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a b s t r a c t

The orange albedo alcohol insoluble solids (AIS) wall preparation, material prepared from the albedo
tissue of mature orange fruit, contained 55 mol% pectic polysaccharides, including homogalacturonan
(HG), rhamnogalacturonan I (RG I) and rhamnogalacturonan II (RG II) together with Type I arabinogalac-
tan (AG) and arabinan. It also contained cellulose (22 mol%) and other non-cellulosic polysaccharides
(14 mol%), including xyloglucans (XGs) (10 mol%), heteromannans (2 mol%) and heteroxylans (2 mol%).
Sequential extraction of the AIS performed with NaOAc, CDTA, Na2CO3, 1 M KOH and 4 M KOH produced
soluble fractions (Frs.) with different relative proportions of these polysaccharides. The NaOAc and CDTA
Frs. were composed predominantly of pectic polysaccharides (89 and 97 mol%, respectively) with only
very low proportions of other non-cellulosic polysaccharides. Na2CO3 (50 mM) released highly rami-
fied pectic polysaccharides, whereas stronger alkali (1 M and 4 M KOH) liberated mostly non-cellulosic
range albedo
ectic polysaccharides
hamnogalacturonan II

polysaccharide, comprised predominantly of XG. The NaOAc, CDTA and Na2CO3 Frs. contain low levels
of 2-O-methyl-Fuc and 2-O-methyl-Xyl, suggesting the presence of RG II. To obtain the RG II for struc-
tural characterization, the NaOAc fraction was digested with a combination of endo-polygalacturonase
(endo-PG; PG I and PG II) and exo-PG, and the degradation product was fractionated by anion exchange
and size exclusion chromatography. The isolated product (approx. 0.5% of orange albedo AIS) contained
all six diagnostic sugars and has a glycosyl linkage composition consistent with the structural model of

RG II.

. Introduction

Since pectin was first described in the 19th century, the eluci-
ation of its fine structure remains a considerable challenge for
odern carbohydrate biochemists. To date, three major pectic

olysaccharide components are recognized (Harholt, Suttangkakul,
Scheller, 2010; Ridley, O’Neill, & Mohnen, 2001; Voragen, Pilnik,

hibault, Axelos, & Renard, 1995): homogalacturonan (HG) which
s composed of linear �-1,4-linked d-galacturonic acid (GalA) with

arying proportions of the carboxyl groups (C-6) present as methyl
sters and in some species the GalA backbone can be substituted
ith xylose (Xyl) residues, primarily single, to form a xylogalactur-

nan, rhamnogalacturonan I (RG I), which contains GalA, rhamnose

Abbreviations: AEC, anion exchange chromatography; AG, arabinogalactan; AIS,
lcohol insoluble solids; CDTA, cyclohexane diamine tetraacetate; DA, degree of
cetylation; DE, degree of methylesterification; endo-PG, endopolygalacturonase;
r., fraction; HG, homogalacturonan; RG, rhamnogalacturonan; SEC, size exclusion
hromatography; SEM, scanning electron microscopy; XG, xyloglucan.
∗ Corresponding author. Tel.: +61 3 8344 5041; fax: +61 3 9347 1071.

E-mail address: abacic@unimelb.edu.au (A. Bacic).
1 Current address: Muhammadiyah University of Yogyakarta, Faculty of Agricul-

ure, Yogyakarta, Indonesia.
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(Rha), as well as a variety of other sugars as branches of arabinan,
arabinogalactan (AG) (Type I) and galactan on the RG dissacharide
repeat backbone; and rhamnogalacturonan II (RG II) that contains
an oligomeric GalA backbone to which a complex array of side
chains containing several unusual monosaccharides are attached.
Pectins are critical matrix components, particularly of primary cell
walls of dicots, gymnosperm and most monocots, but are less signif-
icant in walls of the commelinoid monocots (Bacic, Harris, & Stone,
1988; Gibeaut & Carpita, 1994; Somerville et al., 2004). Pectins
are also of immense industrial importance where they are used
extensively as gums and stabilizers in the food industry.

Citrus fruits are particularly rich in pectin, especially in the
albedo tissue (Liu, Shi, & Langrish, 2006), and the large quantities of
citrus (lemon, lime, orange and grapefruit) waste generated by the
fruit juice industry have become the most important raw mate-
rial for the production of commercial pectin (May, 1999). Unlike
pectins obtained from either lemon or lime that are reported to
comprise predominantly HG (of variable degrees of methyl/acetyl

esterification) and smaller quantities of RG I and RG II that are
highly modified as a consequence of the harsh (acidic) extraction
procedures that strip away the side chains, particularly RGI and ara-
binose containing polymers (Ralet & Thibault, 1994; Ros, Schols, &
Voragen, 1996; Yapo, Lerouge, Thibault, & Ralet, 2007), there are

dx.doi.org/10.1016/j.carbpol.2010.12.012
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:abacic@unimelb.edu.au
dx.doi.org/10.1016/j.carbpol.2010.12.012
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nly a limited number of publications on the pectins from orange,
specially with respect to their composition and structural details.
e therefore undertook a study into both the spatial and temporal

hanges in pectins during orange fruit development and the physic-
chemical characteristics of mature orange pectin. In the present
aper, sequential chemical extraction with NaOAc, CDTA, Na2CO3,
M KOH, and 4 M KOH, was carried out to obtain soluble fractions
nd a residue fraction from the alcohol insoluble solids (AIS) wall
reparation of the albedo tissue of mature Valencia orange peel.
igestion with a mixture of endo-PGs (PG I and PG II) and exo-PG,

ollowed by anion exchange and size exclusion chromatography of
he NaOAc Fr. further yielded an RG II component. The AIS and its
ractions were chemically characterized, the results of which are
resented.

. Materials and methods

.1. Materials

Valencia oranges [Citrus sinensis (L.) Osbeck] were purchased
rom fruiterers at the Victoria Market, Melbourne, Victoria,
ustralia. Four different batches of fresh oranges were used for the
reparation of AIS.

.2. Preparation of AIS from albedo tissue

Orange albedo AIS was prepared by a modification of the meth-
ds from De Vries, Rombouts, Voragen, and Pilnik (1984) and
enard (2005). Each orange was cut and peeled manually with
sharp knife to remove the flavedo. The albedo tissue (100 g)
as separated from the flesh, cut into small pieces of <1 cm2, and

mmediately dropped into a mixture of ethanol (600 mL) and water
167 mL), pre-heated to boiling (∼80 ◦C), and treated for 30 min to
nactivate endogeneous enzymes (Christensen, Nielsen, Kreiberg,
asmussen, & Mikkelsen, 1988). The albedo was then collected on
sieve (pore size approx. 16–40 �m), transferred to 70% ethanol

500 mL), and wet-milled with a Waring blender (2 min) followed
y an Ultra Turrax (TP 18/2 Janke and Kunkel, KG, Germany; 4×
min). The ground mixture was stirred (30 min), and filtered on

o a filter paper (Whatman No. 541). This extraction process was
epeated (1×). The albedo was then solvent-exchanged in absolute
thanol (500 mL, 2×) and acetone (300 mL, 1×), and after collection
y filtration, the solids were air dried and then dried in a vac-
um oven at 40 ◦C overnight. The dried AIS was pulverized using a
rinder (Breville) and passed through a 300-�m sieve. Four batches
f AIS were blended together and stored at −20 ◦C.

.3. Sequential extraction of polysaccharides from AIS

AIS (150 mg) was stirred in 100 mL sodium acetate buffer
50 mM, pH 5, 0.1% NaN3) for 2 h at RT. The suspension was cen-
rifuged (3373 × g, 5 min) and the supernatant was collected. This
xtraction was carried out three times. The supernatants were
ooled, filtered through a sintered glass filter (Quickfit SF 3A33
ith 16–40 �m pore size), and concentrated to 100 mL by diafiltra-

ion (Amicon 8400 with YM10 membrane, Millipore Corporation,
edford, USA) and the polysaccharides precipitated with ethanol
5 vol., overnight at 4 ◦C) and centrifuged (3373 × g, 15 min). After
olvent exchange with ethanol (3×) and acetone (1×), the NaOAc
oluble Fr. was dried in a vacuum oven (40–50 ◦C, overnight), and
ept in a freezer until use.
The NaOAc wall residue was extracted with 50 mM CDTA in
odium acetate buffer (100 mL, 50 mM, pH 6.5, 0.1% NaN3) at RT
vernight and again for 6 h. The sample was centrifuged (3373 × g,
min) pellets washed with water (2× 25 mL). The pooled super-
atants (from two extractions and two water washes) were filtered
olymers 84 (2011) 484–494 485

on a sintered glass filter as above, dialyzed against 100 mM ammo-
nium acetate (NH4OAc pH 5.2, 0.1% NaN3) for 2 days at 4 ◦C and
then water for 2 days at 4 ◦C to remove CDTA and buffer salts. The
dialyzed extract was concentrated to 50 mL using diafiltration, the
polysaccharides precipitated with ethanol (5 vol.), and collected by
centrifugation (21,860 × g, 20 min) and dried as above to give the
CDTA Fr.

The wall residue (pellet) from above was suspended in 100 mL
of 50 mM Na2CO3, 20 mM NaBH4 and stirred at 4 ◦C overnight.
The slurry was centrifuged (3373 × g, 5 min) and the supernatant
was collected. The pellet was re-extracted with Na2CO3 containing
20 mM NaBH4 for 6 h at RT followed by centrifugation. The pooled
supernatant was filtered as above and neutralized with acetic acid
to pH 6.8. After dialysis against water for 3 days at 4 ◦C (0.1% NaN3
was added), the extract was concentrated to 50 mL using diafiltra-
tion, followed by precipitation of the polysaccharide with ethanol
(5 vol.), centrifugation, washing, and drying as above to give the
Na2CO3 Fr.

The residue from above was extracted in 1 M KOH (100 mL, sup-
plemented with 20 mM NaBH4) overnight at RT, then centrifuged
(3373 × g, 5 min) to collect the supernatant. The pellet was re-
extracted with 1 M KOH/20 mM NaBH4 at RT for 6 h, and centrifuged
to collect the supernatant. The procedure that followed to harvest
the wall polymers in the supernatants was the same as described
above for Na2CO3 Fr. The wall residue was then used for 4 M
KOH/20 mM NaBH4 extraction (2×) in the same way to produce
a 4 M KOH Fr.

The pellet from the 4 M KOH extraction was suspended in
30 mL H2O, neutralized (to pH 6.8) with 1 acetic acid, and cen-
trifuged (3373 × g, 15 min). The pellet was further washed with
water (50 mL, 4×), centrifuged and dried to give the residue fraction
(Residue Fr.).

2.4. Isolation of RG II

The NaOAc Fr. (60 mg) was dissolved in water (4 mL) then NaOH
(500 mM, 1 mL) was added and the mixture vortexed and incubated
at 0–4 ◦C for 24 h to de-esterify the pectins. Acetic acid (0.1 M) was
added to adjust the solution pH to ∼6. The polysaccharides were
precipitated by adding absolute ethanol (5 vol.; standing overnight
at 4 ◦C) and centrifuged (21,860 × g; 15 min). After washing with
80% ethanol (3×), the precipitate was dried as described above.

To release the RG II, the de-esterified pectic polysaccharides dis-
solved in 5 mL of 50 mM NaOAc buffer, pH 4.5 were digested with
a combination of polygalacturonases from Aspergillus niger; endo-
PG I (15 �L, 7000 nkat/mL), endo-PG II (15 �L, 7000 nkat/mL), and
exo-PG (10 �L, 7000 nkat/mL) at 35 ◦C for 24 h. Another addition of
the three enzymes at the same dosage was made, and the sample
then incubated for another 24 h at 35 ◦C. The treated sample was
dialyzed (1 kDa MWCO) against water at RT for 24 h. The reten-
tate was freeze-dried, and subjected to anion exchange and size
exclusion chromatography.

2.4.1. Chromatographic separation of RG II
Anion exchange chromatography (AEC) was performed at RT

on a DEAE-Sepharose Fast Flow (GE Healthcare, Uppsala, Sweden)
column (22.5 cm × 3.3 cm) equilibrated with 50 mM Na-succinate
buffer (pH 4.5) at a flow rate of 90 mL/h for 10 h. The de-esterified
and PG-digested NaOAc Fr. (in 10 mL of 50 mM Na-succinate buffer,
pH 4.5) was loaded onto the column and washed with 400 mL of
50 mM Na-succinate buffer. The bound material was eluted with

a linear NaCl gradient (0–0.4 M) in 50 mM Na-succinate buffer
(800 mL). Fractions (∼9 mL each) were collected and analyzed for
their total sugar and uronic acid contents. The fractions of interest
were pooled, concentrated by rotary evaporation at 40 ◦C, exten-
sively dialyzed (1 kDa MWCO) and freeze dried.
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Size exclusion chromatography (SEC) was performed at RT
n a Sephacryl S-200 (GE Healthcare, Uppsala, Sweden) column
90 cm × 1.3 cm) equilibrated with 50 mM Na-succinate buffer (pH
.5). The sample (desalted fractions collected from AEC; dissolved

n 15 mL of 50 mM Na-succinate buffer, pH 4.5) was loaded and
luted with the Na-succinate buffer at a flow rate of 0.4 mL/min
Ralet et al., 2005). Fractions (1.5 mL each) were collected and ana-
yzed for their total sugar and uronic acid contents. The fractions
f interest were pooled, concentrated, dialyzed and freeze dried as
escribed above.

.5. Scanning electron microscopy of AIS

To examine the physical state of the AIS, the sample powder
as mounted on metal stubs using double-sided adhesive tape,

oated with gold (Edwards Sputter Coater S150B) and then viewed
ith a Philips XL30 Field-Emission Scanning Electron Microscope

Eindhoven, The Netherlands). Digital images were captured using
he Philips microscope control software.

.6. Analytical procedures

.6.1. General methods
All analyses were performed in duplicate unless otherwise spec-

fied. The starch content of AIS was determined using a total starch
ssay kit from Megazyme (Ireland) according to the manufacturer’s
nstructions. The moisture content of AIS (1 g) was calculated as
he loss in weight after drying in an oven at 110 ◦C for 2 h. The
itrogen content of AIS was determined using the Micro-Dumas
ombustion method of analysis on a PerkinElmer 2400 Series II
N Analyzer and calculated from the elemental nitrogen content
sing a multiplication factor of 6.25 (AOAC, 1984). The ash con-
ent (%, w/w) was determined by weighing AIS (200 mg) after
ncineration in a furnace (500–600 ◦C) overnight. Total carbohy-
rate content was determined by the phenol–sulfuric acid method
Dubois, Gilles, Hamilton, Rebers, & Smith, 1956), using d-galactose
s the standard. To analyze the eluate fractions from AEC and SEC,
he phenol–sulfuric acid method with a microplate reader was used
Fox & Robyt, 1991). The uronic acid content was determined by

colorimetric procedure (Filisetti-Cozzi & Carpita, 1991), using
-galacturonic acid (GalA) as the standard. The colorimetric pro-
edure was further adapted for microtiter plate assay of uronic
cid (van den Hoogen et al., 1998) of eluate fractions from AEC and
EC. The degree of acetylation (DA) was determined using HPLC
Voragen, Schols, & Pilnik, 1986) and the degree of methylester-
fication (DE) was calculated from methylation data. The orange
lbedo AIS wall preparation was hydrolyzed in 6 M HCl at 110 ◦C for
4 h, and the amino acids released were analyzed using the Waters
ccQTag Ultra chemistry. Cysteine, tryptophan and hydroxyproline
ere not detected with this method.

.6.2. Determination of microfibrillar cellulose content
The cellulose content of the AIS and Residue Fr. was deter-

ined using a modified acetic/nitric acid method (Updegraff, 1969).
he dried samples (20 mg) were weighed into eppendorf tubes,
cetic/nitric reagent (1.5 mL, prepared by mixing 80 mL acetic
cid, 10 mL nitric acid, and 20 mL water) was added to each,
nd the tubes were sealed with microtube sealers and placed
n an oven pre-heated to 100 ◦C. After heating for 90 min the
ubes were centrifuged (1000 × g, 15 min, RT) to pellet the cellu-

ose. The supernatant was carefully removed, and the pellet was

ashed/centrifuged sequentially with water (1×), 80% ethanol
4×), and acetone (1×). The pellet was dried in a vacuum oven
vernight at 40 ◦C and weighed to calculate the percentage of
icrofibrillar cellulose.
olymers 84 (2011) 484–494

2.6.3. Monosaccharide composition and linkage analysis
2.6.3.1. Sugar analyses by alditol acetates. AIS, extracted frac-
tions and residue were carboxyl-reduced (Kim & Carpita, 1992),
hydrolyzed [Saeman hydrolysis by dissolving samples in 72% (w/w)
H2SO4 for 1 h and then diluting to 1 M H2SO4 at 100 ◦C for 3 h for
AIS and residue, and 2.5 M trifluoroacetic acid (TFA) at 121 ◦C for
1.5 h for extracted fractions], followed by reduction with NaBD4 and
acetylation (Sims & Bacic, 1995). The resulting alditol acetates were
analyzed in a Hewlett Packard gas chromatograph (6890 series)
fitted with a CPSIL5 capillary column (Chrompack, Australia) and
coupled to a 5973 mass selective detector (Zhu, Pettolino, Mau, &
Bacic, 2005). The alditol acetates were identified based on their
retention time and fragmentation patterns.

2.6.3.2. Linkage analysis. To determine the linkage of glycosyl
residues, carboxyl-reduced AIS, extracted fractions and residue
were methylated with CH3I/NaOH (Ciucanu & Kerek, 1984;
McConville, Homans, Thomas-Oates, Dell, & Bacic, 1990). The
partially methylated alditol acetates (PMAAs) generated were sep-
arated by GC on a BPX70 capillary column (SGE, Australia) and
analyzed as above.

2.6.3.3. Estimation of polysaccharide composition. The proportion of
a certain polysaccharide present in the AIS, extracted factions or
residue was estimated by summing up the mol% sugar linkages
attributed to that polysaccharide (Shea, Gibeaut, & Carpita, 1989;
Zhu et al., 2005).

2.6.3.4. Sugar analyses by methanolysis for the RG II. Methanolysis
and trimethylsilylation of the resultant methyl glycosides were per-
formed according to the procedures described previously (Chaplin,
1982; McConville & Bacic, 1989). myo-Inositol was used as an inter-
nal standard. RG II isolate of red wine was used as the standard
to facilitate the identification and quantitation of unique sugars of
orange albedo RG II.

3. Results and discussion

3.1. Preparation and microscopic examination of orange albedo
AIS

To isolate walls from plant tissues with low amounts of starch,
intra-cellular protein and polyphenols, the preparation of alcohol
insoluble solids (AIS) from the tissues is usually performed (Fry,
1988). The purity of the AIS wall preparation obtained from the
albedo tissue of mature orange peel was examined by SEM (Fig. 1),
which revealed a mixture of parenchymatous wall fragments and
some pieces of intact vascular tissue (Fig. 1A and C). The wall frag-
ments were generally uniform in size, approx. <300 �m (Fig. 1A)
and often found folded or clumped together (Fig. 1B), the latter
probably an artifact of the drying process. The cells were mostly
broken and the resulting walls (Fig. 1D) were generally free of
adherent cytoplasmic material. The inner surface of the walls was
uneven, showing the aligned microfibrils within the wall (Fig. 1D,
indicated by an arrow).

3.2. Composition of orange albedo AIS

The composition data revealed that the orange albedo AIS wall
preparation consisted mainly of carbohydrate (85%, w/w), similar
to that of dried citrus peel (82%; a commercial sample most likely

from lemon/lime; Yapo et al., 2007) but higher than the carbohy-
drate content found for lemon pulp (70%; Brillouet et al., 1988),
commercial lemon dietary fibre (67%; Ralet & Thibault, 1994), and
lemon albedo (59%; Ros et al., 1996). The difference presumably
arises from the different methods used for preparation of walls
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F paration of orange albedo. (A) Fragments of AIS. (B) Fragments of AIS were found folded
a The cells have been completely broken and the arrow shows microfibrils of the cell wall.
T ostly removed in the isolation procedure.
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Table 1
Amino acid composition (mol%) of orange albedo alcohol insoluble solids (AIS) wall
preparation and Arabidopsis leaf cell walls.

Amino acid Orange albedo AIS Arabidopsisa

Histidine 2 1
Serine 7 6
Arginine 4 5
Glycine 10 10
Aspartic acid 11 9
Glutamic acid 11 12
Threonine 5 5
Alanine 9 10
Proline 6 5
Lysine 7 –
Tyrosine 2 2
Methionine tr 1
Valine 7 7
Isoleucine 5 5
Leucine 10 12
Phenylalanine 4 4
Hydroxyproline ND 1
ig. 1. Scanning electron micrographs of the alcohol insoluble solids (AIS) wall pre
nd clumped together. (C) Close up of vascular tissue fragment found in the AIS. (D)
he lack of adventitious deposits on the walls suggests the cellular contents were m

nd/or species-specific variation. No starch was detected in the AIS
onsistent with its reported absence in orange fruit (Spiegel-Roy

Goldschmidt, 1996). The microfibrillar cellulose content of AIS
as 28% (w/w). The rest of the carbohydrate therefore arises from
ectic and other non-cellulosic polysaccharides.

The AIS wall preparation also contained small amounts of
rotein, moisture and inorganic material (4%, 3% and 3%, w/w,
espectively). The protein in the AIS wall preparation could
rise from wall proteins and/or from co-precipitated intracellu-
ar proteins (Bacic et al., 1988), although the lack of adventitious
ytoplasmic deposits observed by SEM (Fig. 1D) would suggest that
he protein is mostly of wall origin. Primary walls of dicots gener-
lly contain <10% protein (Bacic et al., 1988). The protein of orange
lbedo AIS wall preparation comprised primarily of the amino acids
spartic acid, glutamic acid, glycine and leucine (11, 11, 10, and
0 mol%, respectively; Table 1), with alanine, lysine, valine and ser-

ne also present in slightly lower amounts. These amino acids are
ommonly found in various dicot walls (e.g. Arabidopsis) (Fry, 1988;
ablackis, Huang, Muller, Darvill, & Albersheim, 1995).

.3. Monosaccharide and linkage composition of orange albedo
IS wall preparation
Table 2 shows that orange albedo AIS is composed mainly of
alA (44 mol%) and Glc (27 mol%). In addition, the AIS also con-

ained significant proportions of Ara, Gal and Xyl residues (11, 7
nd 7 mol%, respectively) as well as small amounts of Rha and
an (2 mol% each). Using the linkage data derived from carboxyl
Values are the average of duplicate determinations; (–) not detected; ND, not deter-
mined; tr, trace (<0.5 mol%).

a Data from Zablackis et al. (1995).

reduced AIS (Table 3) and based on the characteristic linkage pat-

terns established for various cell wall polysaccharides (Carpita &
Gibeaut, 1993; Shea et al., 1989; Zhu et al., 2005), the polysac-
charide composition of orange albedo AIS was estimated and
summarized in Table 4. The wall of orange albedo was composed
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Table 2
Yield and monosaccharide composition of carboxyl reduced AIS wall preparation, extracted fractions and residue obtained from orange albedo tissue.

AIS NaOAc Fr. CDTA Fr. Na2CO3 Fr. 1 M KOH Fr. 4 M KOH Fr. Residue Fr.

Yield (%, w/w)a 100 16 14 10 6 8 35
Total carbohydrate (%, w/w)b 85 78 79 80 92 93 90

Sugar composition (mol%)c

Rha 2 2 3 6 4 1 1
Ara 11 6 5 31 10 19 10
Fuc tr – – – 4 1 –
2-O-Methyl-l-Fucd – tr (0.3) tr (0.3) tr (0.1) – – –
Xyl 7 2 1 2 31 40 8
2-O-Methyl-d-Xyle – tr (0.3) tr (0.3) tr (0.1) – – –
Man 2 1 1 1 2 1 8
Glc 27 1 tr 2 34 14 56
GlcA tr 1 tr tr 3 2 2
Gal 7 4 5 33 10 14 10
GalA 44 83 85 25 2 8 5

DEf (%) 73 69 65 ND ND ND ND
DAg (%) 8 2 2 ND ND ND ND

Values were the average of duplicates; DE, degree of methyl esterification; DA, degree of acetylation; (–) not detected; ND, not determined; tr, trace (<0.5 mol%); values in
brackets represent the actual values of two mono-O-methyl monosaccharides.

a Gram quantities per 100 g of AIS.
b Total carbohydrates were determined by phenol–sulfuric acid using Gal as a standard.
c Sugar composition was calculated from alditol acetates of carboxyl reduced samples.
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d 2-O-Methyl-l-Fuc was detected by the presence of diagnostic fragment ions m/
e 2-O-Methyl-d-Xyl was detected by the presence of diagnostic fragment ions m/
f DE calculated from methylation data in Table 3.
g DA derived from analysis with HPLC (Voragen et al., 1986).

ainly of pectic polysaccharides (55 mol%), including HG, together
ith some RG I, Type I AG and arabinans. HG was the predomi-
ant pectic polysaccharide (43 of 55 mol%, i.e. 78%; Table 4). This
esult is consistent with previous studies that the HG in the primary
alls of dicots accounts for up to 60% of the pectic polysaccharides

O’Neill & York, 2003). Type II AG, a highly branched polysac-
haride of �-Galp residues joined by (1→3) and (1→6) linkages
Ridley et al., 2001; Voragen et al., 1995), was found in only a
race amount. Other components were cellulose (22 mol%; a value
onsistent with the 28% derived from acetic-nitric analyses) and
ther non-cellulosic polysaccharides (14 mol%), including xyloglu-
ans (10 mol%), heteromannans (2 mol%) and heteroxylans (2 mol%)
Table 4). The polysaccharide composition of the orange albedo AIS
all preparation was therefore typical of most dicot walls.

.4. Sequential chemical extraction of orange albedo AIS wall
reparation

In order to have a better understanding of the nature and
istribution of the pectic and other non-cellulosic polysaccha-
ides, sequential chemical extraction and structural analysis were
erformed. Sequential extraction of orange albedo AIS wall prepa-
ation resulted in five soluble fractions (NaOAC Fr., CDTA Fr.,
a2CO3 Fr., 1 M KOH Fr., 4 M KOH Fr.) with yields in the range of
–16% (w/w), together with 35% for the Residue Fr. The total recov-
ry was 89% (Table 2), being comparable with those reported for
emon albedo (87%; Ros et al., 1996) and dried citrus peel (85.8%;
apo et al., 2007).

The NaOAc Fr. was comprised predominantly of GalA (83 mol%;
able 2), similar to that of NaOAc fraction obtained from apple cell
alls, where GalA was the major glycosyl moiety (80 mol%; Schols,
ierhuis, Bakx, & Voragen, 1995). Small proportions of neutral sug-
rs, including Ara (6 mol%), Gal (4 mol%), and Rha and Xyl (2 mol%
ach) were also present. Based on the estimated relative propor-

ions of polysaccharides (Table 4), derived from the linkage data
Table 3), pectic polysaccharides were the dominant components
f the NaOAc Fr. (89 mol%), of which HG accounted for 83 mol%
ith minor amounts of Type I AG (4%), arabinan (1%), Type II AG

1%) and only traces of RG I and II. Other non-cellulosic polysac-
173, 129, 118 and 113 from alditol acetates of carboxyl reduced samples.
159, 127 and 118 from alditol acetates of carboxyl reduced samples.

charides were only minor components. The pectic component of
NaOAc Fr. had a high DE, with 69% of the carboxyl groups of GalA
being methylesterified (57 of 83 mol%; Table 3). The high DE for
pectin obtained from buffer extraction was also reported in previ-
ous studies (De Vries, Voragen, Rombouts, & Pilnik, 1981; Schols
et al., 1995). The DA of the NaOAc Fr. was low (2%), similar to that
reported for NaOAc fraction of apple (3%; Schols et al., 1995), but
lower than that of water-extracted fraction from dried citrus peel
(5.5%; Yapo et al., 2007).

Pectic polysaccharides solubilized by chelating agents are
believed to be complexed into the wall mainly with Ca2+ (Fry,
1988). Extraction of orange albedo AIS with CDTA produced a frac-
tion in 14% yield. The combined yield of wall polymers extracted
from orange albedo AIS using buffer and chelating agent in sepa-
rate steps (NaOAc Fr. + CDTA Fr.) was 30% (Table 2) and this value is
comparable with previous studies using extraction protocols with-
out the buffer step but directly with chelating agents for lemon
albedo (33.4%; Ros et al., 1996) and apple (30%; Schols et al.,
1995). The CDTA Fr. contained 79% total carbohydrate, and had a
monosaccharide composition rich in GalA (85 mol%). The estimated
polysaccharide composition revealed that pectic polysaccharides
were the dominant components (97 mol%) in the CDTA fraction,
with more hairy components (RG I plus neutral polysaccharide side
chains) than those in the NaOAc Fr. (14 mol% vs 6 mol%; Table 4).
Similar results were reported for apple walls where pectic polysac-
charides extracted with chelating agent were more branched with
neutral sugars than the buffer-extracted fraction (Schols et al.,
1995). The DE of pectin in CDTA Fr. was 65%, since 56 of 86 mol% car-
boxyl groups were methyl-esterified (see Table 2). Notably, higher
DE values were found in chelator extracted fractions of lemon
albedo (79%; Ralet & Thibault, 1994) and dried citrus peel (73.7%;
Yapo et al., 2007). The DA of pectin in CDTA Fr. was found to be 2%
(Table 2), similar to that of chelator-extracted fraction from lemon
albedo (2%; Ralet & Thibault, 1994) and dried citrus peel (3%; Yapo

et al., 2007).

The Na2CO3 Fr. was obtained in 10% yield and its total carbo-
hydrate (80%) was similar to those of the NaOAc Fr. and CDTA Fr.
(Table 2). However, the monosaccharide composition of the Na2CO3
Fr. differed from both the NaOAc and CDTA fractions, with the for-
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Table 3
Linkage composition (mol%) of carboxyl reduced AIS, extracted fractions and residue obtained from orange albedo tissue.

Sugar Linkagea AIS NaOAc Fr. CDTA Fr. Na2CO3 Fr. 1 M KOH Fr. 4 M KOH Fr. Residue Fr.

Rhap 1,2- 1 tr 2 4 tr tr 1
1,2,4- 1 tr 1 2 2 5 –

Total 2 tr 3 6 2 5 1

Araf t- 4 1 tr 8 4 5 3
1,5- 5 2 1 14 4 3 4
1,2,5- – – – 1 1 4 –
1,3,5- – – – 1 – – –

Total 9 3 1 24 9 12 7

Fucp t- tr – – – 4 1 –

Total tr – – – 4 1 –

Xylp t- 3 1 – – 13 11 –
1,2- 3 1 tr 1 8 10 5
1,4- tr 1 tr 2 8 11 3
1,2,4- 1 – – – 1 3 2
1,3,4- 1 – – – – – –
1,2,3,4- tr tr tr tr tr tr tr

Total 8 3 tr 3 30 35 10

Manp 1,4- 2 1 1 1 3 2 6

Total 2 1 1 1 3 2 6

Glcp t- 1 – – – 2 1 –
1,4- 25 2 1 2 10 4 57
1,4,6- 2 – – – 23 16 1

Total 28 2 1 2 35 21 58

GlcpA t- – – – – – – tr
1,4- 1 tr tr 1 1 tr 1

Total 1 tr tr 1 1 tr 1

Galp t- 2 2 2 1 5 7 1
1,3- – tr – 1 tr 1 –
1,4- 3 4 5 30 7 7 9
1,6- tr tr – – – – –
1,3,4- tr tr 2 1 – – –
1,3,6- tr 2 tr – – 1 –

Total 5 8 9 33 12 16 10

GalpA 1,4- 41 (30) 83 (57) 86 (56) 29 4 8 7
1,3,4 2 tr tr 1 – – –
1,2,4- 2 tr tr – – – –

Total 45 83 86 30 4 8 7

Uronic acidsb 46 83 86 31 5 8 8

V in brac
tc.

m
t
N
(
m
b
(
a
(
i
T
a
f
u

alues are the average of duplicates; (–) not detected; tr, trace (<0.5 mol%). Values
a 1,2-Rhap is derived from 1,2,5-tri-O-acetyl-6-deoxy-3,4-di-O-methyl hexitol, e
b Uronic acids = total of all GalpA and GlcpA residues.

er having a relatively low proportion of GalA (25 mol%) compared
o the latter two (83 and 85 mol%, respectively). In addition, the
a2CO3 Fr. contained high proportions of Ara (31 mol%), and Gal

33 mol%). The two unique mono-O-methyl sugars of RG II, 2-O-
ethyl-Fuc and 2-O-methyl-Xyl were also found in the Na2CO3 Fr.,

ut at a lower level (approx. 0.1 mol%) than the two prior fractions
Table 2). Like the two prior fractions, the Na2CO3 Fr. also contained

relatively high proportion (83 mol%) of pectic polysaccharides
Table 4). However, in contrast to NaOAc and CDTA fractions,

t was enriched in hairy segments comprised of RG I (12 mol%),
ype I AG (31 mol%) and arabinan (18 mol%), and contained a rel-
tively low proportion of HG (21 mol% vs 83 mol% in the two prior
ractions). A previous study also showed that 50 mM Na2CO3 sol-
bilized more ramified pectic polysaccharides from squash walls
kets represent the mol% of methyl esterified 4-GalAp.

than that using chelating agent (Ratnayake, Melton, & Hurst, 2003).
The proportion of other non-cellulosic polysaccharides in Na2CO3
Fr. was 5 mol%, with heteroxylans, XGs and heteromannans (2, 2
and 1 mol%, respectively; see Table 4).

Compared with the three prior fractions, especially the NaOAc
and CDTA Frs. rich in GalA residues, the yields of alkali-soluble
fractions were lower, 6% for the 1 M KOH Fr. and 8% for the 4 M
KOH Fr. (Table 2). The major sugars of the 1 M KOH Fr. were Glc
(34 mol%) and Xyl (31 mol%), followed by considerable amounts

of Ara and Gal (10 mol% each), and minor proportions of Rha,
Fuc, GlcA, Man and GalA. Similar to the 1 M KOH Fr., the 4 M
KOH Fr. was comprised mainly of Xyl (40 mol%), Ara (19 mol%),
Gal (14 mol%), and Glc (14 mol%) (Table 2). As expected, the rel-
ative proportions of polysaccharides (Table 4) revealed that the
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Table 4
Estimated relative proportions of polysaccharides (mol%) present in alcohol insoluble solids (AIS), extracted fractions and residue obtained from orange albedo tissue.

Polysaccharides AIS NaOAc Fr. CDTA Fr. Na2CO3 Fr. 1 M KOH Fr. 4 M KOH Fr. Residue Fr.

Yield (%, w/w)a 100 16 14 10 6 8 35

Pectic polysaccharides
HG 43 83 83 21 2 3 6
RG I 4 tr 6 12 4 10 2
RG IIb – tr tr tr – – –
Type I AG 3 4 7 32 7 7 9
Arabinan 5 1 1 18 9 11 4
Type II arabinogalactan tr 1 tr 1 tr 1 –

Sub-total 55 89 97 84 22 32 21

Other non-cellulosic polysaccharides
XG 10 5 tr 2 63 50 6
Heteromannans 2 1 1 1 3 2 6
Heteroxylans 2 2 2 2 9 14 8

Sub-total 14 8 3 5 75 66 20

Cellulose 22 – – – – – 57

Undefined 9 3 – 11 3 2 2

The proportion of polysaccharide in AIS and factions were calculated based on mol% sugar linkage (Table 3) attributed to that polysaccharide (Shea et al., 1989; Sims & Bacic,
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995); tr, trace (<0.5 mol%); (–) not detected.
a Gram quantities per 100 g of AIS.
b The presence of RG II was indicated by the detection of two diagnostic mono-O-

f carboxyl reduced samples.

M and 4 M KOH fractions were composed mainly of other non-
ellulosic polysaccharides (75 and 66 mol%, respectively) with XG
s the dominant component (63 and 50 mol%, respectively) with
ome heteroxylans (9 and 14 mol%, respectively) and heteroman-
ans (3 and 2 mol%, respectively). Despite the dominance of other
on-cellulosic polysaccharides, the 1 M KOH Fr. and 4 M KOH Fr. still
ontained significant amounts of pectic polysaccharides (22 and
2 mol%, respectively) mainly as hairy segments, with the propor-
ion of HG (2 and 3 mol%, respectively) only accounting for approx.
% of the pectic polysaccharides in both fractions (see Table 4).
his is consistent with previous studies showing that extraction of
icot walls with strong alkali produces predominantly other non-
ellulosic polysaccharides (XGs and acidic xylans), together with
ower levels of pectic polysaccharides (Fry, 1988; Zablackis et al.,
995).

After five sequential extractions, approx. 35% (w/w) of the
tarting material (AIS) remained and it was predominantly (90%)
arbohydrate (Table 2). Glc was the most abundant sugar (56 mol%),
ogether with significant amounts of Gal, Ara, Xyl and Man
8–10 mol% each), as well as other minor sugars. Compared with
he AIS, the residue was greatly reduced in GalA. The Residue Fr.
s composed mainly of cellulose (57 mol%), with pectic and other
on-cellulosic polysaccharides essentially accounting for the rest
nd occurring in about equal proportions (21 and 20 mol%, respec-
ively) (Table 4). The incomplete solubilization of matrix phase cell
all polysaccharides is common (e.g. Fry, 1988; Ratnayake et al.,

003; Zablackis et al., 1995). This is presumably caused by the het-
rogeneity in the bonding of the polysaccharides to other polymers
n the wall (Ratnayake et al., 2003) or physical entrapment during
he assembly of the wall.

.5. Isolation of RG II from AIS wall preparation

The NaOAc Fr. was used as the source material to isolate RG

I since it was found to contain the diagnostic mono-O-methyl

onosaccharides, 2-O-methyl-Fuc and 2-O-methyl-Xyl and would
e expected to be enriched in RG II. The release of RG II, after
igestion of the abundant HG component with endo-PG, has been
emonstrated for wall preparations from angiosperms (Ishii &
yl monosaccharides, 2-O-methyl-l-Fuc and 2-O-methyl-d-Xyl from alditol acetates

Matsunaga, 2001), and gymnosperms (O’Neill, Ishii, Albersheim, &
Darvill, 2004). Both endo-PG (PG I and PG II) and exo-PG were used
in the present study to achieve effective release of RG II. Since PG can
only hydrolyze the glycosydic linkages adjacent to GalA residues
with free carboxyl groups (Voragen et al., 1995), the NaOAc Fr. was
first de-esterified before subjecting it to enzyme digestion.

Based on dry weight, approx. 50% of the NaOAc Fr. (approx.
30 mg) was recovered after the enzyme digestion and desalting pro-
cesses similar to that reported for a sugar beet wall fraction (Ishii
& Matsunaga, 2001). The enzyme-digested NaOAc Fr., containing
a mixture of oligogalacturonides, RG II and rhamnogalacturonides
with neutral sugar chains attached, was fractionated by AEC (Fig. 2).
The overall recovery of total sugar and uronic acid for all fractions
combined was 92% and 96%, respectively. The unbound fractions
were presumed to contain mono-, di- and tri-mers of GalA as
reported previously (Ralet et al., 2005) and discarded. The pooled
fraction (corresponding to elution volume 700–1400 mL), account-
ing for approx. 71% total carbohydrate and 65% uronic acid of the
loaded sample, was subjected to SEC with Sephacryl S-200 column.
SEC yielded three peaks (I, II, and III; Fig. 3) representing approx.
40%, 18% and 30%, respectively, of the material loaded onto the col-
umn. Peak III, containing mainly oligogalacturonides resulting from
hydrolysis of HG as previously reported for a citrus pectin treated
in a similar manner (Yapo et al., 2007), had essentially no material
retained after dialysis and was thus unable to be further analyzed.
Peaks I and II were subjected to methanolysis and trimethylsily-
lation for their monosaccharide composition, and methylation for
neutral sugar linkage.

The monosaccharide composition of Peak I showed that Ara was
the predominant sugar (67 mol%), followed by Gal (10.8 mol%), GalA
(8.3 mol%) and Rha (7.2 mol%) (Table 5). The molar ratio of GalA/Rha
was ∼1.1, suggesting that the polysaccharide(s) in Peak I corre-
sponded to RG I (Table 5) similar to that reported for RG I isolated
from a dried citrus peel sample (Yapo et al., 2007). In addition, the

presence of Ara at a high level and Gal in a significant amount sug-
gests that Peak I contained RG I with side chains much richer in
arabinans than in galactans, similar to that of RG I from Argania
spinosa fruit pulp (Aboughe-Angone et al., 2008). Xyl and Glc were
found in small amounts (3.6 and 1 mol%, respectively; Table 5),
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Fig. 2. Anion exchange chromatography of de-esterified and polygalacturonase (a combi
(∼9 mL each) were collected and analyzed for their total sugar (Dubois et al., 1956) and ur
NaCl gradient (- - -).
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Fig. 3. Size exclusion chromatography of the pooled fractions from anion exchange
chromatography (see Fig. 2) of de-esterified and polygalacturonase treated NaOAc
Fr. Uronic acid (�); total sugar (♦). I, II and III are the pooled fractions used for
structural studies.

Table 5
Glycosyl composition (mol%, from methanolysis) of Peak I and Peak II fractions (labeled
of orange albedo AIS after enzyme digestion (PG) followed by separation with anion exc
structural model of RG II derived from studies of several plant species (O’Neill et al., 2004

Glycosyl residue Peak I Peak II

Ara 67.0 16.5
Rha 7.2 15.7
Gal 10.8 5.8
Glc 1.0 ND
Fuc – 2.6
Xyl 3.6 ND
Man tr ND
GalA 8.3 36.4
GlcA 2.1 2.7

Aceric acida – 1.4
Apiose – 6.7
2-O-Methyl-Fuc – 2.8
2-O-Methyl-Xyl – 2.6
Dhab – 3.3
KDOc – 3.5

(–) not detected; tr, trace amount (<0.5 mol%); ND, not determined (components believed
a Aceric acid = 3-C-carboxy-5-deoxy-l-xylose.
b Dha = 3-deoxy-d-lyxo-heptulosaric acid.
c KDO = 3-deoxy-d-manno-octulosonic acid.
nation of endo- and exo-PG) treated NaOAc fraction of orange albedo AIS. Fractions
onic acid contents (Filisetti-Cozzi & Carpita, 1991). Uronic acid (�); total sugar (♦);

probably originating from non-cellulosic polysaccharides. Overall,
the compositional data indicated that RG I was the dominant com-
ponent of Peak I. To confirm these conclusions a linkage analysis
was performed.

Unlike methanolysis from which 7.2 mol% of Rha residues was
revealed for Peak I (Table 5), linkage analysis of neutral sugars
without prior carboxyl reduction showed, as expected, only trace
amounts of 2- and 2,4-Rhap for the same fraction (Table 6) and no
GalA residues as the glycosidic linkages between galactosyluronic
and rhamnosyl residues are known to be relatively resistant to
acid hydrolysis (Voragen et al., 1995). 5-Araf was the most abun-
dant neutral sugar linkage (36 mol%; Table 6) and together with
3,5- and 2,5-Araf (5 and 1 mol%, respectively) and some associated
t-Araf, these residues indicated the abundance of arabinan, pre-
sumably as side branches of RG I. The detection of 4-Galp (6 mol%)

and 3,4-Galp (<0.5 mol%), in association with some t-Araf, reflected
the presence of Type I AG, presumably also as side branches of RG I
but in an amount much lower than arabinan. The glycosyl linkages
3,6-, 3- and 6-Galp (6, 1 and 1 mol%, respectively) are indicative of
the presence of a Type II AG. In addition to the dominant pectic

in Fig. 3 corresponding to RG I and RG II, respectively) obtained from NaOAc Fr.
hange and size exclusion chromatography. Glycosyl composition expected for the
; Ridley et al., 2001) is included for comparison.

Structural model of RG II

10.3
17.2

6.8
–
3.5
–
–

34.4
3.5

3.5
6.8
3.5
3.5
3.5
3.5

to be from contaminants and not included in compositional calculation).
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Table 6
Neutral sugar linkage composition (mol%)a of Peak I and Peak II (labeled in Fig. 3, corresponding to RG I and RG II, respectively) obtained from NaOAc Fr. of orange albedo AIS
after enzyme digestion (PG) followed by separation with anion exchange and size exclusion chromatography.

Sugar Linkages Peak I Peak II

Rhap Terminal – 14
2- tr 2
3- – 3
2,4- tr tr
2,3,4- – 4

Araf Terminal 29 12
2- 3 –
3- 1 –
5- 36 5
3,5- 5 –
2,5- 1 –

Arap Terminal – 6
2- – tr

Apif 3′- – 9

Xylp Terminal 5 9
2- 2 1
4- 2 2

Fucp Terminal – 9
3,4- – 4

Manp 4- 1 1

Galp Terminal – 11
3- 1 –
4- 6 4
6- 1 –
2,4- – 4
3,4- tr –
3,6- 7 –
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4,6- tr

–) not detected; tr, trace amount (<0.5 mol%).
a Samples analyzed without prior carboxyl reduction.

olysaccharides, the presence of terminal, 2-, and 4-Xylp in small
mounts indicated that some other non-cellulosic polysaccharides
ere also present (Table 6).

Methanolysis was used to quantify the monosaccharide com-
osition of Peak II using the red wine RG II isolate as the reference
aterial. Both preparations contained small amounts of Man, Glc

nd Xyl residues. Man and Glc appeared to be originating from
ontaminants, which were also reported for RG II isolated from
ugar beet (Strasser & Amadó, 2002) and red wine (Doco, O’Neill, &
ellerin, 2001). Xyl was presumed to originate from either xylo-
alacturonans (Zandleven, Beldman, Bosveld, Schols, & Voragen,
006) or other non-cellulosic polysaccharides. These monosaccha-
ides were thus excluded from the calculation of monosaccharide
omposition of the orange fruit albedo Peak II. Table 5 shows
hat Peak II is composed mainly of GalA (36.4 mol%) followed by
ignificant amounts of Ara (16.5 mol%), Rha (15.7 mol%) and Gal
5.8 mol%). Fuc and GlcA were detected in small amounts (2.6 and
.7 mol%, respectively). The mol% of glycosyl residues, including
he six unique sugars are generally in agreement with the values
xpected for the structural model of RG II derived from studies
f several plant species (see Table 5). Ara was found at a level
uch higher than expected and could indicate variations within

ide chain B of RG II. Apiose was found at 6.7 mol%, corresponding
o the presence of two Api residues in the orange RG II. The lower
han expected recovery of aceric acid (1.4 mol%), could be due to
he known acid-lability of this sugar (Spellman, McNeil, Darvill, &
lbersheim, 1983).
Linkage analyses for neutral sugars of Peak II (Table 6) revealed
hat the linkage type and composition were consistent with the
tructural model of RG II (O’Neill et al., 2004; Ridley et al., 2001).
everal types of Rha residues (t-, 2-, 3- and 2,3,4-Rhap) are expected
n RG II. In addition to the most abundant t-Rhap (14 mol%), 2-,
–

3- and 2,3,4-Rhap were also detected (2, 3 and 4 mol%, respec-
tively).

The structure of RG II is known to be highly conserved, although
minor differences in the glycosyl residue composition of RG II
derived from different sources have been found (Harholt et al.,
2010; O’Neill et al., 2004; Ridley et al., 2001). In the structural model
of RG II, Ara occurs in both furanose and pyranose forms. It has
been suggested that the presence or absence of substituents at O-2
and/or O-3 of the Arap residue would represent structural variation
in the side chain B of RG II (O’Neill et al., 2004). For instance, a Rhap
residue was found attached to O-2 of the Arap in the side chain B
of RG II from Arabidopsis (Glushka et al., 2003), a disaccharide Araf-
(1→2)-Rhap-(1→) was linked to O-2 of the Arap residue in the side
chain B of sycamore RG II (Whitcombe, O’Neill, Steffan, Albersheim,
& Darvill, 1995), and the Arap was not substituted in the side chain
B of RG II from sugar beet pulp (Ishii & Kaneko, 1998). In the Peak
II fraction of the current study, t-Arap was found in an unexpect-
edly high amount (6 mol% for neutral sugar linkage composition;
see Table 6). It was also found (at approx. 2.5 mol% for carboxyl
reduced samples) in the RG II isolated from sugar beet pectin (Ishii
& Matsunaga, 1996; Strasser & Amadó, 2002), and was suggested
to represent variations within the aceric acid containing side chain
B of RG II. Api was detected as 3′-Apif. There was evidence that O-2
and O-3 of the apiosyl residue of side chain A in each monomeric
RG II is cross-linked by borate (Ishii et al., 1999). No 2,3,3′-Apif was
detected in orange RG II, although it has been found in apple, carrot
and tomato juice (Doco, Williams, Vidal, & Pellerin, 1997). 3,4-Fucp

is expected to be a constituent glycosyl residue of RG II and a small
amount (4 mol%; Table 6) was detected in orange Peak II, similar
to that found in RG II isolated from red beet (Strasser & Amadó,
2002), apple, carrot and tomato juice (Doco et al., 1997). Termi-
nal (t-) and 2,4-Galp are typical residues of RG II, and both were
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etected in Peak II of orange. There have been reports of the pres-
nce of 3,4-Galp in RG II isolated from sugar beet (Pellerin et al.,
996), representing an additional component of some RG IIs. How-
ver this residue was not found in Peak II of orange. Small amounts
f 2- and 4-Xylp (1 and 2 mol%, respectively), presumably derived
rom either xylogalacturonans (Zandleven et al., 2006) or other
on-cellulosic polysaccharides rather than RG II, were detected in
eak II of orange. Man is not thought to be a component of RG II. The
mall amount of 4-Manp (1 mol%) detected in Peak II is most likely
contaminant from the dialysis tubing. This glycosyl residue was

lso found in RG II preparations obtained from red beet (Strasser &
madó, 2002) and red wine (Doco et al., 2001).

RG II has been reported from various plant sources such as
nion (De Vries et al., 1984), kiwi fruit (Redgwell, Melton, Brasch,
Coddington, 1992), Bupleurum falcatum roots (Yamada, Hirano, &
iyohara, 1991), and Arabidopsis (Zablackis et al., 1995). Notably, it

s present in red wine at relatively abundant levels (approx. 20% of
thanol-precipitable polysaccharides) (Pellerin et al., 1996). More
ecently, an acid-extracted (0.05 N HCl, 85 ◦C) pectin fraction of
ried industrial citrus peels was found to contain RG II (Yapo et al.,
007). The present study demonstrates the presence of low levels
approx. 0.5%) of RG II in orange fruit.

In conclusion, the walls of orange albedo, an important alter-
ative source of commercially valuable citrus pectin, are similar

n composition to other dicot primary walls. Cellulose, the crys-
alline component of the wall, is associated with alkali extractable
on-cellulosic polysaccharides, predominantly xylogucan but also
mall amounts of xylan and mannan. The cell wall pectin matrix is
major component of the wall and is composed of HG, RG I and

mall amounts of RG II. It is this readily extractable pectin compo-
ent that is important in pectin manufacture. The data presented
ontributes to a better understanding of the wall polymers and the
asis of their functionality in the commercially important citrus
orange) fruits and their extracts.

cknowledgements

The authors thank Dr. Carl W. Bergmann from CCRC, University
f Georgia, USA for providing endo- and exo-PG, and Dr. Tadashi
shii from Forestry and Forest Product Institute, Ibaraki, Japan for
roviding RG II isolate of red wine. We also wish to thank Dr.
ichael Treeby, CSIRO Plant Industry, Merbein, Victoria, Australia

or his varied contributions to this project. IP acknowledges finan-
ial support of ADS (Australian Development Scholarship). This
ork was also funded by the CRC (Cooperative Research Centre Pro-

ram) for Bioproducts, School of Botany, University of Melbourne,
ustralia.

eferences

boughe-Angone, S., Nguema-Ona, E., Ghosh, P., Lerouge, P., Ishii, T., Ray, B., et al.
(2008). Cell wall carbohydrates from fruit pulp of Argania spinosa: Structural
analysis of pectin and xyloglucan polysaccharides. Carbohydrate Research, 343,
67–72.

OAC. (1984). Official methods of analysis (11th ed.). Washington, DC, USA: Associa-
tion of Official Analytical Chemist.

acic, A., Harris, P. J., & Stone, B. A. (1988). Structure and function of plant cell walls.
In J. Preiss (Ed.), The biochemistry of plants. A comprehensive treatise: Vol. 14.
Carbohydrate (pp. 297–371). San Diego, CA: Academic Press.

rillouet, J.-M., Rouau, X., Hoebler, C., Barry, J.-L., Carre, B., & Lorta, E. (1988). A
new method for determination of insoluble cell walls and soluble nonstarchy
polysaccharides from plant materials. Journal of Agricultural and Food Chemistry.,
36, 969–979.
arpita, N. C., & Gibeaut, D. M. (1993). Structural models of primary cell walls in flow-
ering plants: Consistency of molecular structure with the physical properties of
the walls during growth. The Plant Journal, 3, 1–30.

haplin, M. F. (1982). A rapid and sensitive method for the analysis of carbohy-
drate components in glycoproteins using gas–liquid chromatography. Analytical
Biochemistry., 123, 336–341.
olymers 84 (2011) 484–494 493

Christensen, T. M. I. E., Nielsen, J. E., Kreiberg, J. D., Rasmussen, P., & Mikkelsen,
J. D. (1988). Pectin methyl esterase from orange fruit: Characterization and
localization by in-situ hybridization and immunohistochemistry. Planta, 206,
493–503.

Ciucanu, I., & Kerek, F. (1984). A simple and rapid method for the permethylation of
carbohydrates. Carbohydrate Research, 131, 209–217.

De Vries, J. A., Rombouts, F. M., Voragen, A. G. J., & Pilnik, W. (1984). Comparison
of the structural features of apple and citrus pectic substances. Carbohydrate
Polymers, 4, 89–101.

De Vries, J. A., Voragen, A. G., Rombouts, J., & Pilnik, F. M. W. (1981). Extraction and
purification of pectins from alcohol insoluble solids from ripe and unripe apples.
Carbohydrate Polymers, 1, 117–127.

Doco, T., O’Neill, M. A., & Pellerin, P. (2001). Determination of the neutral and acidic
glycosyl-residue compositions of plant polysaccharides by GC–EI-MS analysis
of the trimethylsilyl methyl glycoside derivatives. Carbohydrate Polymers, 46,
249–259.

Doco, T., Williams, P., Vidal, S., & Pellerin, P. (1997). Rhamnogalacturonan II, a dom-
inant polysaccharide in juices produced by enzymic liquefaction of fruits and
vegetables. Carbohydrate Research, 297, 181–186.

Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., & Smith, F. (1956). Colorimetric
method for determination of sugars and related substances. Analytical Chemistry,
28, 350–356.

Filisetti-Cozzi, T. M. C. C., & Carpita, N. C. (1991). Measurement of uronic acids
without interference from neutral sugars. Analytical Biochemistry, 197, 157–162.

Fox, J. D., & Robyt, J. F. (1991). Miniaturization of three carbohydrate analyses using
a microsample plate reader. Analytical Biochemistry, 195, 93–96.

Fry, S. C. (1988). The growing plant cell wall: Chemical and metabolic analysis. Harlow,
England: Longman Scientific and Technical.

Gibeaut, D. M., & Carpita, N. C. (1994). Biosynthesis of plant cell wall polysaccharides.
The FASEB Journal, 8, 904–915.

Glushka, J. N., Terrell, M., York, W. S., O’Neill, M. A., Gucwa, A., Darvill, A. G., et al.
(2003). Primary structure of the 2-O-methyl-�-l-fucose-containing side chain
of the pectic polysaccharide, rhamnogalacturonan II. Carbohydrate Research, 338,
341–352.

Harholt, J., Suttangkakul, A., & Scheller, H. V. (2010). Biosynthesis of pectin. Plant
Physiology, 153, 384–395.

Ishii, T., & Kaneko, S. (1998). Oligosaccharides generated by partial hydrolysis of
the borate-rhamnogalacturonan II complex from sugar beet. Phytochemistry, 49,
1195–1202.

Ishii, T., & Matsunaga, T. (1996). Isolation and characterization of a boron-
rhamnogalacturonan-II complex from cell walls of sugar beet pulp. Carbohydrate
Research, 284, 1–9.

Ishii, T., & Matsunaga, T. (2001). Pectic polysaccharide rhamnogalacturonan II is
covalently linked to homogalacturonan. Phytochemistry, 57, 969–974.

Ishii, T., Matsunaga, T., Pellerin, P., O’Neill, M. A., Darvill, A., & Albersheim, P. (1999).
The plant cell wall polysaccharide Rhamnogalacturonan II self-assembles into a
covalently cross-linked dimer. Journal of Biological Chemistry, 274, 13098–13104.

Kim, J.-B., & Carpita, N. C. (1992). Changes in esterification of the uronic acid groups
of cell wall polysaccharides during elongation of maize coleoptiles. Plant Physi-
ology, 98, 646–653.

Liu, Y., Shi, J., & Langrish, T. A. G. (2006). Water-based extraction of pectin from
flavedo and albedo of orange peels. Chemical Engineering Journal, 120, 203–209.

May, C. D. (1999). Pectins. In A. Imeson (Ed.), Thickening and gelling agents for food
(pp. 230–260). Frederick, MD: Aspen Publishers.

McConville, M. J., & Bacic, A. (1989). A family of glycoinositol phospholipids from
Leishmania major. Isolation, characterization, and antigenicity. Journal of Biolog-
ical Chemistry, 264, 757–766.

McConville, M. J., Homans, S. W., Thomas-Oates, J. E., Dell, A., & Bacic, A. (1990).
Structures of the glycoinositolphospholipids from Leishmania major. A family
of novel galactofuranose-containing glycolipids. Journal of Biological Chemistry,
265, 7385–7394.

O’Neill, M. A., Ishii, T., Albersheim, P., & Darvill, A. G. (2004). Rhamnogalacturonan II:
Structure and function of a borate cross-linked cell wall pectic polysaccharide.
Annual Review of Plant Biology, 55, 109–139.

O’Neill, M. A., & York, W. S. (2003). The composition and structure of plant primary
cell walls. In J. K. C. Rose (Ed.), Annual plant reviews: Vol. 8. The plant cell wall (pp.
1–54). Oxford, UK: Blackwell Publishing.

Pellerin, P., Doco, T., Vida, S., Williams, P., Brillouet, J. M., & O’Neill, M. A. (1996).
Structural characterization of red wine rhamnogalacturonan II. Carbohydrate
Research, 290, 183–197.

Ralet, M.-C., Cabrera, J. C., Bonnin, E., Quemener, B., Hellin, P., & Thibault, J.-
F. (2005). Mapping sugar beet pectin acetylation pattern. Phytochemistry, 66,
1832–1843.

Ralet, M.-C., & Thibault, J.-F. (1994). Extraction and characterisation of very
highly methylated pectins from lemon cell walls. Carbohydrate Research, 260,
283–296.

Ratnayake, R. M. S., Melton, L. D., & Hurst, P. L. (2003). Influence of cultivar, cooking,
and storage on cell-wall polysaccharide composition of winter squash (Cucurbita
maxima). Journal of Agricultural and Food Chemistry, 51, 1904–1913.

Redgwell, R. J, Melton, L. D., Brasch, D. J., & Coddington, J. M. (1992). Structures of

the pectic polysaccharides from the cell walls of kiwifruit. Carbohydrate Research,
226, 287–302.

Renard, C. M. G. C. (2005). Variability in cell wall preparations: Quantification and
comparison of common methods. Carbohydrate Polymers, 60, 515–522.

Ridley, B. L., O’Neill, M. A., & Mohnen, D. (2001). Pectins: Structure, biosynthesis, and
oligogalacturonide-related signaling. Phytochemistry, 57, 929–967.



4 rate P

R

S

S

S

S

S

S

S

U

v

94 I. Prabasari et al. / Carbohyd

os, J. M., Schols, H. A., & Voragen, A. G. J. (1996). Extraction, characterisation,
and enzymatic degradation of lemon peel pectins. Carbohydrate Research, 282,
271–284.

chols, H. A., Vierhuis, E., Bakx, E. J., & Voragen, A. G. J. (1995). Different populations
of pectic hairy regions occur in apple cell walls. Carbohydrate Research, 275,
343–360.

hea, E. M., Gibeaut, D. M., & Carpita, N. C. (1989). Structural analysis of the cell walls
regenerated by carrot protoplasts. Planta, 179, 293–308.

ims, I. A., & Bacic, A. (1995). Extracellular polysaccharides from suspension cultures
of Nicotiana plumbaginifolia. Phytochemistry, 38, 1397–1405.

omerville, C., Bauer, S., Brininstool, G., Facette, M., Hamann, T., Milne, J., et al.
(2004). Toward a systems approach to understanding plant cell walls. Science,
306, 2206–2211.

pellman, M. W., McNeil, M., Darvill, A. G., & Albersheim, P. (1983). Isolation
and characterization of 3-C-carboxy-5-deoxy-l-xylose, a naturally occurring,
branched-chain, acidic monosaccharide. Carbohydrate Research, 122, 115–129.

piegel-Roy, P., & Goldschmidt, E. E. (1996). Biology of citrus. Cambridge, UK: Cam-
bridge University Press.

trasser, G. R., & Amadó, R. (2002). Pectic substances from red beet (Beta vulgaris
L. var. conditiva) Part II. Structural characterisation of rhamnogalacturonan II.

Carbohydrate Polymers, 48, 263–269.

pdegraff, D. M. (1969). Semimicro determination of cellulose in biological materi-
als. Analytical Biochemistry, 32, 420–424.

an den Hoogen, B. M., van Weeren, P. R., Lopes-Cardozo, M., van Golde, L. M.,
Barneveld, A., & van de Lest, C. H. (1998). A microtiter plate assay for the deter-
mination of uronic acids. Analytical Biochemistry, 257, 107–111.
olymers 84 (2011) 484–494

Voragen, A. G. J., Pilnik, W., Thibault, J.-F., Axelos, M. A. V., & Renard, C. M. G. C. (1995).
Pectins. In A. M. Stephen (Ed.), Food polysaccharides and their applications (pp.
287–339). New York, NY: Marcel Dekker.

Voragen, A. G. J., Schols, H. A., & Pilnik, W. (1986). Determination of the degree
of methylation and acetylation of pectins by HPLC. Food Hydrocolloids, 1,
65–70.

Whitcombe, A. J., O’Neill, M. A., Steffan, W., Albersheim, P., & Darvill, A. G. (1995).
Structural characterization of the pectic polysaccharide, rhamnogalacturonan-
II. Carbohydrate Research, 271, 15–29.

Yamada, H., Hirano, M., & Kiyohara, H. (1991). Partial structure of an anti-ulcer pectic
polysaccharide from the roots of Bupleurum falcatum. Carbohydrate Research,
219, 173–192.

Yapo, B. M., Lerouge, P., Thibault, J.-F., & Ralet, M. C. (2007). Pectins from citrus peel
cell walls contain homogalacturonans homogenous with respect to molar mass,
rhamnogalacturonan I and rhamnogalacturonan II. Carbohydrate Polymers, 69,
426–435.

Zablackis, E., Huang, J., Muller, B., Darvill, A. G., & Albersheim, P. (1995). Charac-
terization of the cell-wall polysaccharides of Arabidopsis thaliana leaves. Plant
Physiology, 107, 1129–1138.

Zandleven, J., Beldman, G., Bosveld, M., Schols, H. A., & Voragen, A. (2006).

Enzymatic degradation studies of xylogalacturonans from apple and
potato, using xylogalacturonan hyrolase. Carbohydrate Polymers, 65,
495–503.

Zhu, Y., Pettolino, F., Mau, S.-L., & Bacic, A. (2005). Characterization of cell wall
polysaccharides from the medicinal plant Panax notoginseng. Phytochemistry,
66, 1067–1076.


	Pectic polysaccharides from mature orange (Citrus sinensis) fruit albedo cell walls: Sequential extraction and chemical ch...
	Introduction
	Materials and methods
	Materials
	Preparation of AIS from albedo tissue
	Sequential extraction of polysaccharides from AIS
	Isolation of RG II
	Chromatographic separation of RG II

	Scanning electron microscopy of AIS
	Analytical procedures
	General methods
	Determination of microfibrillar cellulose content
	Monosaccharide composition and linkage analysis
	Sugar analyses by alditol acetates
	Linkage analysis
	Estimation of polysaccharide composition
	Sugar analyses by methanolysis for the RG II



	Results and discussion
	Preparation and microscopic examination of orange albedo AIS
	Composition of orange albedo AIS
	Monosaccharide and linkage composition of orange albedo AIS wall preparation
	Sequential chemical extraction of orange albedo AIS wall preparation
	Isolation of RG II from AIS wall preparation

	Acknowledgements
	References


