Transactions of the Materials Research Society of Japan 31[4] 973-976 (2006)

Sugar composition of apple pulp polysaccharides and
their enzymatic hydrolysis

S. Noro, T. Takahashi®, J. Ichita”, Y. Muranaka, Y. Kato
Regional Industrial Studies, Department of Regional Society, Graduate School of Hirosaki University,
1 Bunkyo-cho, Hirosaki, Aomori, 036-8560 Japan
Fax: 81-0172-39-3436, e-mail: air_intake77@ybb.ne.jp
Y Hirosaki Technical Laboratory, Aomori Industrial Resarch Center, 80 Fukuro-machi, Hirosaki Aomori

Abstract
Apple pomace was fractionated into the water-soluble and -insoluble materials. The farmer was
subfractionated into the mono- and oligo-saccharide (M-OL), and the water-soluble polysaccharide (WSP)
fractions. The latter (apple pulp) was subfractionated into pectic substances (PS), hemicellulose (HC), and
cellulose (CL) fractions. The approximate ratio of carbohydrate in the M-OL, WSP, PS, HC and CL was
56:1:17:15:11. The M-OL fraction consisted of solbitol, glucose, fructose and sucrose in the ratio of
3:10:57:31. The action of commercial crude pectinases and cellulases on apple pulp was examined to
increase the efficiency of enzymatic saccharification. About 31% of apple pulp was hydrolyzed to be
soluble by PECTINASE HL from Aspergillus sp., and about 9% was hydrolyzed to be soluble by
CELLULASE “ONOZUKA?” 38§ from Tricoderma viride. The carbohydrates content in the water-soluble
fraction, and the materials solubilized by PECTINASE HL, and CELLULASE “ONOZUKA” 3§ was

estimated to be about 97% of the potential apple pomace carbohydrates.
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1. Introduction

Many studies have been conducted to develop new
manufacturing techniques for use of biomass, resources.
Bio-plastic, poly-lactic acid production was one of the
major targets for these biomass projects.” There is two
approaches to produce glucose, a precursor of lactic acid,
i.e., use of amylase for the raw-starch materials and use
of cellulases for cellulosic biomass. In Aomori
prefecture apple pomace which is rich in carbohydrates
are produced more than 17,600t per year as a by-product
on apple juice production.

Efficiency of bioconversion of apple pomace to
poly-lactic acid is largely dependent on the use of the
residue of apple fruits extract (apple pulp). Currently,
apple pomace is mainly used for cattle feeds and
compost. Therefore, the effective hydrolysis of apple
pomace polysaccharides to monosaccharide components
may lead to the increase in efficiency and yield of
bio-plastic production.

Although numerous studies have been done with apple
pomace polysaccharides, characterization of the
component polysaccharides was not clear enough.
Information on the sugar components and contents of
apple pomace is useful for enzymic saccharification.

Commercial enzymes for the effective saccharification -

of apple pulp polysaccharides were screened for.

2. Material and Method
Materials

The apple pomace was kindly provided by NKA Nihon
Kajitu Kakou Kabusikikaisha, Hirosaki, Aomori.
General Method ?

Total sugar and acidic sugar in each fraction were
determined by the phenol-sulfuric acid method and the
carbazole-surfuric acid method, respectively. Analysis
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of the constituent neutral sugars in oligo- or poly-
saccharide fraction was carried out Dionex ion
chromatography system DX-300 after hydrolysis of each
fraction with acid. The retention times of peaks of each
sample were compared with those of standard sugars
[fucose (Fuc.), arabinose (Ara.), rhamnose (Rha.),
galactose (Gal.), glucose (Glc.), xylose (Xyl.) and
mannose (Man.).

Analyses of the constituent mono- and oligo-
saccharides in each fraction were done by Dionex ion
chromatography system DX-300 as reported previously.
The retention times of peaks of each sample were
compared with those of standard sugars [solbito! (Sol.),
glucose (Glc.), fructose (Fru.) and sucrose (Suc.).
Fractionation of carbohydrates in apple pomace

Figure 1 shows a flow-chart of the fractionation of
apple pomace carbohydrates. Apple pomace (wet
weight: 101.1g) was mashed and mixed for 5Smin with 2
volumes of distilled water, and centrifuged to separate
into the water-soluble and -insoluble materials. This
procedure was repeated 5 times.

A portion of the water-soluble materials (total sugar
content: 7.3g) was applied to a column (2.5 x 42cm) of
Bio-Gel P-2 followed by filtration through the column
with water; 3-ml fractions were collected and assayed
for carbohydrates. Tubes 22 to 29, and 44 to 58 were
separately combined and concentrated to give a water-
soluble polysaccharides (WSP) fraction (yield: 664mg as
Glc. equiv.), and the mono- and oligo-saccharides
(M-OL) fraction (yield: 6548mg as Glc. equiv.).

The water-insoluble materials (apple pulp) were
extracted three times with 0.25% ammonium oxalate for
1.5hr at 100°C. The 0.25% ammonium oxalate extract
was desalted by Bio-Gel P-2 column to give the
pectic-substances (PS) fraction (yield: 2174mg as Glc.
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equiv.). The 0.25% ammonium oxalate-insoluble
materials were extracted three times with 24% KOH at
room temperature. The 24% KOH extract was
neutralized with acetic acid desalted by Bio-Gel P-2 to
give the hemicellulose (HC, 1993.3mg as Glc. equiv.)
fraction. The 24% KOH-insoluble materials were
neutralized with acetic acid and washed with distilled
water. The washed insoluble materials were freeze-dried
to give the cellulose (CL, 1411.4mg as Glc. equiv.)
fraction.

Appl drywt.: 22,09
PPIEPOmACe ot sugar - 12.85(100%)

|- extracted with 1,0
e drywt :10.7g 1 N .
Insoluble materials total sugar : 5.5g(42.9%) Soluble materials total sugar : 7.3g(57.1%)
t—extracted with |- concentrated
0.25%Ammenium oxalate |—fractionated on BioGe! P-2
r
Extract Residue Mono- and olige- ‘Water-soluble
(M-OL) 648mg(56.2%)  (WSP) 664mg(0.9%)
Sol. 2.7 Ara, 48
Gle. 9.7 Rha. 03
[Fru. 56.6 Gal 54
Suc. 311 Gle. 18
- d with 24%KOH s 88
extracted wi o Yan 06
Extract Raidue
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) 2174me(16.5%) (HC) 1993.3me(15.1%) CL) 1411.4mg(10.8%)
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Gal. 2.0 Gal 139 al. 1.7
Gl 05 Gle. 241 Gle. 916
XyL 00 Xyl ‘8.0 Xyl 0
n, 0.1 Man. § Man. 3.1
UA. 905 VA 353 VA 3D

Fig.1. Flow-chart for the fractionation of carbo-
hydrates of apple pomace, and the yields and sugar
composition of the subfractions obtained.

Saccharification of apple pomace by commercial crude
pectinases

Apple pomace was mashed and mixed for 5min with 2
volumes distilled water and autoclaved for 30min at
121°C. The autoclaved apple pomaces were individually
incubated at 40°C with 6 kinds of commercial crude
pectinases (Table I). The enzymatic reaction was
monitored after 27hr- and Slhr-incubation using both
the calcium pectate method and the acid-base titration
method.

E ¢s name Ex name
P-A |No enzymes P-D[PECTINASE HL (from Aspergillus sp. )
P-B jPECTINASE S5 (Yakult PHARMA CEUTICAL IND.)
(Yakult PHARMACEUTICAL IND.)| P-E |SUCRASE N(Shin Nihon Chemical)
P-C|PECTINASE 35 P-F [SUCRASE S(Shin Nihon Chemical)
(Yakult PHARMACEUTICAL IND.)} P-G |SOLUBLE PECTINASE T(HBI Enzymes Inc.)

Table I. Commercial crude pectinases.

Influence of the concentration of substrate and enzyme
on hydrolysis of apple pomace with PECTINASE HL

Apple pomace were mashed and mixed Smin with 2 or
3 volumes distilled water and autoclaved for 30min at
121°C. The autoclaved apple pomace in 2 and 3 volumes
of distilled water were divided equally into 3 parts,
respectively. The divided samples were individually
hydrolyzed with 0.5, 1, or 1.5% PECTINASE HL for
48hr at 40°C. The hydrolysis ratios were determined by
the calcium pectate method and the acid-base titration
method.
Saccharification of apple pulp by commercial crude
cellulases

Case 1: Apple pulp was mixed for 5min with 3

volumes of distilled water and autoclaved for 30min at
121°C. The autoclaved apple pulp were individually
treated with 15 kinds of commercial crude cellulases
(Table II) and incubated at 40°C. After 24hr-digestions

the samples were centrifuged and separated into soluble-
and insoluble-materials.

Case 2: Apple pomace was treated with PECTINASE
HL for 51hr and centrifuged to obtain de-pectinated
apple pomace. The de-pectinated apple pomaces
suspended in 3 volumes of distilled water were
individually incubated with 15 kinds of commercial
crude cellulases at 40°C. After 24hr, the incubated
mixtures were centrifuged and separated into soluble-
and insoluble-materials.

Enzymes name I Enzymes name
C-A |DRISERASE(Seikagaku Ind.) C-HJCELLULASE "AMANO"90(Amano Enzyme)

C-B|MEISERASE(Meljiy €1 {CELLULOSINE HC(HBI Enzymes Inc.)
C-C|MEISERASE P(melji) CJ|CELLULASE AP-3(HBI Exzymmes Inc.)
C-D [TOYOSERASE(toyo jozo) C-K|CELLULASE T"AMANO"4(Amano Enzyme)

JCELLULASE "ONQZUK" 3§ (fvromn Tricoderma C-L|CELLULOSINE HC100(HBI Enzymes Inc.)
virde.)(Yalat PHARMACEUTICAL IND.Y C-M|CELLULOSINE TP25(HBI Enzymes Inc.)
J[CELLULASE Y-NC' C-N{CELLULOSINE AP(HBI Enzymes Inc.)
(Yakult FHARMACEUTICAL IND.)| C-OJCELLULOSINE AC46(HBI Enzymes Inc.)
C-G}  CELLULASE A "AMANO" MAmano M’
Table II. Commercial crude cellulases.

CE

CF

In both case, the soluble- and insoluble-materials were
subjected to analyses of total sugar and acidic sugar
contents, and constituent monosaccharide. Degree of
hydrolysis of apple pulp or de-pectinated apple pomace
was calculated as follows. Degree of hydrolysis = (total
sugar in the soluble materials) / (total sugar in the
soluble and insoluble materials) x 100(%).

Influence of the concentration of substrate and enzyme
on hydrolysis of apple pomace with CELLULASE
“ONOZUKA” 38

Apple pomace in equal volume of distilled water was
hydrolyzed with PECTINASE HL for 48hr. The
hydrolyzate was centrifuged to separate soluble- and
insoluble-materials. The insoluble-materials (the de-
pectinated apple pomace) were mixed for Smin with 0.5,
1, or 1 volumes of distilled water. Each mixture was
then divided equally into 3 portions. The divided
samples were hydrolyzed with 0.25, 0.5, or 1%
CELLULASE “ONOZUKA” 3S for 24hr at 40°C,
respectively. The degrees of hydrolysis were determined
as described above.

Sequential hydrolysis of apple pulp with PECTINASE
HL and CELLULASE “ONQOZUKA” 3S and analyses
of the hydrolyzates

Apple pulp was hydrolyzed with PECTINASE HL for
48hr and centrifuged to separate into the soluble- and
insoluble-materials. The soluble-materials in 20mM Na-
acetate buffer (pHS.5) were applied to column (2.5X
15cm) of DEAE Sephadex A-25 equilibrated with
20mM Na-acetate buffer (pH5.5) and eluted stepwise
with 200ml of the same buffer, and 200ml of 1M NaCl
in the same buffer. Fractions of 8ml each were collected
and assayed for carbohydrates. The fractions eluted with
Na-acetate buffer and 1M NaCl with the same buffer
were desalted by Bio-Gel P-2 chromatography to give
neutral fraction and acidic fraction of PECTINASE HL
hydrolyzates. The both fractions were subjected to
Bio-Gel P-2 chromatography to investigate the
molecular weight distribution.

The insoluble-materials were hydrolyzed with
CELLULASE “ONOZUKA” 3S for 48hr and separated
into the soluble- and insoluble-materials by
centrifugation. The soluble-materials were subjected to
Bio-Gel P-2 chromatography to investigate the
molecular weight distribution,
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3. Result and discussion
Fractionation of carbohydrates in apple pomace and
their sugar composition

As shown in the Fig. 1, carbohydrates in apple pomace
were fractionated into the mono- and oligo-saccharides
(M-OL), water-soluble polysaccharides (WSP) and
pectic substances (PS), hemicellulose (HC) and cellulose
(CL) fractions. The approximate ratio of carbohydrate in
the M-OL, WSP, PS, HC and CL was 56:1:17:15:11.
The M-OL fraction consisted of Sol., Glc., Fru. and Suc.
in the ratio of 3:10:57:31. The content of these mono-
and oligo-saccharides is very important to increase the
yield of lactic acid.

The sugar compositions of WSP, PS, HC and CL
fractions are shown in Fig. 1. The WSP and PS fractions
contained large amounts of uronic acid. The uronic acid
is derived from polygalacturonic acid (apple pectin).
Conversion of these polygalacturonic acids in apple pulp
to oligogalacturonic acids may be possible by an
appropriate treatment such as hydrolysis with pectinase.
Xylose was found in HC fraction. This may be derived
from xyloglucan polysaccharides. The major component
of CL fraction was glucose. Conversion of these
cellulosic polysaccharides to glucose by hydrolysis with
appropriate cellulases may increase the yield of lactic
acid.

Saccharification of apple pomace by commercial crude
pectinases

Pectinase that hydrolyzed apple pomace well was
screened for. Degrees of hydrolysis of apple pomace
with commercial enzyme preparations are shown in Fig.
2. PECTINASE HL (P-D in Fig. 2) caused more hydro-
lysis than the five other enzymes. From this result,
PECTINASE HL was selected.

Acydity(*%)

NaOH soluble pectin{ %)

0.4
22
0.0 o
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PA PB PC PD PE PF PG

Enzyme Eneyme

Fig.2. Hydrolysis of apple pomace with commercial
crude pectinases. Details are given in the text. The
degrees of hydrolysis were determined by the calcium
pectate method (left) and the acid-base titration
method (right). See Table 1 for P-A to P-G.

Next the influence of the concentration of substrate
and enzyme on hydrolysis of apple pomace with
PECTINASE HL was investigated. The results are
summarized in Fig.3. The ratio of substrate to water
(substrate concentration), 1:2 and 1:3 showed no
significant differences in enzyme activity, and enzyme
activity did not significantly differ at 0.5 and 1%
PECTINASE HL concentrations. Taking the cost of the
pectinase into consideration, we decided the hydrolysis
condition as follows: the mixture of apple pomace
(100g wet weight), PECTINASE HL (0.5g) and water
(200ml) is incubated for 48h at 40°C.
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Fig.3. Influence of the concentration of substrate
and enzyme on hydrolysis of apple pomace with
PECTINASE HL. Details are given in the text. The

- ratios of 1:1, 1:2, and 1:3 mean the ratios of substrate

(apple pomace) to water. The degrees of hydrolysis were
determined by calcium pectate method (left) and the
acid-base  titration  method  (right).  Enzyme
concentration: (enzyme dry wt. / substrate wet wt.) x
100(%)

Saccharification of apple pulp by commercial crude
cellulases

Cellulase that hydrolyzed cellulose in apple pomace or
apple pulp well was screened for. Degrees of hydrolysis
of apple pulp with commercial enzyme preparations are
shown in Fig. 4. Figure 5 shows the degrees of
hydrolysis of the de-pectinated apple pomace with the
same enzymes. All enzymes hydrolyzed the de-
pectinated apple pomace better than apple pulp. The de-
pectinated apple pomace was more susceptible to the
enzymes. About 85% of the de-pectinated apple pomace
was  hydrolyzed by TOYOSERASE (C-D),
CELLULASE “ONOZUKA” 3S (C-E), and CELLULO-
SINE HC100 (C-L). On basis of this result and the
enzyme cost, CELLULASE “ONOZUKA” 38 was
selected.

C-A CB C-CCD CE CF CG CH CI CJ CK CL C-MCN C-0
Enzyme

Fig.4. Hydrolysis of apple pulp with commercial

crude cellulases. Details are given in the text. See

Table 2 for C-A to C-O.

R4
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CA CB CCCD CE CF CG CH €¢I CJ CK CL C-MCN €O
Enzyme

Fig.5. Hydrolysis of de-pectinated apple pomace
with commercial crude cellulases. Details are given in
the text. See Table 2 for C-A to C-O.

Next the influence of the concentration of substrate and
enzyme on hydrolysis of de-pectinated apple pomace
with CELLULASE “ONOZUKA” 38 was investigated.
The results are summarized in Fig. 6. The ratio of
substrate to water (substrate concentration), 1:1 and
1:1.5 showed no significant differences in enzyme
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activity. There was little difference in enzyme activity
among 0.25, 0.5 and 1% cellulase consideration. We
decided the hydrolysis condition as follows: the mixture
of de-pectinated apple pomace (100g wet weight),
CELLULASE “ONOZUKA” 3S (0.5g) and water
(100ml) in incubated for 24h at 45°C

75 M—’
% 70 —e— 1:0.5
k- / —o—11
2 65
-1 —A— LS
2

60 ﬁ/ —@

./
55
0.25 0.5 1
Enzyme contain(%)

Fig.6. Influence of the concentration of substrate and
enzyme on hydrolysis of the de-pectinated apple
pomace with CELLULASE “ONOZUKA™ 38. Details
are given in the text. The ratios of 1:0.5, 1:1, and 1:1.5
mean the ratios of substrate to water

Sequential hydrolysis of apple pulp with PECTINASE
HL and CELLULASE “ONOZUKA” 38 and analyses
of the hydrolyzates

First, apple pulp was hydrolyzed with PECTINASE HL
for 48h. The soluble materials of the hydrolyzate were
separated into neuiral (PHL-N) and acidic (PHL-A)
fractions by DEAE-Sephadex A-25 chromatography
(Fig. 7). The PHL-N and PHL-A fractions were
individually subjected to Bio-Gel P-2 chromatography
(Fig. 8) to give fractions PHL-N-1, -2, and -3, and
PHL-A-1, -2, and -3, respectively. Yields and sugar
composition of the obtained fractions are shown in Table
3. The results show that PECTINASE HL hydrolyzes
apple pulp mostly into the oligo-saccharides, the
molecular weight of which are below 2000. In addition,
there is a possibility that PECTINASE HL contains
various kinds of carbohydrates.
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Fig.7. Separation of the PECTINASE HL
hydrolyzate of the apple pulp by DEAE-Sephadex
A-25 chromatography. Tubes 10 to 17, and 29 to 38
were separately combined to give the neutral (PHL-N)
and acidic (PHL-A) fractions. Details are given in the
text.

Next, the pectinase-treated apple pulp (insoluble-
materials after hydrolyzed with PECTINASE HL) were
hydrolyzed with CELLULASE “ONOZUKA” 3§ for
48hr. and separated into the soluble- and insoluble-
materials by centrifugation. The soluble-materials were
subjected to Bio-Gel P-2 chromatography (Fig. 9) to
give CLO-1, -2, and -3. Yields and sugar composition

are shown in Table IIl. The major fraction, CLO-3
consisted of 66% glucose. The fraction CLO-3 contained
other mono-saccharides in addition to glucose and
glucobiose. It was found that 97% of apple pomace
carbohydrates were solubilized into mono- and oligo-
saccharides by sequential treatment with PECTINASE
HL and CELLULASE “ONOZUKA” 3S.

Further studies on the cellulase-saccharification of
apple pulp will be necessary.
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Fig.8. Separation of the PHL-N and PHL-A fractions
by Bio-Gel P-2 chromatography. PHL-N (left): Tubes
31 to 41, 42 to 48, and 49 to 61 were separately
combined to give fractions PHL-N-1,-2, and -3.
PHL-A (right): Tubes 22 to 30, 40 to 45, and 46 to 64
were separately combined to give fractions PHL-A-1,
-2, and -3.
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Fig9.  Separation of the CELLULASE
“ONOZUKA” 3S hydrolyzate of the de-pectinated
apple pulp by Bio-Gel P-2 chromatography. Tubes 12
to 16, 17 to 24, and 25 to 30 were combined to give
fractions CLO-1, -2, and -3.

Fracti Sugar Composition (%)

(%) Fue, Ara. Rha. Gal. Glc. Xyl Man, UA.

PHL ! 2.28 |trace. 248 456 253 0.9 trace. trace. 3.4
N 2| 134 |trace. 357 trace. 105 13.7 150 53  20.0
3] 552 jtrace. 309 94 58 6.2 333 trace. 144
puL ! 3.58 |trace. 5.6 1.8 174 350 5.7 21 326
A 2| 045 |trace. 3.1 trace. 15 2.0 03 trace. 93.1
3] 1762 | trace. 12.2 trace. 6.6 6.2 1.7 trace. 734
cLo ! 032 |trace. 51 68 63 1.6 133 26 644
2] 044 |trace. 29 07 79 208 134 1.1 532
" 3| 8.08 jerace. 6.3 trace. 7.4 662 38 162 trace.|

% apple puip carbohydrate
Table III. Yield and sugar composition of fractions
PHL-N-1 to -3, PHL-A-1, to -3, and CLO-1, to -3.
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