-phases.
k – digestion rate constant. C∞ – product concentration at the end of the reaction, * – amylolysis occured by a single-phase 
process, no rapid phase was observed.
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were lower than those of lotus rhizome amylopec-
tin. The lower k value of kudzu amylopectin may 
be explained by the slow rate of diffusion of amy-
lase through its more stable long-chains structure 
to reach glucan chains. The C1∞ and C2∞ values 
indicate the contribution of each amylolysis phase 
to the enzyme hydrolysis of amylopectins [27]. For 
lotus rhizome amylopectin using α-amylase alone, 
the rapid reaction (C1∞ > C2∞) was the great-
er contributor to total amylopectin amylolysis, 
whereas for lotus rhizome amylopectin hydrolysis 
by α-amylase and glucoamylase, the slower reac-
tions (C1∞ < C2∞) were the larger contributors to 
total amylopectin amylolysis.

Oligosaccharides released from kudzu and lotus 
rhizome amylopectins using amylases

The oligosaccharides of kudzu and lotus rhi-
zome amylopectins released using α-amylase and 
glucoamylase, individually or in combination, are 
depicted in Fig. 5. Maltopentaose could not be 
detected during the whole hydrolysis period for 
kudzu and lotus rhizome amylopectins. Fig. 5A 
shows that, for kudzu amylopectin hydrolysed 
with α-amylase alone, a small amount of glucose 
release during the whole hydrolysis time. Glucose 
enhanced as the incubation time increased at the 
slowest rate. Maltose obviously increased with in-
creasing time during the whole incubation time. 
Maltotriose and maltotetraose increased with in-
creasing the incubation time (≤ 8 h) and then de-
creased. Maltohexaose gradually decreased with 
increasing the incubation time, whereas maltohep-
taose significantly decreased with increasing the 
incubation time. Together with glucoamylase, the 
hydrolysis behaviour of glucose and six maltooli-
gosaccharides from kudzu amylopectin is shown 
in Fig. 5B. It demonstrates that, in contrast with 
kudzu amylopectin hydrolysis using α-amylase 
alone, glucose more significantly increased with 
increasing the incubation time at the highest 
rate. Maltose increased with increasing time dur-
ing the whole incubation. Maltotriose increased 
with increasing incubation time (≤ 18 h) and then 
decreased. Maltotetraose and maltohexaose in-
creased at the early stage (≤ 60 min) and then de-
creased. Maltoheptaose obviously decreased with 
increasing incubation time. Fig. 5C shows that, 
similarly to kudzu amylopectin hydrolysis using 
α-amylase alone, a small amount of glucose was 
produced from lotus rhizome amylopectin. Glu-
cose and maltose increased with increasing incu-
bation time. Maltotriose increased with increasing 
incubation time (≤ 18 h) and then decreased. Mal-
totetraose enhanced with increasing incubation 
time (≤ 120 min) and then obviously decreased. 

Maltohexaose increased with increasing time 
at initial stage (≤ 20 min) and then decreased to 
zero. Maltoheptaose significantly decreased with 
increasing incubation time. Fig. 5D depicts that, 
for lotus rhizome amylopectin hydrolysis using 
α-amylase and glucoamylase, glucose most signifi-
cantly increased with increasing incubation time 
at the highest rate. Maltose gradually increased 
with increasing incubation time. Maltotriose in-
creased with increasing time until 8 h, and then 
rapidly decreased. Maltotetraose and maltohexa-
ose decreased to zero with increasing incubation 
time. Maltoheptaose obviously decreased with 
increasing incubation time. In short, glucose re-
leases slightly when kudzu and lotus rhizome 
amylopectins are hydrolsed by α-amylase alone. 
Maltose, maltotriose and maltotetraose were pro-
duced from larger maltodextrins at the initial or 
middle stage, and they were further hydrolysed to 
glucose by glucoamylase at the late stage. As ex-
pected, very little glucose was released from kudzu 
and lotus rhizome amylopectins with α-amylase 
alone, the primary products being maltose, maltot-
riose and maltotetraose. Using α-amylase and glu-
coamylase, much more glucose was produced from 
kudzu and lotus rhizome amylopectins indicating 
that glucose release depended on glucoamylase 
action. Synergism occured between α-amylase 
and glucoamylase in glucose released from kudzu 
and lotus rhizome amylopectins, and it improved 
remarkably with increasing hydrolysis time. It in-
dicates that glucoamylase converts efficiently in-
hibitory oligosaccharides produced by α-amylase 
into glucose. This is in accordance with data from 
previous studies regarding the synergism in the ac-
tion of α-amylase and glucoamylase when they hy-
drolyse starches. The synergism can be explained 
by the fact that glucoamylase can directly attack 
starch granules and break down the oligosaccha-
rides produced by α-amylase [33, 34]. Compared 
to kudzu and lotus rhizome amylopectins hydro-
lysed by α-amylase and glucoamylase, individually 
or in combination, the amount of glucose released 
from lotus rhizome amylopectin was significantly 
higher due to a high proportion of shorter chains. 
Relatively high-molecular-weight oligosaccharides 
such as maltohexaose and maltoheptaose were re-
duced with increasing incubation time. It further 
verified that maltohexaose and maltoheptaose 
are ideal hydrolytic substrates that accordingly 
produce maltose + maltotetraose and maltose 
+ maltopentaose. Subsequently, maltotetraose 
and maltopentaose are degraded into glucose + 
maltotriose and maltose + maltotriose, respec-
tively. Eventually, maltotriose and maltotetraose 
are hydrolysed into glucose and maltose. This is 
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because α-amylase from Bacillus amyloliquefaciens 
possesses nine subsite binding sites with the cata-
lytic groups located between subsite-3 and sub-
site-4, producing three subsites to the right and 
six subsites to the left of the catalytic site [7, 35]. 
Thus, it is obvious that glucose is not the primary 
product, whereas glucose is released as a second-
ary product in the hydrolysis of maltohexaose and 
maltoheptaose. The above results coincide with 
previous reports [36–38]. 

Conclusions

The study was conducted to understand the re-
lationship between molecular structure and degree 
of amylolysis in amylopectins from kudzu and 
lotus rhizome starches. The difference in degree 
of hydrolysis during the initial stages of amyloly-
sis using α-amylase and glucoamylase, individually 
and in combination, reflected variations in amy-

lopectin chain length distribution. High degree of 
hydrolysis of lotus rhizome amylopectin was corre-
lated with a high proportion of short amylopectin 
branch chains. The low hydrolysis rate of kudzu 
amylopectin may be attributed to the presence of 
higher numbers of long chains, the lower rate of 
amylolysis being ideal for the development of low-
glycemic foods. Significant correlations between 
the chain length distribution and enzymatic hy-
drolysis of amylopectin were observed. These in-
dicate that amylopectin structural parameters 
are important factors determining digestibility 
of kudzu and lotus rhizome amylopectins. Kudzu 
amylopectin displayed single-phase mechanisms, 
whereas lotus rhizome amylopectin was digested 
in two phases, as demonstrated by logarithm of 
slope plots. The k value of kudzu amylopectin 
was lower than that of lotus rhizome amylopec-
tin. When α-amylase was used alone, only a small 
amount of glucose was produced from kudzu and 
lotus rhizome amylopectins. On the other hand, 
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when used together with glucoamylase, the release 
of glucose significantly enhanced, suggesting that 
glucose release is dependent on the action of glu-
coamylase, and that there is synergism between 
α-amylase and glucoamylase.
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