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Efficient Digestion and Structural Characteristics of Cell
Walls of Coffee Beans
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- Screening of effective food-processing cellulase for digestion of cell walls of coffee beans was carried
out, and the cellulase from Tricoderma sp. was selected. The digestion of the cell walls of green
and roasted coffec beans was carried out by sequential procedures of alkali boiling (0.1 M Na;COj; buffer, pH 10, and
0.1 M NaOH), ccllulase digestion autoclaving with 0.1 M NaOH, and ccllulase
redigestion. The total digestion yields were >95 and >96%, respectively. The cell walls became
thin, and the final residues of the cell walls were easily broken into small picces. The neutral sugar
analysis of the digestion or the extract and the residues and the microscopy observations with staining
with toluidine blue O, Yariv rcagent, and calcoflour for the residuc in cach step were investigated.
Four structures, the galactomannan-cellulase(center part), the membrane of the arabinogalactan
protein, the cellulose-rich galactomannan layer, and the arabinogalactan protein-rich layers (outer

. part), were found in the cell walls.
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INTRODUCTION

Coffee is considered to be a major tasty drink. The worldwide production of coffee beans is >5 million
tons (1). Coffee beans have insoluble and tick cell walls (>48% of the beans weight), which are mainly
made of galactomannans, arabinogalactans, and cellulose (2-10). The cell wall has been studied, but
its detailed composition is still unknown over the past 40 years (2, 8).

Analysis of the composition requires it to be solubilized or extracted, but the cell walls are hard to
digest or solubilize.

The residues after the coffee extraction, which are the cell walls, are also not able to be used (8). The
residues and the wastes are difficult to treat (12, 13), although mannan, galactomannan, and
arabinogalactan of the cell walls are expected for use as a food material (14). Many researchers have
been studying the cell walls. Recently, Oosterveld et al. reported in detail the chemical extraction of
the green and roasted coffee beans, the compositions, and the changes in galactomannan,
arabinogalactan, and cellulose or xyloglucan (4, 5). Fischer et al. also reported the chemical extraction
of the mannan and its structures (3). Redwell et al. reported arabinogalactan or the arabinogalactan
proteins using stepwise chemical and alkaline extraction, and the observation of some mannan layers
of the cell walls using the mannan antibody (6, 8, 9). These results are important information about
the cell walls of the coffee bean. However, the insolubility of the cell walls makes them difficult to
analyze and use (2, 8). Galactomannan is the main insoluble polymer of carbohydrates (4, 5). Some
arabinogalactans are tightly cross-linked with protein (2, 6-9). Glucan is proposed to exist as a
mannan-cellulose in the cell walls (2). These characteristic compositions and structures would prevent




the digestion and extraction for a long time. We have been studying the efficient digestion of the
soybean and its characteristics (15-17). Coffee is also a bean; thus, the principal structures of the cells
are similar (15, 17). We carried out an investigation to determine an effective treatment and enzyme
screening for the efficient digestion of the green and roasted coffee beans and achieved efficient
~ digestion of the cell walls (>95%). We also show an outline and the structural characteristics of the
cell wall based on the results of the efficient enzymatic digestion, the sugar composition from the
digestion, the extracts, and the residues or the microscopy observation of the residual cell walls using
toluidine blue O, Yariv reagent, and calcofluor staining in each procedure. At least four structures, the
galactomannan-cellulose (center part), the membrane of the arabinogalactan protein, the
cellulose-rich galactomannan layer, and the arabinogalactan protein rich layers (cuter part), were
found in the cell wall.
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MATERIALS AND METHODS
(41 & FiE]

Green and Roasted Coffee Beans. Coffee beans (Coffee arabica), the roasted coffee beans, and their cracked and
milled powders were gifts from UCC Ueshima Coffee Co., Ltd., Kobe, Japan. The defatted powder samples were
prepared with a 10-fold volume of hexane extraction at room temperature for 24 h. The sample was then washed with
hexane and dried at room temperature,
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" Enzymes. Cellulase (for food-processing cellulase from Trichoderma sp., 5000 units/g) was a gift from Daiwa-Kasei

' Co., Ltd. (Osaka, Japan). Pectinase (Pectinex Ultra SP, from Aspergillus aculeatus; 26000 units/mL) and Cellclast 1.5

1 FG from A. aculeatus were gifis from Novozyme Japan. Cellulase XL531 from Aspergillus niger was a gifts from

Nagase chemtex, Japan. Cellulocine GMS5, AC40, and HC100, ccllulasc from 4spergillus sp. and TP25 and T2 from

* frichoderma viride were gifts from HBI, Inc., Japan. All other reagents were of reagent grade.

[EE5%]

- A F—E(h ) aFv & 5000 D=y Mg, REMTENLZ —EDDHONLARDKFAL LA (K

R BOR YT Uiz, A aculeatus 16 DY F+4—H (T A~V KL A JE aculeatus > b DT F Ry 7

A, SP:275 6000 === kmL)& Cellclastl.5L @ FG 13/ RY¥ 4 L(AR)PLORIHTLE,

BHET ASAEAZANEOENF—E XL X THETF LT v 2 A, AERPLOMYBITLI,

- FARAENRE sp. & TP25 PHOEME Y GMS, AC40, BELTHCI0 EATF—EE R Y aFire
EUF—mbHb® T2 12 HBIL (R AN oDV T L, o~ TOREIHERFECLE,

Screening Enzyme. The roasted residucs was autoclaved with 0.1 M NaOH at 121 “C for 60 min. The treated
residues were washed with water and 0.1 M acetate buffer (pH 5.0) and placed in a 96-well microplate; a 1 or 5%
~ enzyme solution (0.1 M acetate buffer, pH 5.0) was mixed at 40 °C overnight, and the collapse or any visual change
was observed.
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Digestion of the Cell Walls of Sliced Green Coffee Beans. The green coffce beans were autoclaved with water at
121 °C for 10 min. The cooled beans sliced, and the sliced sections were autoclaved with water or 0.1 N NaOH at
- 121 °C for 10 min. The sections were incubated in an eppen-tube with 1% the selected cellulase from Trichoderma sp.
~ at40 C ovemnight.
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~ Time Course of the Cellulase Digestion of the Cracked Green Beans and the Roasted Coffee Residues. The
- cracked coffee beans or the residues were autoclaved with a 50-fold volume of 0.1 M NaOH (121 “C for 60 min),
filtered, washed, and dried at 40 “C. The dried samples (2g) and 0.1 M acetate buffer (pH 5.0, 16 mL) were added to a
glass bottle (30 mL). The glass bottle was then incubated with stirring (1200 rpm) at 40 °C for 24 h with 1% cellulase.
- The reaction mixture was centrifuged (3000 rpm, 10 min), and the supernatant was analyzed.
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Sequential Alkali Treatment and the Cellulase from Trichoderma sp. Digestion of the Milled and Defatted
Powders of the Green and Roasted Coffee Beans. The sequential alkali-heated treatments and the cellulase digestion
were as follows: for the first extraction, 2 g of the defatted powder of the green coffee beans or the roasted coffee
~ beans and a 50-fold volume of 0.1 M Na,CO; buffer (pH 10) were mixed, and suspension was boiled for 20 min. The
suspension was centrifuged at 3000 rpm for 10 min, and the residue was collected. The residue was mixed with a
50-fold volume of 0.1 M NaOH, and the suspension was boiled for 20 min; the residues was centrifuged and washed
with water. For the first cellulase digestion, the collected residue was digested by 1% of the cellulase of Trichoderma
sp. (0.1 M acetate buffer, pH 5.0) at 40 °C overnight with stirring. The residue was collected by centrifugation at 3000
rpm for 10 min. For the sound alkali exiraction, residuc was autoclaved with a 20-fold volume of 0.1 M NaOH
(121 °C for 10 min). For the sound same cellulase digestion, the residue and the 1% of the cellulase of Trichoderma
sp. (0.1 M acetate buffer, pH 5.0) were mixed and incubated at 40 “C overnight with stirring again. The residue
samples in each step were freeze-dried, and weighed. The differential weight in the each step was estimated as the
extracts or the digestion weight. The supemnatants of each step were used for the analysis of sugar and protein. Each
- residue was used for sugar analysis and microscopy observation.
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Estimation of Sugar and Protein. The amount of uronic acid was measured according to the 3-phenyl phenol
“method (18). The total sugar estimated by using the phenol-sulfuric acid method (19). The reducing sugar was
estimated according to the Nelson-Somogyi method (20). Protein was estimated by using the Bradford method (21).
~ Fach amount was calculated using a colorimetric standard curve with D-galacturonic acid, D-glucose, and serum
 albumin as the standards.

- [bEE & e AR B O]

v ORI 7= T e /= AOHFENDICHEo THIEShE LTz,

7z ) — RO FE1)FE-> TEEEERLELE,

BRI RNY -V EVHEQOE o TR SATHWE LE,

TEMELHEIE, 77 v F74—FOEFEBEQNEZHE> THRSATWE LR,

FHML LT DHF 7Y @ D-ZAra—A BRUMET LT I ridiambr oz i- T,
HFRkiITHHINELL,

Neutral Sugar Analysis. Analysis of the neutral sugars was done using the alditol-acetate method (14). The
 composition of the neutral sugar was analyzed by a GC system with a capillary column of DB-225 (J&W Co., 0.25
mm X 30 m) connected to a Yanaco G-2800 (Yanaco Co., Lid., Kyoto, Japan). The standard solution was adjusted
with a 1% solution of each of the seven kinds of following sugars: L-rhamnose, L-fucose, L-arabinose, D-xylose,
D-mannose, D-galactose, and D-glucose,
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Staining. Toluidine blue O (1% in 0.1 M phosphate buffer, pH 7) (22), Yariv reagent (0.1 M phosphate buffer
containing 0.3 M NaCl, pH 7) (23), and Calcofluor whit were used for the staining reagent of the coffee residuc (24).
The B -glucosyl-Yariv reagent was obtained from Wako Pure Chemistry Co., Ltd., Osaka, Japan. Calcofluor white,
BactiDrop, was obtained from Remel, Lenexa, KS.
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Light and Fluoresent Microscopic Observation, The microscopic observations and photos were done using an
Olympus BH-21 (Olympus Optical Co., Ltd., Tokyo, Japan) light microscope and a digital DP-1I microscope
- photographic device. Fluorescent microscopic observations and photos were done using an Nikon Eclipse E-600




‘mikon Co., Ltd., Tokyo, Japan) fluorescent microscope and a digital Hamamats ORCA-ER C4742-95 camera
amatsu Photonics Co., Ltd., Hamamatsu, Japan)
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RESULT
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gereening of Cellulase. Nine kinds of cellulases as food-processing enzymes (1%, 0.1 M acetate buffer, pH 5.0) were
d with the alkali-treated coffee residue (0.1 M NaOH, 121 °C for 60 min) at 40 “C overnight. Only the cellulase
of Trichoderma sp. caused the collapse of residues. The cells were dispersed, and the cell walls were partially digested.
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Cellulase from Trichoderma sp. Digestion of the Sliced Section of Green Coffee Beans, The selected cellulase
(1%, from Trichoderma sp.) digestion was carried out for the sliced green coffee beans treated by autoclaving with
ater (121 °C for 10 min). The microscopy obscrvations arc shown in Figure.1. The autoclaving treatment effectively
opped the formation of the brown color, which inhibited the cellulase digestion. The body complexes of the cells
removed by slicing and autoclaving with water, and the cell walls were easily observed. The decomposition of the
walls was recognized as the autoclaving treatment and the cellulase effectively digested the cell walls of the coffee
s, The cell kept their shape without a single cell formation after the autoclaving. The residual cell walls were not
completely digested even by 5% cellulase. In the cell walls without the body complex or residual coffee brew, the
autoclaving with water (121 “C for 10 min) was sufficiently effective for the digestion of the outer cell walls.
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 Cellulase from Trichoderma sp. Digestion of the Boiled or Autoclaved Sliced Section of the Green Coffee Beans
with 0.1 M NaOH. The alkali boiling (0.1 M NaOH, 100 °C for 10 min) and the cellulase digestion produced a
digestion similar to that shown in Figure.1, but the alkali autoclaving (0.1 M NaOH, 121 “C for 10 min) and the
cellulase digestion could produce a finger-pressure breakup in the sliced cell walls of the green coffee beans (Figure.2).
It was found that alkali autoclaving was efficient for the cellulase digestion and the breakup of the cell walls.
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Time Course of the Cellulase from Trichoderma sp. Digestion of the Cracked Green Coffee Beans and Roasted
Coffee Residues. Figure.3 shows the time course of the selected cellulase from Trichoderma sp. digestion for the




alkali-treated cracked green coffee beans and roasted coffee residues. The roasted one was well digested with a yield of
38.5 £ 1.84%, and the green coffee yielded 16.3 * 0.53% within 24 h. The digestion of the roasted coffec beans
was higher than that of the green coffee beans. The green coffee beans contained the body complex and the oil in the
cells as ~50% w/w, and each ratio of the digestion could be estimated to be the dispersed in the reaction mixture, and
cell walls were partially digested and became thinner. The cell walls were collapsed and partially digested, but the
body complex were not digested. The sugar degree of polymerization of the digestion were estimated as 2.2 and 2.5,
respectively. Small amounts of uronic acid were detected. Mannose, galactose, glucose, and arabinose were
continuously released for the digestion. The neutral sugars from the final digestion of the green coffee beans and the
roasted coffee residucs were mannose (33.7 and 48.4 mol %), galactose (23.4 and 24.6 mol %), glucose (26.6 and 18.3
mol %), arabinose (12.3 and 8.6 mol %), and rhamnose (2.0 and 0 mol %).
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Sequential Alkali Treatment and Cellulase Digestion of the Milled and Defatted Powder of the Green Coffee
Beans. The results are summarized in Table 1. The first alkali treatment produced a strong brownish green extraction,
and the treatment effectively dissolved and removed the body complex of each cell. Half the weight was then
solubilized (53.7%) in the result. The subsequent cellulase digested the outer layer of the cell walls. Mannose,
galactose, glucose, and arabinose were found in the supernatant of the digestion. The residues were rich in galactose
and mannose; however, glucose was not detected from the short hydrolyzation (2 h) with 2 M trifluoroacetic acid, but
the long hydrolyzation (24 h) provided the glucose. The second autoclaving with alkali was essential for the effective
second cellulase digestion, but the boiling with alkali could not produce an effective second cellulase digestion. The
second alkali treatment provided arabinose and galactose in the extraction, and the ratio was found to be 1:3.8. The
ratio of the residues was 1:2.5. Boiling with the same alkali concentration also produced arabinose and galactose in
the same ratio. The secondary cellulase digestion caused fractionation of the residual cell walls with only finger
pressure, and the secondary cellulase digestion caused the release of mannose, galactose, and glucose, The final
residue contained mannose, galactose, and glucose. The ratio of arabinose and galactose was 1:3.7. The glucose and
mannose were galactose was 1:17.4. The total extraction and digestion were achieved with the yield of 95.0%.
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Sequential Alkali Treatment and Cellulase Digestion of the Milled and Defatted Powder of the Roasted. Table 2
hows the result of the same sequential procedures used for Table 1 carried out for the milled and defatted roasted
coffec beans. The conditions of the extraction and the digestion were the same as those for the green coffee. The
weight losses in each procedure were similar. The extraction and digestion were achieved in a yield of 96.1%.
nparison of the results of the roasted coffee residues and green coffee beans (Table 1) showed that the general
s were similar. The extractions by autoclaving with 0.1 M NaOH were rich in mannose, but arabinose was not
cted. The first cellulase second alkali extraction, but galactose was found, The arabinose and galactose ratio of the
due after the secondary alkali treatment was 1:2.6. The ratio of the neutral sugar in the final residue was similar to
in the green coffce beans. The ratio of arabinose and galactose in the final residue was also 1:2.6. The glucose and
mannos > were found in the ratio 1:11.6. Xylose was found in the final residues.
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i".!unge in the Cell Walls of Green Coffee Beans by Sequential Treatment of Alkali Extraction and Cellulase
! ion. Figure 4 shows the microscopy photos of the residues of Lhe sequential treatments described above by
ning of toluidine blue O (column A), Yariv reagent (column B), and calcofluor reagent (column C). The cell walls
were completely broken by milling, and the body complexes in the cell were removed to solubilize. The cell walls
only were clearly detected, and the characteristic holes of the cell walls were also detected. The cell walls gradually
became thin by digestion of the cellulase. The characteristic hump junctions of the cell walls were well stained with
all of the reagents. The alkali treatment decreased the staining parts of the cell walls (Figure 4A-2,B-2). The cell wall
ered with a membrane was found afier the first cellulase digestion, and the membrane was well stained by Yariv
ent (Figure 4B-3). The membrane became thin by the extraction of the second alkali treatment (Figure 4B-4). The
al cell walls were further digested by the second cellulase digestion (Figure 4A-5,B-5,C-5). In the final residuc,
cell walls and the membrane became very thin (Figure 5). The cell walls were very casily broken into small pieces
finger pressing (Figure 4A-6,B-6,C-6). The final residue (Figure 4C-5) and the broken pieces of the cell walls
(Figure (A}FC-ﬁ) ug;re stained with calcofluor. The broken pieces of the cell walls were again well stained by Yariy
Teagent (Figure
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- DISCUSSION
- [B%]

The efficient digestion of the cell walls of the green and roasted coffee beans was achieved, and the characteristics of
' the cell walls were investigated. The cell walls are insoluble and thick, and the digestion has been very difficult for a
long time (2, 8, 9). The compositions mainly contain galactomannan, arabinogalactan, and cellulose, but their detailed
characteristics and distributions are not yet clarified (2-10). Their efficient digestion is only slightly known. Especially,
‘the characteristics or the localization of the strong binding of arabinogalactan (protein) and the (galacto)
- mannan-cellulose are important, but not totally known (2-9). We carried out the efficient digestion of the cell walls of
the coffee beans by cvaluating the results of the efficient digestion and extraction of the soybean seeds (15-17). The
 essential cell structures, such as the cell wall, body complex, and oil drop, are similar to cach other, but the single cells
~ could not be found by autoclaving, and the same procedures could not be adapted. However, the cellulase screening
and microscopic observation led us to solve this problem. In the cracked coffee beans and the coffec residues, the cells
-were not completely broken, and the body complexes were not completely solubilized by the autoclaving with alkali.
They remained in the cellulase digestion, and the digestion yields were low. The milling of the coffee beans and the
alkali solubilization of the body complex in the cells were effective for the efficient digestion and observation of the
cell walls. Most of the cells were broken. The contents of the cells, which are body complexes, were easily removed
‘with cell breaking and the alkali treatment. In this experiment, removal of the body complexes was done not by the
 alkaline protease but by the alkali extraction (17). The alkali treatment effectively removed the body complexes or
-~ residual coffee brew (17). The cell walls only were clearly observed. Autoclaving with alkali produced a better
cellulase digestion than boiling in the milled powders and the sliced sections, and the breakup of the cell walls was
observed (Figure 2B and 4).
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- Mannase would be expected for the digestion of coffee beans (25), but the food-processing cellulase from

 Trichoderma sp. was very effective, whereas the other cellulases containing mannase aclivity were not effective. The

- selected cellulase is the same food-processing enzyme found in the efficient in the efficient digestion of the

 Previously reported soybean seeds and soybean milk residues (15-17). The cellulase sowed a strong glycosidase

- ctivity that acted on the raw soybean cells (16). The sugar degree of polymerization of the digestion of the coffee

- beans was also short, and the average was 2.2-2.5 (Figure 4). The cellulase could well act on the xylan or cellulose

- Powder. Konjac mannan could be digested,  but the galactomannan from locust beans of Coretonia siliqua seeds and

‘8um guar were very weakly digested by the cellulase. The cellulase containing a strong mannase activity such as

GMS from Aspergillus oryzae could digest the galactomannan and the konjac mannan, but was not effective for the

 digestion of the coffec cell walls (data not shown), The real key activities of the enzyme for the digestion of the coffee
‘beans were not clear. The main sugar compositions could not always lead to the expected enzymes; thus,  the real




sereening of the enzymes should be carried out (16,17).
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The arabinogalactan protein or arabinogalactan covalently cross-linking proteins was proposed in the coffee beans(2,
6—9).The aJrabinogalactans of the coffee beans are hard to extract (2, 6—9).Redgwell et al. recently reported the
chemical and alkali extractions from the fine milled coffee beans, and the extracted arabinogalactans were positive to
Yariv reagent (8, 9).All of the extractions contained the arabinogalactan protein Al] of the residues of the cell walls in
our examination were also well stained with Yariv reagent, and these stainings agreed with the results of several
stepwise extractions of arabinogalactan (proteins)by Redgwell et al. (8,9).Although the extraction of the strong
adhesive arabinogalactan was repotted to require a strong alkali such as 5 M NaOH or 8 M KOH (2,9,9), dilute
alkali(O.1 M)was enough in our sequential extraction and digestion. However, the strongly binding arabinogalactan
proteins still existed in the residual cell walls (Figure 6);therefore, further localization and its characteristics should
be studied in the future. The outer cellulose-rich layer was first removed in our digestion by cellulose, and then the
naked arabinogalactan protein(Figure 4B-3)could be easily extracted by the second alkali treatment (Figure
4B-4).The second alkali extraction was clearly rich in arabinose and galactose with the ratio of 1:3.8, whereas
mannose was not detected in the extraction. The 1:2.5 ratio of arabinose and galactose was detected in the residue, and
the ratio of the final residuc was found to be 1:3.7 (Tablel). The ratios agreed well with the ones reported by
Redgwell et al, (8,9). The residual cell walls after the first cellulose digestion was well stained, and the membrane
was detected by Yariv reagent (Figure 4B-3)- The inner membrane or the layer could be mainly composed of
arabinogalactan proteins (Figure 4B-3).The fractionated pieces of the final residues were also again well stained by
Yariiv reagent (Figure 6).These results showed that the arabinogalactan proteins also existed in the central deep
regions of the cell walls. The first and second cellulase digestions were well done after the heated alkali treatment.
The arabinogalactan proteins may prevent cellulose digestion. The central parts of the cell walls were strongly
altached to each other and shared with the cell walls of the next cells(Figure 1B).We think that this unique structure
and the compositions could be a reason for no single cell formation. After autoclaving (121 °C, 10 min) with the
dilute alkali extraction was completed, the second digestion by the same cellulase was done again. As a result, the
residual cell walls became very thin, and then a drastic breakup by finger pressing was observed (Figure 4 and 6).
This breaking of the cell walls was also found in the sliced green coffee (Figure 2). The second autoclaving with
alkali would then be effective for the extraction and swelling of the final residues. The boiling with alkali was not
sufficiently effective as described above. A similar effect of autoclaving was found for the primary cell walls of the
soybean digestion. The cellulase could not digest the raw soybean seed because the adhesives in the middle lamella
stopped the cellulase digestion, but the naked single cells formed by autoclaving with water were casily digested
(15-17). The final residues of the coffee beans seemed Lo be the outer part or layer of the residual cell walls (Figures 2
and 4A-6). The final residue of the ceU walls of the coffee beans was not easily hydrolyzed with 2 M trifluoroacetic
acid or | M NaOH; therefore a further analysis should be completed. Arabinose decreased during the roasting (2). It
was noted that the second alkali extraction did not give arabinose in the roasted coffee beans, but the residue had
arabinose and galactose in the ratio of the 1:2.6. The arabinose of the arabinogalactan (protein)-rich membrane
(Figure 4B-3) could be predominantly lost during the roasting (Table 2) (2).
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Most of the glucans in the coffee beans are proposed to be cellulose; its existence was proposed as the
mannan-cellullose in the coffee beans (2). The glucose was rich in the f1rst cellulose digestion after the alkali
treatment. The outer layer of the cell walls was easily digested by the selected cellullase. Staining by the iodide—
H2504 was clearly positive, and the cell walls were swollen with a blue color (22) (data not shown). The residues of
the cell walls were not stained by the iodide—H2S504 method, and the glucose was not detected after the short
hydrolysis (2 h) by the trifluoroacetic acid, but was detected after the long hydrolysis (24 h). Glucose was also
detected in the second cellulase digestion. The glucose was also detected in the final residue; the ratio of glucose to
mnnan was | : 17.4. This result could indicate the existence of glucogalactomannan, but the calcofluor staining was
clear in the residues of all treatments of the final residues (Figure 4C). The cellulose of the residual cell walls
remained after the final cellulase digestion. These results would be due to the structural localization of the cellulose.
The glucose could be from the mannan-cellulose. Layers or unique structures may exist. The cell walls of the coffee
are composed of multiple mannan layers by the staining with the mannan antibody as done by Redgwell et al. (8).
Qur results agreed with their results. The results showed that there were at least four kinds of layers in the cell walls.
The layers of the cell walls were composed of galactomannan-cellulose in the central deep part, which was very
tightly bound to the next cell wall, the covering arabinogalactan protein layer or membrane, the cellulose-rich
galactomannan as the outer layer, and the outer layer was again covered with arabinogalactan-protein (8). Plants are
organically structured carbohydrates proteins, and so on (26). The complete structural and compositional
understanding or their uses is difficult. Information about the chemical composition is essential for digestion or use,
and the microscopic observations and the screening of the enzymes are assessment important tools. The efficient
digestion of the cell walls of the coffee beans would be useful for the high extraction of a coffee brew or usc of the
residue of the roasted coffee (8, 12, 13). Exploring the food functions (14) of the digested galactomannan of the
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 coffec beans would be possible using our results.
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Synthesis of high purity nano-sized hydroxyapatite powder by
microwave-hydrothermal method

74 7 aEREFEICLAMEOENS /A4 X FuXxo 7824 FOAH

- Nano-sized hydroxyapatite powders were synthesized by a microwave-hydrothermal method using H;PO, and Ca
- (OH), as starting materials in a closed-vessel microwave device at 600 psi and 300 point for 30 min.

The applied microwave powders and mole ratio of Ca/P served as powerful factors in the synthesis of calcium
phosphate. In the case of relatively low microwave power of 450W and Ca/P ratio of 1.57, mixed calcium phosphate

compounds such as Ca (OH),, CaHPO, and HAp were detected in the synthesized powders.

But in the casce of running at S50W, 1.67, synthesized powder showed the monophase of HAp having two kinds of
- morphologies. One was a needle shape with 4-15 nm in width and 20-50 nm in length, and the other was a spherical

shape of 10-30 nm in diameter.

The purity of nano-sized HAp powder was determined as 99.995% by ICP-MS.
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Fig. 2. XRD pattems of HAp powders depending on the Ca/P ratio at 550W
microwave irradiations: (a) 1.17, (b) 1.37, (c) 1.47, (d) 1.57, (e} 1.67 and (f)
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Fig. 3. XRD pattemns of HAp powders depending on the Ca/P ratio at 650 W
microwave imradistions: (a) 1.17, (b) 1.37, () 1.47, (d) 1.57, (c) 1.67 and (D)
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Fig. 4. TG/DTA thermogram of HAp powder synthesized by microwave diges-
tion system.
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Fig. 5. FT-IR spectra of (a) DCPA and (b) HAp powder synthesized by
microwave digestion system.
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Fig. 6. TEM images of (a) needle shape and (b) spherical shape of HAp powder.
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jano-sized hydroxyapatite (HAp) powders were synthesized by a microwave-hydrothermal method using HsPO; and Ca(OH), as starting
erials in a closed-vessel microwave device at 600 psi and 300 °C for 30 min, The applied microwave powers and mole ratio of Ca/P served as
erful factors in the synthesis of calcium phoaphate. In the case of relatively low microwave power of 450 W and Ca/P ratio of 1.57, mixed
sium phosphate compounds such as Ca(OH),, CaHPO, and HAp were detected in the synthesized powders. But in the case of running at 550 W,
1, synthesized powder showed the monophase of HAp having two kinds of morphologies, One was a needle shape with 4=15nm in width

50 nm in length, and the other was a spherical shape of 10-30 nm in diamete:, The purity of nano-sized HAp powder was determined as

iniroaucaon

Calcium phosphates have many kinds of derivates accord-
0 the mole ratio of Ca/P and surrounding conditions.
e are monocalcium phosphate monohydrate (MCPM,
1P04)2-(H20), Ca/P molar ratio=0.5), dicalcium phos-
i¢ dihyrate (DCPD, CaHPOy4-2H,0, Ca/P = 1.0), dicalcium
5P anhydrate (DCPA, CaHPO4, Ca/P=1.0), calcium
sphate (CPP, Ca;P,0;, Ca/P=1.13), a-tricalcium
B-tricalcium  phophate (a-/B-TCP, Ca3(POy4)z,
P=15), tetracalcium phosphate (TTCP, Cas(P04),0,
F=2.0) and hydroxyapatite (HAp, Cajo(POs)s(OH),
"= 1.67, hereafter described as HAp). Among them, HAp
e of the most attractive calcium phosphates and used as
lical application such as restorative dental and orthopedic
dants because of its close resemblance to the natural bones
teeth, its good bioaffinity and enhancement of osseo-
gration [1-3). But it is difficult to make the high purity
P because of calcium phosphates have many derivates and
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the synthesis of calcium phosphates strongly dependent on the
reaction conditions. Therefore, many kinds of HAp synthesis
methods such as acid-base reaction, precipitation, hydrother-
mal method and sol-gel method have been introduced [4-8].
Generally, these commercial methods have some problems
induced by long time-consuming, tedious work, low quality
control and chemical contamination.

One approach to overcome these drawbacks is the
microwave-hydrothermal method, which enables to synthesize
the ultra fine and high purity powders for shortening working
time [9,10]. This method has some advantages such as heat-
ing throughout the media, rapid heating, fast reaction, high
yield, excellent reproducibility, narrow particle distribution,
high purity and high efficient energy transformation [11-15].
When the microwave irradiation is applied in the closed-vessel
microwave device, microwave induces the rotation and migra-
tion of materials having dielectric property and molecular dipole
moment [15]. By microwave absorbing the inside of reaction
vessel enabled to generate simultaneously at high pressure over
600 psi as well as high temperature over 300 °C for several sec-
onds. Hence, the reaction rate was dramatically enhanced due to
the increase of collusion among the individual reactants [15-17].
The microwave heating can enable to heat homogeneously both




- and the surface of materials because of the microwave
ransfers to the thermal energy by collision between rotat-
rerials. Therefore, the microwave heating can reduce the
| stress and the temperature gradient in heated materials
cient than that of the general heating process [18-20].
is work, HAp powders were synthesized from phosphoric
4 calcium hydroxide using the microwave-hydrothermal
4 The formation of HAp depending on the microwave
s and the Ca/P ratios were carried out. Moreover, there
o previous papers on the synthesis of nano-sized HAp
microwave-hydrothermal method. To clearly understand
ess of synthesis reaction, the Ca/P ratio, purity and crys-
giure of HAp powders were measured by ICP-MS, FT-IR
RL).

perimental procedure

ing materials used for HAp synthesis were calcium hydroxide
b, Aldrich Chemical, 99.995%) and phosphoric acid (85.0-87.0%
.;. ongwoo Fine Chemicals, clectronic grade). The microwave-
«mal system for synthesis was performed in a commercial instrument
D microwave labstation, Milestone, Italy), which is generated with
lof output power by dual magnetron device and uses a 2.45 GHz fre-
'microwave radiation. When the operating powers are automatically
4102501000 W by Windows®-based control software, internal temper-
d pressures in closed synthesis vessel are also monitored 85-300 °C,
Ipsi, respectively. Reactants are weighed in molar ratio of 1.17-1.77
amounts of calcium and phosphorus in each sample were presented
: |. Weighed samples were transferred in the closed-vessel microwave
by perfluoralkoxy (PFA) Teflon and 3 ml of deionized water was
[hese vessels were capped, sealed and heated by the microwave irradi-
5-10min. To synthesize the nano-sized HAp powders, the first step
-up process generated at 250 W for 2 min, the second step is a
n process generated at 250-650 W for 4 min, and the final step is a
ess for 20 min. After finishing the synthesis of HAp, both the elim-
residuals in products and the crystallization of powders were carried
nwave heating process at 250 W for 3 min.

Ca/P ratio and impurity of synthesized HAp powders were determined
Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES,
3000, Perkin-Elmer, USA) and Inductively Coupled Plasma-Mass Spec-
(ICP-MS, Elan 6000, Perkin-Elmer, USA), respectively. To evaluate the
2l groups of samples, FT-IR: spectra were performed using KBr pellets
R spectrometer (Model 580, Perkin-Elmer, USA), The thermal analysis
d HAp powders were carmied out using TG/DTA (SDT Q600, TA
nts) between room temperature to 1300 °C in argon at a heating rate of
in~!, The crystal structures of samples were identified by X-ray diffrac-
250, Rigaku). The morphology and microstructure of HAp pow-
estigated using SEM (JSM-635F, Jeol) and TEM (JEM-2010, Jeol).

ults and discussion
L | shows X-ray diffraction pattems of synthesized pow-
Sing Ca/P molar ratio of 1.67 depending on the microwave

25, In the XRD pattern of the powders after microwave
1on at 250 W for 4 min, in Fig. 1(a), the crystal structure

Sents of starting materials

L17 1.37 1.47 1.57 1.67 .77

n 0400g 0400g 0400g 0400g 0400g 0400g
(B5%) 0.533g 0455g 0424g 039g 0373g 0352g
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Fig. 1. XRD patterns of HAp powders depending on the microwave energies:
(a) 250 W, (b) 350 W, (c) 450 W and (d) 550 W.

was detected with mixed phases of Ca(OH)z, CaHPO4 and HAp.
When the microwave energy was increased at 350 and 450 W,
in Fig. 1(b) and (c), dicalcium phosphate anhydrate (DCPA,
CaHPO4) phase was remarkably increased while Ca(OH); phase
was reduced inversely. But small amount of HAp phase existed.
In the case of Fig. 1(d), irradiating microwave energy at 550 W
for 4 min, only one phase of HAp existed and CaHPO4 peaks
were not detected.

Fig. 2 shows XRD patterns of HAp powders depending on
the Ca/P ratios at 550 W microwave irradiation for 4 min. In the
case of powder with Ca/P ratio of 1.17, in Fig. 2(a), the crystal
structure of powder was detected with only phase of the dical-
cium phosphate anhydrate. As Ca/P ratios increased with 1.37 to
1.57,in Fig. 2(a)~(d), HAp phases appeared although dicalcium
phosphate phase still existed up to Ca/P ratio of 1.57. However,
synthesized powder with Ca/P ratio of 1.67, inFig. 2(e), detected
only HAp phase without CaHPQj4 peaks. In the case of Fig. 2(f),
Ca/P ratio of 1.77, HAp peaks were mainly detected and a small
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Fig. 2. XRD pattemns of HAp powders depending on the Ca/P ratio at 550 W
microwave irradiations: (a) 1,17, (b) 1.37, (c) 1.47, (d) 1.57, (e) 1.67 and (f)
1.77.
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(RD pattermns of HAp powders depending on the Co/P ratio at 650 W
ave irradiations: (a) 1.17, (b) 1.37, (c) 1.47, (d) 1.57, (e) 1.67 and (f)

of CaHPO4 as the remainder of synthesis existed due to
of calcium contents.

shows XRD profiles of synthesized powders at 650 W.
of HAp synthesis by microwave digestion system
i a similar pattern of results of Fig. 2. As a result, we
derstand that the output power of microwave for HAp
ssis is required to be above 550 W and also is necessitated
ometric control of the Ca/P ratio of 1.67 in the starting
4 shows the TG/DTA thermogram of HAp powder syn-
d by microwave digestion system. In the TG curve, the
was not detected and the percent of weight loss was
¢ ased by 8.5% at total measured temperature ranges,
indicated its thermal stability. In the DTA curve, no other
hermic and exothermic peaks up to 1100 °C were detected
¢ most of HAp powder did not decompose with other
L An endothermic peak was detected at 1150°C, which
ated to the phase transformation of HAp into the B-
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Fig. 5. FI-IR spectra of (a) DCPA and (b) HAp powder synthesized by

microwave digestion system.

Fig. 5 shows the FT-IR spectra of DCPA/HAp powders syn-
thesized by microwave digestion system. As shown in Fig. 5(a),
the bands due to the PO stretching were absorbed strongly
at 1030 and 563 cm™!. The wide band near 2360cm™! was
obtained for PO-H stretching, while the band at 895 cm™" was
due to P-O(H) stretching. The broad band of O-H stretching in
the DCPA powder appeared near 3100 cm ™! and then the band of
absorption at 1390 cm™~" was corresponded to the O-H in plane
bending. According to the absorbing water, the O-H stretching
appeared near 3530 cm™" as a split band and the H,O bending
was detected near 1660 cm™!. The IR spectrum of HAp powder
shows Fig. 5(b). The peaks at 1040, 602 and 555 cm™ 1 were
corresponded to the PO43~ bending mode and the peaks at 3570
and 3420 cm ™! were assigned to the O-H vibration mode.

Fig. 6 shows TEM images of HAp powders synthesized by
microwave digestion system. On the agglomerated particles,
HADp particles show two types of the morphologies. In Fig. 6,
there are the needle and spherical shapes. The size of the needle
shape is about 4-15nm in width and 20-50 nm in length. The
inserted electron diffraction pattemn shown in Fig. 6(a) and a
sharp ring pattern as well as a diffused ring pattern. This obser-
vation indicates that HAp nanopowder was comprised of an
amorphous and crystal phase. In Fig. 6(b), most HAp powders
were seen with a nano-sized needle shape but a small amount of
it was seen with a nano-sized spherical shape about 10-40nmin
diameter. In the inserted electron diffraction pattern, the sharp
ring pattern including many spots was observed because the HAp
powders with the spherical shape existed with fine sized crystals.
But the diffused ring is due to the existence of the amorphous
HAp phase.

For the purity determination of synthesized HAp nanopow-
der, concentrations of impurity were determined by ICP-MS.
The results of quantitative analysis are shown in Table 2. From
the results, we can confirm that HAp powders synthesized by
microwave-hydrothermal method were obtained with the ultra
high purity HAp powders with impurity below 50 ppm (0.005%).
The microwave-hydrothermal method is a very unique and use-
ful to synthesis the calcium phosphates despite the dependency

on the output of microwave, irradiation time and Ca/P molar




J.-K. Han et al. / Materials Chemistry and Physics 99 (2006) 235-239

Fig. 6. TEM images of (a) needle shape and (b) spherical shape of HAp powder.

Jysis determined by ICP-MS (unit: ppb)
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7267
220.3
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3330
579.6
3738
487.7
1348
165.2
130.5
ND
16.6
6.4
11980
8.8

14.3
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7.3
0.3
6.9
0.5
5006
5.6
1341
ND
L5
138.3
32
ND
ND

42009.9

0.004%

ratio. In improving the time-consuming reaction and low qual-
ity of HAp synthesized by common methods, 2 microwave-
hydrothermal method is considered.

In this work, the ultra high purity of HAp powder was synthe-
sized by microwave-hydrothermal method without the separa-
tion step and the purification steps. Moreover, the total reaction
time of in situ reaction was dramatically reduced within the
30 min: 7 min of reaction, 3 min of drying and 20 min of cool-
ing. In the reaction vessel, Ca(OH), as a starting material is
mixed with H3PO4. By applying microwave irradiation, the tem-
perature and pressure is rapidly increased for several seconds
at 300°C, 600 psi, respectively. The dissolution and reaction
rate are also increased due to the increase in the number of
collision and the decrease the Gibbs free energy. But calcium
compounds such as CaCO3 (Ksp=5 x 10~%), CaC;04-2H,0
(Ksp=2.34 x 10~7), CaSO4 (Ksp=7.1 x 10~5) and Ca3(POy4)»
(Ksp=2.07 x 10-33) become less soluble as the temperature
increases. Hence, products of reaction are fast precipitated in
the water. The solubility and the reaction rate of reactants such
as Ca(OH), CaHPOy, are increased. Finally, the reaction of HAp
synthesis is finished within 10 min.

4. Conclusion

The nano-sized hydroxyapatite (HAp) was successfully syn-
thesized by a novel method using the microwave digestion
system. The synthesis of HAp was strongly dependant on the
experimental parameters such as the applied microwave powers
and mole ratio of Ca/P. Optimal conditions of HAp synthesis
were selected as Ca/P ratio of 1.67, 550 W of microwave energy
and 4 min of reaction time. In the initial reaction step, CaHPO4
was obtained as an intermediate from H3POy4 and Ca(OH); and
then the intermediate reacted with dissolved ions during the reac-
tion. Finally, the monophase of HAp powder was obtained. HAp
particles consisted of the needle and the spherical shape, The
needle shape is about 4-15 nm in width and 20-50 nm in length,
and the spherical shape is about 10-30 nm in diameter. The total
impurity of HAp synthesized was determined as nearly below




gppm (0.005%) by ICP-MS. Therefore, microwave digestion
vstem is one of the attractive methods for HAp synthesis with
jgh purity and ultrafine size.
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Coffee carbohydrates
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This review summarises recent advances in the chemistry, physiology and molecular properties of coffee carbohydrates with a
particular focus on the cell wall polysaccharides. The results of detailed chemical studies have demonstrated novel structural
features of both the galactomannans and the arabinogalactan polysaccharides of the green and roasted coffec bean. For the
first time immunological probes based on monoclonal antibodies for specific polysaccharide epitopes were used to reveal the
patterns of distribution of the galactomannans, arabinogalactans and pectic polysaccharides in the coffee bean cell wall. Finally,
the results of physiological and molecular studies are presented which emphasise the growing awareness of the potential role
the metabolic status of the green bean may play in final coffee beverage quality.

Key words: Coffea. cell wall, beverage quality, seed.

Carboidratos do café: Este artigo sumariza os mais recentes desenvolvimentos nas dreas de quimica, fisiologia e propriedades
moleculares dos carboidratos do café, com um particular interesse nos polisacarideos presentes nas paredes celulares. Os
resultados dos estudos quimicos detalhados demonstraram novas caracteristicas estruturais tanto nos galactomananos como
nos polissacarideos dos arabinogalactanos do grio de caf¢ verde ou torrado. Pela primeira vez, estudos imunolégicos bascados
em anticorpos monoclonais foram usados para revelar a distribuigdo dos galactomananos, dos arabinogalactanos e dos
polissacarideos pectidicos na parede celular do grio de café. Finalmente, os resultados dos estudos fisiolégicos ¢ moleculares
sdo apresentados de maneira a sublinhar a influéncia do status metaboélico do grio verde do café na qualidade final da bebida.
Palavras-chave: Coffea. parede celular, qualidade da bebida, semente.

INTRODUCTION development. However, to date there is very little published

The importance of carbohydrates in coffec can be
attributed to not only their high concentration in the bean but
also to the complex changes they undergo during the roasting
process which contribute to the organoleptic appeal of the
coffee beverage. In this review we will focus on the coffee
carbohydrate literature of the last 5 years. Before this time,
an excellent summary of coffee carbohydrates was reported
in the volume, “Coffee, Recent developments™ (Bradbury,
2001). It included a detailed report of the low molecular
weight sugars in green and roasted coffee beans of many
varietics of Arabica and Robusta, which will not be repeated
in the present review. In the last few years interest has grown
in the physiology and biochemistry of green coffee bean
development and the role this could play in coflee quality.
This includes work to understand sugar metabolism in
coffee in relation to sink-source relationships during bean

literature relating to the carbohydrate physiology of coffee.
‘What there is will be covered in the present review but of
necessity the major focus will be the polysaccharides of
the coffee bean cell wall, where significant advances in
understanding their chemistry, biochemistry and distribution
within the endosperm have been made in the last 5 years.

Carbohydrate status of developing grains

Free sugars: The driver for coffee research has been to
consider the various components of the coffee grains as
potential precursors of coffee beverage flavour and aroma.
Whether focusing on the low molecular weight sugars or
the polysaccharides, the great majority of such studies have
been done on the mature grains of Arabica and Robusta
coffee. There is a lack of information on the evolution of
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the carbohydrate profile of the grain during its growth and
development and the postharvest stages of bean processing.
.-_' e metabolic status of the green bean at these stages will
affect the final chemical composition of the mature green
ppean and the influences which modulate this metabolic status
are factors which impinge on coffee bean quality.

Rogers et al., (1999) conducted a study of the changes
to the content of sugars, and sugar alcohols in developing
grains from varicties of Robusta and Arabica. The grains
were harvested between 12-30 weeks after flowering (WAF)
for Arabica and 18-40 WAF for Robusta. In the carly stages
of development, up to the halfway stage of maturation,
glucose and fructose were the major free sugars with glucose
consistently twice the concentration of fructose. Glucose
levels were higher in the Arabica varieties (between 8-12 %
dry weight) than in Robusta (2-4 % dry weight). At the end
of grain development concentrations of glucose and fructose
‘had decreased for both species to 0.03 and 0.04 % dry weight
respectively, while sucrose at 5-12 % of the dry weight was
essentially 100 % of the total free sugars in mature grains.

A more detailed analysis in one variety of Arabica was
done by separating the perisperm tissues from the endosperm
::I d analysing the free sugar concentration in each. The
_igher concentrations of glucose and fructose compared
1o sucrose in the early stages of development were always
' sociated with perisperm tissue. In the endosperm even at
: e earliest stages of maturation, sucrose was the dominant
The authors speculated that the catabolism of sucrose
in the perisperm would be consistent with the requirement
by the tissue for an increase in osmotic pressure to enable
'-'.. th the initial expansion within the locular space and a sink
’_ ction.

Results of the analysis of sugar alcohols (mannitol)
an¢ oligosaccharides (raffinose, stachyose) did not show
any discernible trend that would indicate fundamental
Cthanges to the metabolism of these compounds during grain
development.

- Another recent study (Geromel et al., 2004) investigated
the biochemical and molecular characterisation of sucrose
Synthase (Susy EC2.4.1.13) and invertase during coffee
bez development. The objective of this work was to under-
Stand sugar metabolism in coffee in relation 1o sink-source
elationships during bean development. To this end they
E" easured the sugar concentrations and activities of the two
‘Enzymes in the pulp, perisperm and endosperm from Coffea
arabica at stages of bean development. Susy was more active
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than invertase functioning more towards sucrose degradation
than synthesis. This was supported by the fact that no expres-
sion of invertase-encoding genes was observed in any of the
tissues tested. The Susy activity peaked in the final stages of
perisperm development suggesting that the tissue played a
role in controlling bean size and in the build up of sugars in
the green bean. At the molecular level 2 cDNAs were cloned
encoding Susy isoforms which showed differences in their
spatial and temporal expression in coffee fruits.

The importance of seed metabolism during postharvest
processing methods as it relates to coffee quality has been
emphasised by Mazzafera and Purcino (2004). They drew
attention to the postharvest physiology of the coffee bean
and described changes to several groups of metabolites,
including the carbohydrates, which are likely to be influenced
by the nawre of the postharvest processing methods. Just
to what extent the final beverage quality is influenced by
the metabolic status of the bean at harvest has vet to be
determined but it remains an area which needs more attention
from coffee researchers.

Polysaccharides: The polysaccharides which make up ~50
% of the green bean’s dry weight, consist of three major
types: mannans or galactomannans, arabinogalactan-proteins
(AGPs) and cellulose. In addition, there are small amounts of
pectic polysaccharides (Redgwell ct al., 2002a) and recently
xyloglucan was also shown 1o be present (Oosterveld et al.,
2003).

Galactomannans: 1f there is little information on the biosyn-
thesis of free sugars during coffee bean development there is
even less on the biosynthesis of the cell wall polysaccharides.
Nevertheless, with the advent of molecular techniques there
is now heightened interest in the mode of biosynthesis of
coffee cell wall polymers. This is particularly pertinent in
relation to the galactomannans, the solubilisation of which
is a critical factor in determining the yield of soluble coffee
powder during commercial extraction (Clifford, 1985). Cel-
lulose apart, the most resistant polymers to solubilisation are
the galactomannans. One of the principal determinants of
galactomannan solubility is the frequency of substitution of
the mannan backbone with galactose residues. In theory an
increase in the degree of galactosylation of the mannans may
increase the degree of solubilisation of the galactomannans.
In order to manipulate the final structure of the ga-
lactomannans it is necessary to understand the metabolic
steps involved in their synthesis. In particular, what are the
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crucial steps which dictate the final degree of galactosyla-
tion? It is known that in some plants, the final degree of
galactosylation is determined by the action of an a-galac-
tosidase which cleaves galactosyl residues from the prima-
ry synthetic product. If such a mechanism operated in the
coffee bean, then down regulation of the a-galactosidase
gene could result in coffee beans with a higher Gal/Man
ratio. Fischer et al. (1999) determined the monosaccharide
composition of coffee bean cell walls 12, 17 and 29 WAF
and reported that early in development the galactomannans
were more highly substituted than at maturity. In a more
detailed study Redgwell ct al. (2003), isolated and charac-
terised galactomannans from the endosperm of coffee beans
11,15, 21, 26, 31 and 37 WAF. At the carliest stage of de-
velopment the galactomannans accounted for ~10 % of the
polysaccharides but were highly substituted, with Gal/Man
ratios between 1:2 and 1:7. At maturity the galactomannan
became the predominant polysaccharide accounting for ~50
% of the total endosperm polysaccharides but their degree
of substitution decreased with Gal/Man ratios between 1:7
and 1:40. The decrease in the Gal/Man ratio of the galacto-
mannans commenced between 21 and 26 WAF and was in

- synchrony with a rise in free galactose. It was concluded
that the final Gal/Man ratio was to an extent the result of

- galactose removal from the primary synthetic product by an
a-galactosidase.

Other polysaccharides: Of the other polysaccharides in the
coffee bean cell wall little has been reported on the subject
of developmental changes to their structural features. In the
same study which reported developmental changes to the
galactomannans (Redgwell et al., 2003) data was published
for the monosaccharide composition of the cell wall material
at different stages of development (table 1). Making the

reasonable assumption that the arabinose and galactose are
derived mostly from the arabinogalactans and the rhamnose
and galacturonic acid are structural components of the pectic
polysaccharides, some discernible trends can be deduced
for the structural features of these polymers during grain
development.  The Gal/Ara ratio of the arabinogalactans
in the earliest stage of growth was 1.3:1 but this gradually
increased during grain growth and reached 2.6:1 at maturity.
In addition, at the earliest growth stage the arabinogalactan
accounted for ~50 % of the total polysaccharides but this
decreased to 34 % in the mature grain.

In the case of the pectic polysaccharides the endosperm
of the youngest growth stage contained ~20 % of its weight
as pectic polymers, which dropped dramatically in the mature
grain (~4 %). This is to be expected, as the earliest formed
layer during the period of rapid growth and cell division is
the cell plate, which is rich in pectic polymers.

In summary during growth and development of the
coffee bean cell wall there is a progressive change in
both the relative content of the different polysaccharide
types and their structural features. At the carliest stages
of growth, cellulose and arabinogalactan appear to be the
primary products of cell wall synthesis with the former the
predominant polysaccharide (Fischer et al., 1999). During
the middle stages of growth, cellulose synthesis appears to
cease and there is a progressive increase in mannan synthesis
relative to the other wall polysaccharides as the grain
approaches maturity. The close stereochemistry of cellulose
and mannan prompts the speculation that perhaps the same
catalytic membranes, which lead to cellulose synthesis, are
also involved in mannan synthesis later in the growth of the
endosperm with the additional intervention of an enzyme
capable of interconverting GDP-mannose and GDP-glucose
such as GDP-mannose-2-epimerase,

Table 1. Monosaccharide composition of alcohol-insoluble residue from coffee bean endosperm at several stages of

development
WAF Monosaccharide composition (mole %)

Rha Ara Xyl Man Gal Gle GlcA GalA
11 3.7 18.9 1.9 93 239 21.7 6.6 14.0
15 3.7 17.5 3.0 13.4 25.7 20.8 4.7 11.0
21 1.7 14.7 0.5 19.6 331 21.7 33 53
26 0.5 10.1 04 37.0 277 18.2 24 3.6
31 0.5 8.9 1.1 454 230 15.9 2.1 32
37 0.6 9.1 1.0 45.6 23.2 157 19 3.1

(Redgwell et al., 2003)
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Molecular and biochemical characterisation of polysac-
- charide modifying enzymes

Once the function and expression of the enzymes
responsible for the biosynthesis and breakdown of coffee
- polysaccharides is understood, targeted manipulation of the
- morphological properties of the bean becomes a realistic
- proposition. To date there has been little published data
on the biochemical or molecular characterisation of the
endogenous enzymes governing polysaccharide metabolism
~ in the coffee bean. Those that have been targeted include
endo-f-mannanase and w-galactosidase, two enzymes which
- mediate changes to the galactomannans. Biochemical studies
-involving endogenous enzymes of coffee, which specifically
promote metabolic changes to the arabinogalactans, have not
been reported.
! The galactomannans play a dominant role in the physi-
~ cochemical properties of the coffee grain, a major factor
 influencing industrial extractability. The two major enzymes
concerned with modification of the galactomannans are a-
~ galactosidase and B-(1—4) endo-mannanase. Both have
been fairly well characterised in relation to their biochemical
- and molecular propertics. Zhu and Goldstein (1994) reported
the cloning and functional expression of a cDNA encoding
coffee bean a-galactosidase and demonstrated that the en-
zyme had a preference for a-1,3- and 1,4-glycosidic link-
ages. If, as the results of Redgwell et al. (2003) suggested,
- u-galactosidase is involved in the determination of the final
galactose content of coffee endosperm galactomannans, then
potentially, coffee plants transformed by down regulation
of the a-galactosidase gene could contain galactomannans
with a higher degree of substitution than the wild type. The
~ opposite effect has already been demonstrated by Joersbo et
al. (2001), who cloned and transformed the a-galactosidase
gene expressed in immature senna seeds into a species of
guar (Cyamopsis tetragonoloba). Approximately 30 % of the
guar transformants produced endosperm with galactoman-
nans where the galactose content was significantly reduced.

Until recently reports on endo-B-mannanase activity
in coffee grains were limited to two studies. Dirk ct al.,
(1995) reported multiple isozymes of the enzyme in dry and
imbibed seeds while Giorgini and Comoli (1996) measured
the effect of growth regulators on the activity of the enzyme
during germination. The first molecular characterisation
was reported by Marraccini et al. (2001) who cloned and
sequenced two endo-f-mannanase ¢cDNAs (man A and
man B) from germinating coffee grains (Coffea arabica L.).
Northern hybridizations with man A- and man B-specific
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probes showed that mRNA transcripts for both ¢DNAs
were present during the same periods of bean germination,
with expression peaking 20 days after imbibition of water.
Activity and mRNA levels appeared to be tightly coordinated
and unlike the reports of Dirk et al. (1995) they stated that
enzyme activity did not exist in grains prior to germination,
Thus, transcripts of the enzyme were not detected during
grain maturation or in other tissues of the plant (roots,
leaves, stems, flowers). The enzyme showed no activity with
munnotriose or mannobiose and required oligomers with at
least 5 or more units for maximum efficiency.

Despite the obvious potential to manipulate the physico-
chemical properties of coffee beans by using transformation
technology, which can change the polysaccharide structure of
the grain cell wall, it is unlikely that the approach will yield
any significant benefits to the coffee industry in the short
to medium term. Primarily this is because the relationship
between genetically induced changes and the biochemistry,
physiology and quality traits of the coffee bean is far from
being elucidated. In addition, since the FLAV SAVR tomato
became the first genetically engineered whole fruit to become
commercially available, the application of biotechnology in
agriculture has been intensively discussed, and consumer
polls, particularly in Europe, have shown a general ambiva-
lence and some hostility in attitudes (Schibeci et al., 1997).

Chemistry of the polysaccharides

Advances in our knowledge of the chemistry of coffee
bean polysaccharides during the last 5 years has focused
primarily on claborating the detailed structural features of
the arabinogalactans and the (galacto)-mannans. Some ad-
ditional information has also been revealed on the structural
features of the pectic and hemicellulosic polysaccharides.
The availability of a range of immunological probes, which
are specific for certain epitopes of the polysaccharides has
permitted localisation studies to reveal additional informa-
tion on the architecture of the coffee bean cell wall. To date
there has been no published work on the characteristics of
coffee cellulose.

Arabinogalactans: Several structural studies have revealed
that the type I arabinogalactans in the coffee bean consist
for the most part of a backbone of § —(1—3) - linked galac-
tosyl residues, substituted at intervals in the 0-6 position with
various combinations of arabinosyl and galactosyl residues
(Bradbury, 2001). Redgwell et al., (2002a) reported two
important additional picces of structural information. Firstly,
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that the polysaccharides carried a negative charge due to the
presence of up o 10 % of their structure as glucuronosy!
residues which occurred as non-reducing terminal units on
a 16 linked galactosyl side chain. Secondly, all or some
of the arabinogalactans arc in fact arabinogalactan-proteins
(AGPs). The existence of a covalent link between the arabi-
nogalactan moiety and protein was premised on the contin-
ued association of carbohydrate and protein during purifica-
tion, the positive reaction to the B-glucosyl-Yariv reagent and
the amino acid composition of the protein moiety which was
hydroxy-proline rich, a characteristic of many reported AGPs
(Clarke et al., 1979). The protein content of three different

- AGP fractions isolated from Arabica Yellow Caturra was 0.4,

1.1 and 1.9 %. The AGPs were shown to exist in several vari-
eties of both Arabica and Robusta coffee beans.

Previous studies characterised coffee arabinogalactans,
whichrepresented only fractions of the total cell wall polymer.
This can be attributed to the fact that the arabinogalactans
arc not readily extractable from green beans despite the fact
that they and AGPs in general are extremely water-soluble.
Bradbury and Halliday (1990) used 20 % NaOH at 100°C to
extract arabinogalactan from green beans and reported that 45
- % remained in the insoluble fraction. Fischer et al. (2001 a,b)
- used a sequence of extractants, which included 8M KOH

- and NaClO, with similar results. Oosterveld et al., (2003)
used water, EDTA and 4 M NaOH and released less than
10 % of the polysaccharides. Bradbury (2001) speculated
that the insolubility of coffee arabinogalactan was evidence
that it was covalently linked to a less soluble component of
~ the cell wall (e.g. cellulose or mannan). However, a second
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possibility is that the compact structure of the coffee cell wall,
which is made up mostly of the insoluble polymers cellulose
and mannan, entraps much of the AGP within its structure,
rendering it effectively insoluble. Evidence to support this
idea was provided by Redgwell et al. (2002a) who were able
to solubilise almost all the AGPs in green beans by treating
the insoluble residue remaining after 8 M KOH treatment
with a mixture of cellulase and mannanase enzymes. The
8 M KOH treatment was necessary to render the mannan/
cellulose polymers more susceptible to the enzymes and
probably did this by causing the cellulose/mannan fibrils to
swell, making them more accessible substrates.

Redgwell et al. (2002a) reported that the AGPs existed
as an extremely heterogeneous mixture containing between
6-10 % glucuronic acid and possessing a Mw average of
~650 kDa. The heterogeneity related particularly to their de-
gree of branching and monosaccharide composition of their
side chains. Five different AGP fractions were isolated with
Gal/Ara ratios which varied markedly. For Arabica Caturra,
Catimor and Sarchimor the Gal/Ara ratios ranged from 0.9 (o
3.1, 1.5 10 3.2 and 1.2 t0 3.0, respectively. For Robusta Indes,
Conillon and Ivoire the values were 0.9 to 3.1, 1.1 t0 3.0 and
0.9 to 3.1, respectively. The putative structural features of the
major arabinogalactan fraction which was liberated only fol-
lowing enzyme treatment of the insoluble residue of CWM
isolated from Arabica Yellow Caturra, is given in figure 1.

The wide heterogeneity of coffee arabinogalactans
supported the earlier findings of Fischer et al. (2001a,b)
which reported that Robusta contained a highly soluble ara-
binogalactan which possessed more branch points and more
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Figure 1. Possible structure of arabinogalactan moiety of coffec AGP (Redgwell et al.. 2002a).
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ended side chains than those found in Arabica and argued
hat this may be the reason why the arabinogalactans from
Robusta are more easily solubilised than those of Arabica.

Galactomannans: The galactomannans arc the predominant
components in the coffee bean cell wall accounting for 50
9% of the polysaccharides. Recent research has provided
rmation on the degree of galactosylation of the mannans,
the presence and distribution of other substituents (e.g.
acetyl groups), the possibility that other sugar residues exist
n the primary structure of the molecule (e.g. arabinose and
glucose) and the location of the mannans in the endosperm
of the cell wall.

Coffee bean mannan consists for the most part of linear
thains of (31->4-mannosyl residues with single galactose
units a-linked at C-6 of a mannosyl residue. The literature
eports  wide-ranging degrees of substitution from 47:1
olfrom and Patin. 1961), 130:1 (Bradbury and Halliday,
1990), 30:1 (Fischer et al., 2001a), 1:7 and 1:40 (Redgwell
e al.. 2003) and 3:1 and 9:1 (Qosterveld et al., 2004). It
ikely that the mannan molecules in coffee consist of a
eterogencous mixture of substituted and unsubstituted
polymers but definitive data on the exact nature of this
nixture is not available. One of the reasons for this is that
t of the linkage analyses for coffec mannans have been
one only on fractions of the total wall mannan, usually
¢ which can be solubilised by various forms of solvent
firaction. Invariably they consist of the more galactosylated
actomannan fractions which are more readily soluble than
_ less substituted molecules which remain in the insoluble
sidue. This is confirmed by the study of Redgwell et al.,
003) where almost all the mannan was solubilised from
ldture grains by a combination of chemical and enzymatic
tatments. The chemically solubilised polymers (8 M KOH
possessed Man/Gal ratios of 7:1. The 8 M KOH-insoluble
ssidue was solubilised by enzymic hydrolysis with a
Xture of cellulase and mannanase. The arabinogalactan
thich was solubilised at the same time was casily removed
dialysis allowing the Man/Gal ratio (40:1) of the
Hactomannan fragments derived from the insoluble residue
Obe determined.

‘A pure mannan is able to form a hard insoluble structure
Uch like cellulose because of interchain hydrogen bonding,
I of the principal effects of galactose substitution is to
Supt the interchain hydrogen bonding and this can lead
creased solubility. However, galactose is not the only
Ostituent, which could induce such an effect. The presence
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of other moieties (e.g. acetyl groups) could also disrupt
interchain hydrogen bonding and may be an explanation for
why some galactomannans with an apparently low degree
of galactose substitution are relatively soluble. Qosterveld
et al. (2004) reported that galactomannans extracted from
green Arabica coffee beans were acetylated. In this study the
galactomannans were extracted in water at 90°C for | h. The
galactomannans were separated into two neutral fractions
by anion-exchange chromatography which suggested that
other mechanisms such as molecular weight must also
have played a part in the separation. One neutral fraction of
average molecular weight of 2000 kDa possessed both a high
degree of galactosylation (30 %) and acetylation (9 % of the
mannose groups were acetylated). The second neutral fraction
had a molecular weight average of 20 kDa and the degree of
galactosylation and acetylation was much lower (11 % and
4 % respectively). The results of Qosterveld et al. have been
reinforced in a study by Nunes et al. (2005) who reported that
the galactomannans in hot water infusions of green coffee
beans are acetylated at a level of 11 mole %. They provided
evidence that the acetyl groups were attached to the 0-2 and
0-3 positions (sometimes both) on the mannose residue.
Contiguously acetylated mannosyl residues were also found.

Another possibility for disrupting interchain hydrogen
bonding would be the interruption of the mannan backbone
with glucose residues and/or the substitution of the mannan
backbone with sugar residues other than galactose. Navarini
etal., (1999) reported the possibility that the galactomannans
were substituted with arabinose. These structural features
were looked for, but not found, in the Qosterveld et al. study
(2004). However, the Nunes ct al. report (2005) provided
evidence that terminally linked arabinosyl residues (2 mole
%) were attached at O-6 of the mannose residues. In addition,
they stated that B-(1—4)-linked glucosyl residues (6 mole
%) were present in the mannan backbone and concluded that
green coffec mannans extracted with hot water contained
acetylated arabinogalactoglucomannans.

Cytochemical and immunolabelling of cell wall polysac-
charides

Chemical analysis has revealed an increasingly sophisti-
cated picture of the coffee cell wall polymers. Just how these
different types of polysaccharide and different structural
forms of the same type of polysaccharide, contribute to the
architecture of the wall has until recently been largely un-
known, Sutherland et al. (2004) used a range of cytochemical
and immunological probes to reveal the spatial arrangement




of the arabinogalactan-proteins, galactomannans and pectic
polysaccharides in the cell wall of the endosperm of green
coffee beans (Coffea arabica L. Yellow Caturra).

- Arabinogalactan-proteins: AGPs were localised by labelling
- with the AGP-specific f-glucosyl Yariv reagent and the
~monoclonal antibody L.M2 (Sutherland et al., 2004) which
recognises a carbohydrate epitope containing glucuronic acid.
Glucuronic acid has been shown to occupy terminal positions
.;m some of the side chains of coffee AGPs (Redgwell et
~gl., 2002a). Both forms of labelling showed a widespread
~ distribution of the AGP across the cell wall. However, there
was more intense staining with the Yariv reagent in the region
- adjacent to the cell lumen. The labelling pattern for L.M6,
‘a monoclonal specific for several contiguous arabinosyl
residues, was quite different to that of LM2, Whereas LM2
labelled across the whole wall, LM6 was found in two
specific locations (figure 2). LM6 gave intense labelling of
the epidermal cells across the whole width of the cell wall
_.Eindicalirtg that these cells were enriched in 1,5-a-arabinan
“compared to the endosperm cells. The second location was in a
:uompact band adjacent to the cell wall lumen of the endosperm
-~ cells. No label was found in the main body of the cell wall.
- This indicated the existence of a different structural form of
_arabinan polymer in the region adjacent to the cell wall lumen,
‘which was absent in the rest of the cell wall. Since the Yariv
reagent also showed increased staining in this location one
‘explanation could be that the AGPs in this region have mare
1,5-a-arabinosyl residues incorporated into their side chains.
'However, all antibody data must be interpreted with caution,
@5 there is a possibility that the antibody LMG6 is reacting with
similar cpitopes on completely unrelated molecules (e.g.
- thamnogalacturonans and AGPs). An alternative explanation
isthat LM6 was labelling a rhamnogalacturonan type molecule
which carried side chains of 1,5-a-arabinosyl residues.
The presence of rhamnogalacturonans in coffee bean cell
- walls which contain moderate amounts of 1,5-a-arabinosyl
fesidues has been demonstrated (Redgwell et al., 2002a). The
argument for the arabinosyl residues being structural features
of some pectic polysaccharides is supported by the fact that
'LM6 does not cross react with the AGP in gum acacia. On the
other hand chemical analysis of the coffee bean does indicate
the presence of'a mixture of AGPs which are polydisperse with
gard to their 1,5-arabinosyl residue content. In addition, the
inhibition of LM6 labelling by similar concentrations of pure
1.5 arabinan and a pectin-depleted AGP fraction from coffce,
Suggested that coffee AGPs do cross-react with LM6.
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Mannans: When mannans were labelled with the B-1,4-man-
nan-specific monoclonal antibody BGM C6, the antibody
labelled across the entire wall. However, there was a vari-
ation in intensity of the labelling across the wall with more
intense staining adjacent to the lumen of the cell and the
middle lamella. These two zones were separated by a re-

gion of only moderately intense staining (Sutherland et al.,
2004). Evidence that galactomannans with different degrees
of galactosylation were located at different sites in the wall
was provided by the use of BS-1 lectin, which is specific for

Figure 2. Localisation of 5-linked arabinan with monoclonal
antibody LM6 (Sutherland et al., 2004. Upper: Low
magnification showing intense labelling of epidermal
layer. Lower: High magnification showing labelling of
layer adjacent to the cell lumen.
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terminal a-galactose (Hayes and Goldstein, 1974). In con-
trast to the BGM C6 monoclonal antibody, the lectin did not
uniformly label the cell walls, The lectin appeared to be con-
centrated in a compact band adjacent to the cell wall lumen
in the single layer of epidermal cells and in the inner zone of
the endosperm cells. The lectin did not label across the whole
wall as the BGM C6 did. Assuming that all the a-galactose
is associated with galactomannans and that the intensity of
staining is related to the frequency of galactose substitution
of the mannan backbone, the result suggested that structural
forms of galactomannan with different degrees of substitu-
tion arc differentially located in the wall.

Pecticpolysaccharides: Locationofthe pectic polysaccharides
was determined by the use of the monoclonal antibodies
5 and JIM 7 which are specific for homogalacturonan
type pectic polysaccharides. The monoclonal antibody JIM
conly labelled the middle lamella area of the endosperm.
IM 5 did not bind to any sites within the wall. Differences
in the degree of esterification do not significantly effect JIM
'binding over the range from 15 to 80 %, whereas JIM §
' nding increases markedly by esterification levels up to 40
% (Willats et al., 2000).

Roast coffee

The roasting process is of central importance, both for
flavour development and for the subsequent extractability
of the coffee bean for the production of soluble coffee.
The relevance of these two areas to the coffee in industry
13 encouraged continued research into understanding the
relationship between roasting and changes to the sugars and
eell wall polysaccharides in the coffee bean which accompany
' ¢ roasting process (Clarke and Vitzthum, 2001).

It has been well documented that low molecular weight
sugars are almost totally degraded and minimal amounts
fremain in the beans after roasting. By contrast the structural
features of the cell wall polysaccharides, although modified
in some cases, remain largely intact in others, although a
significant amount of degradation does take place (Clarke
and Vitzthum, 2001). Studies during the last 5 years have
Iocused on providing more details on the nature of roasting
induced changes to the polysaccharides and the extent of
their degradation at different roasting times. These studies
tan be separated into two categories. Those which looked
L the polysaccharide profile in water soluble extracts of
asted beans and those which attempt to characterise the
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effect of roasting on the total polysaccharide content of the
coffee cell wall. In addition. the roasting induced changes
to the structure of the cell wall and the distribution of the
polysaccharides within it, have been studied at the cellular
level by microscopic methods and immunolabelling.

Nunes and Coimbra (2001, 2002a,b) made a series of
reports which described the chemical characterisation of
the high molecular weight material extracted with hot water
infusions from green and roasted coffee. They reported the
degree of polymerisation and the degree of branching of
the galactomannans decreased with the increase of degree
of roasting. The amounts of terminally linked arabinosyl
residues of the arabinogalactans decreased during roasting as
did the average molecular weight of the polymers.

Redgwell et al. (2002b) and Oosterveld et al. (2003)
reported studies on the changes to the total cell wall
polysaccharide content of Arabica beans during roasting.
Redgwell et al. (2002b) reported that up to 40 % of the
polysaccharides were degraded after a long roast and these
results were confirmed by Qosterveld et al. (2003). Based
on linkage data the latter reported a decrease in molecular
weight of the galactomannans during roasting. At the same
time they stated that extracts from roasted coffee contained
galactomannans with a greater molecular size than in green
bean extracts. This was attributed to the possibility that the
roasting process allowed the solubilisation of galactomannans
with a higher molecular weight. This idea would support
the findings of Redgwell et al., (2002b) which reported no
change in the molecular weight of galactomannans extracted
by 8M KOH from green and roasted beans.

Coffee arabinogalactans are known to be the most
susceptible of the polysaccharides to degradation during
roasting, particularly the more heat labile arabinofuranosyl
residues. The polymers are depolymerised showing a sharp
decrease in molecular weight after a light roast which rep-
resented at least a 10-fold reduction in molecular weight
(Redgwell et al., 2002b). Although longer roasting continued
to degrade the polymer, the extent of further structural modi-
fication was only moderatc compared to that which followed
the initial roast (Redgwell et al. 2002b). The magnitude
of the molecular weight decrease was more than could be
predicted from the loss of arabinosyl residues from the side
chains and must therefore have resulted from fission of the
galactan backbone. Qoosterveld et al. (2003) reported that
the debranching of the arabinose sidechains occurred more
rapidly than hydrolysis of the galactan backbone
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The carbohydrate-protein link of the AGP appeared to
remain intact to some degree. Even after a dark roast AGP
purified from the roasted beans still gave a clear positive
result for the Yariv test (Redgwell et al., 2002b).

The fate of the AGPs during roasting was also followed
by immunolabelling using the monoclonal antibody LM6
which is specific for contiguous 5-linked arabinosy! residucs.
Both Arabica and Robusta beans showed a pattern of label
reduction for LM6 even after the lightest roasting. At a
medium roast only the epidermal layer labelled. At the lighter
roasts it was apparent that the labelling for 1,5-arabinan first
decreased in the inner regions of the cell wall and near the
mucilage cells (Redgwell et al., 2004). Why the 1,5- arabinan
should be more rapidly degraded in the inner cells of the wall
during roasting when obviously the surface of the bean
suffers a much more rapid rise in temperature is not clear.
One possibility is that there is more trapped free water in the
internal structure which as it heats becomes a more effective
agent for hydrolysing the arabinan side chains.

Undoubtedly the degradation of the cell wall polysac-
charides plays a key role in the increased solubilisation of
coffee polysaccharides. This degradation takes two forms,
Hydrolysis of the polysaccharide backbones resulting in a
significant decrease in their molecular weight and removal
of sidechain sugars which results in a linearisation of the
polymers. As a consequence the degree of entanglement be-
tween the AGPs, galactomannans and the mannan/cellulose
matrix is not as marked allowing their easier solubilisation
by aqueous extraction. However, roasting conditions also
have a major impact on the structural properties of the bean
at the multicellular level. Schenker et al. (2000) used volum-
etry, mercury porosimetry and electron microscopy to study
structural product properties. Following roasting, the beans
showed greater bean volume, and larger micropores in the
cell walls compared to green or low temperature roasted cof-
fees. Thus, there is an increased accessability of the cell wall
polymers to any extractant which favours greater solubilisa-
- tion of polysaccharides.

Conclusion

The last five years have scen steady progress in
understanding the complex chemistry of the coffee bean
cell wall. The discoveries that the arabinogalactans are
AGPs and that the galactomannans may in some instances
- contain sugar residues other than galactose and mannose
- are major advances in the continuing effort to define the
structural features of coffee carbohydrates. However, most

of this work has focused solely on the polysaccharides in
isolation. More work needs to be done to reveal the complex
array of interactions between the carbohydrate fraction of
the colfee bean and other molecules (proteins, melanoidins)
which take place during the roasting process and just what
role these interactions play in both flavour development and
extractability of the bean. On the physiology side there is
a dramatic lack of knowledge on the metabolism of coffee
carbohydrates both in the immediate pre-harvest and post
harvest stages. The carbohydrate status of the bean at these
phases of development may play an important role in the final
coffee beverage quality. Before the roasting stage the coffee
bean is a living, dynamic structure. If the carbohydrate status
of the green bean is a contributing factor to coffee quality
then the degree to which postharvest treatments mediate this
status becomes an important area for further study.
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Are Agricultural Plant Products and the Residues Indigestive Fibers?
JBRAEM & T O ENT-ARH{CHERE L 13 2
Naoya Kasai

Efficient enzymatic digestion for soybeans, soybean milk residue (okara), and coffee beans was carried
out by a selected food-processing cellulase or pectinase. Enzymatic digestion based on a consideration
of cells and cell-wall structures brought about efficient digestion. Cell-walls, components and organs
of plant are very complicated. Starch, protein and oil are stocked in the particles of plant cells, and
the residues after their extraction are certainly indigestible fibers. These enzymatic digestions are
considered to be difficult; however, if the reaction order, pre-treatment conditions, and selection of the
enzymes and the combinations are investigated, the digestions will achieve a high yield. The efficient
digestion of the cells of soybeans and coffee beans was carried out as model cases. The solution
approaches and the components of the cells are shown and discussed.
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Abstract: Efficient enzymatic digestion for soybeans, soybean milk residue (okara), and coffee beans was car-
ried out by a selected food-processing cellulase or pectinase. Enzymatic digestion based on a consideration of
cells and cell-wall structures brought about efficient digestion. Cell-walls, components and organs of plant are
very complicated. Starch, protein and oil are stocked in the particles of plant cells, and the residues after
their extraction are certainly indigestible fibers. These enzymatic digestions are considered to be difficult;
however, if the reaction order, pre-treatment conditions, and selection of the enzymes and the combinations
are investigated, the digestions will achieve a high yield. The efficient digestion of the cells of soybeans and
coffee beans was carried out as model cases, The solution approaches and the components of the cells are

shown and discussed.
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pectinase

A large number of sceds, crops, leaves and roots from
plants produce our diectaries, food-stuff and processed
foods. We extract and use starches, oils or juices from the
plants, and simultaneously produce wastes as non-useable
agricultural sub-products. Some of the residues are used
for animal foods, but most of them are discarded or
burned. These days, we are forced to consider various
problems such as population increase, food shortage, agri-
cultural pollution and food processing waste, use of food,
global warming and bio-ethanol production. These prob-
lems are linked to the food we use (Fig. 1). The informa-
tion and the knowledge we need should be clarified, and
we should use food efficiently.

Generally, we find it easy to think that plants are
mainly composed of carbohydrates such as cellulose,
hemi-cellulose, and/or pectin. For example, soybean resi-
dues (okara) and soy sauce residues (SSR) are typical ag-
ricultural wastes in Japan, and we are easy to use cellu-
lases for their digestion. However, most of the enzymatic
digestions would not give the desired results. Therefore,
we may generally understand that the residues are com-
posed of indigestible fibers. However, is the problem so
simple? What and where is the indigestible fiber? Plants
have very complicated cell structures (Fig. 2). We have
been studying efficient enzymatic digestion of the cell-
wall of soybeans to use and explore new possibilities for
food-stuff from the compositions of plants. In this review,
we would like to show the results of our efficient enzy-
matic digestion based on the cell-wall compositions of
soybeans and coffec beans.'”

Soybeans.
Soybeans arc an important food seed, which contain

* Corresponding author (Tel. and Fax. +81-72-254-9459, E-mail:
kasai @bijochem.osakafu-u.ac.jp).

good proteins and oil, and many foods and/or foodstuffs
are made from them.”

Studies of the enzymatic digestion of the cell-wall have
investigated the production of soybean oil and the use of
soybean milk residues or SSR. A soybean is a cell assem-
bly with a hard shell of the cell-wall, and the oil exists in
the oil bodies in the cell (Fig. 3).”" Today, soybean oil is
generally extracted first with n-hexane, and then soybean
protein is extracted from the defatted soybeans. Okara is
the filtered residue from which soybean milk is separated
and is formed in large quantities along with the manufac-
ture of soybean milk, tofu and fried bean curd, especially
in Asian areas."” Recently, it has become a typical agri-
cultural waste because the reuse of okara or SSR is very
difficult, although many trials of its use have been done."”
Generally, defatted soybeans or okara, soybean residues,
are recognized as materials difficult to solubilize because
they are composed of high levels of fibers and struc-
tures.'” However, is their digestion really difficult?

Cellulase digestion for soybean oil extraction.

We have attempted digestion using cellulase for raw or
boiled soybeans and have observed that the digestion of
the cell-wall had little or no effect. Considering these
facts and reports, we investigated an effective extraction
method for soybeans without cell breakage. As a result,
we found that single cells of soybeans were easily pre-
pared by autoclaving (121°C for 10 min), the primary cell
-wall was easily removed by cellulase, and almost all the
oil was retained in the single cell, shrouded by the secon-
dary cell-wall (Fig. 4). There are few reports on oil ex-
traction using the single cells and enzymes. Actual actions
of enzymes or the change in soybeans have been little re-
ported, although the information is useful to show not
only the possibility of a new strategy for the extraction of
soybean oil but also the use or processing of soybeans.”
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Fig. 1. Strategies and study scopes for food-ngricultural process-
ing and biotechnology.

Agricultural plants produce foods for us. Biotechnology, bioinfor-
matics, plant biochemistry, bio-recycling technology, food material
chemistry, applied enzymology and bio-industry are overlapped and
'~ linked with each other. Multi-scope information also helps each dis-
cipline.

PAS stain
Fig. 2. Single cells of soybeans, and the primary structures.

What are soybean residues (okara)?

Okara does not consist of indigestible fibers but is a
complex of soybean cells. It is difficult to study what tis-
sues are digestible and/or indigestible when using mashed
okara. The plant organization or cell is actually composed
of advanced and complex structures,”'” and okara from
Soybeans is no exception.

- Many chemical analyses of okara have been reported.
Okara comes from soybeans essentially; protein and oil
j' om soybeans remain, and the carbohydrates and fibers
from the cells of the soybeans also remain.” ' There are
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Cellulases?
Hemicellulases?

Traatments/OrdarSelection of food processing enzymes

Fig. 3. Tlustration of plant structures.

Cells of plant have complicated structures. Starch, oil, or protein
is stocked in the cells. Physical damage such as mechanical grind-
ing cannot perfectly break the cells. Enzymes cannot digest these
attached cells. Chemical and physical treatments help the enzymatic
digestion, Selection of enzymes also is important.

“Sudan Il —

Soybeans have good quality proteins and oil, and are important seeds. Protein, saccharide and oil are stained respectively. The cell struc-
tures are functionally composed; the protein and oil are stocked in the oil and protein bodies in the cells. The cells of the photos are single
 cells prepared by water-autoclaving (121°C, for 10 min). Cells of plants are attached to each other, and enzymes can not easily digest them.

many reports on the component analysis of okara; gener-
ally, it consists of 25.4-28.4% protein, 3.8-5.3% carbohy-
drate and 9.3-10.9% oil and fat.”” These analyses of okara
can not clearly show what okara is. The value of protein
is higher than that of carbohydrate; however, researchers
generally think okara is composed of high fibers which
are hard for enzymes to digest. In the case of soy sauce
residue, many researchers believe that the residue is com-
posed of the high fibers. According to many projects on
residue digestion, the residues are composed of indigest-
ible fibers, and new production of cellulase to digest is
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Fig. 4. Secondary cell-wall of the single cell of soybeans.

Primary cell-walls of the single cells, composed of mainly cellulose, were very easily digested, and the secondary cell-walls of the cells
were swollen like balloons. Oil drops seeped, and the drops were kept in the secondary cell-walls. The secondary cell-walls are composed of
pectin-hemicellulose-protein, and ordinary enzymatic digestion of the cell-walls is difficult. Selected pectinases were effective in digestion.

desired or planned. It is believed that new screening and/
or high production of cellulase through genetic modifica-
tion is a good solution. The problem is not so simple.
Most of the researchers did not investigate the okara using
microscopy; they did only the chemical analysis and fine-
graining for the analysis. Fine-graining is often believed
to be very effective for enzymatic digestion. The fine-
graining may be somewhat effective for digestion and
high-precision analysis which includes physical destruc-
tion, but identification of the components is more diffi-
cult. Principally, the cells are small, and complete physi-
cal destruction is impossible. What is indigestible is indi-
gestible.

What are structural components of the native cells or

the digested components and the residues?

This question and the answer are principally described
in books on field of plant biochemistry and plant physiol-
ogy. The plant cells are very complicated and are made of
the many components.” Many typical compositions of
cell-walls are identified and investigated; however, the ac-
tual cell-walls have not been elucidated. Though several
models of the cell-walls are described, they are still pro-
posed models."”

Previous reports of enzymatic digestion of okara.

Some extractions of soluble polysaccharides from soy-
beans and okara were reported.”*” However, studies of
the solubilization of okara itself are few and have not
been reported to be successful yet. Yamaguchi et al. re-
ported that the lignin of okara was a problem regarding its
solubilization, and enzymatic solubilization of okara was
carried out with a yield of 72.3% using many enzymes
such as cellulase, pectinase, and lacchase for 10 days.'”
Various enzymes and a long reaction time were required.
Muzakha er al. reported screening to digest okara and the
isolation of Aspergillus niger var. Tieghe KF-267 as a
new okara-liquefying mold. They tried to digest okara

with crude enzyme solutions containing R-L-arabinosidase
and endo o-D-1,4-galactanase, but their enzymatic diges-
tion yield was only 50% in 60 h.* The new enzymes
were produced; however, the digestion yield was not
good, and similar digestion would be achieved by ordi-
nary cellulase. Structural study with enzymatic digestion
was little known. These reasons motivated the start of our
studies.

Preparation of single cells of soybeans and their cellu-

lase digestion.

We investigated the pretreatment of cellulolytic enzyme
digestion and found that autoclaved soybeans were easily
dispersed as single cells; the single cells were obtained
while retaining the soybean oil in the cells.” Light micro-
scopic photos of the treated and stained protein, saccha-
rides, and oil of soybean cells are shown in panels of
Fig. 3. The autoclave treatment, 121°C for 10 min, was
very effective for the single cell dispersion. Most of the
cells dispersed as singles; however, the single cells were
not fragmented. This treatment and the effect would be
obtained by boiling water over 3 h. The surface of the
cell was recognized to be a nearly translucent envelope.
Generally, adhesive substances between the cells were
well-known, such as glycine or hydroxyprolinerich protein
or galacturonic polysaccharides.”” Autoclaving would sol-
ubilize and remove these adhesives between the cells of
the soybeans. The internal organization containing the oil
bodies was stained purple-red (Fig. 3, protein), the cell-
wall was stained in red and covered like a capsule (Fig. 3,
saccharide), and the oil present in the cells was stained or-
ange (Fig. 3, oil). The oil was detected both in the oil
bodies and as free oil. The free oil was found in the cells,
especially in the center part of the soybean, and various
drops of oil were observed (Fig. 4). Our prepared single
cells have a wide surface area, and the adhesive substance
around the cell was removed. The cellulase would more
easily digest the cell-wall than the gathered or organized
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cells. The secondary cell-walls were not at all digested by
the enzymes tested in this experiment.

Enzymatic digestion of okara based on a considera-

tion the components and the structures.

Soybean milk residue, that is “okara”, is made from
soybeans. This means the okara is not composed of indi-
gestible fibers but of soybean cells. Figure 5 shows the
microscopic observation of okara, in which sliced cells of
the soybean are found. We reported that single-cell forma-
tion from soybeans was very effective in cellulase diges-
tion, and that the primary cell-wall was easily digested
but that the secondary cell-wall remained.” Therefore, our
method and results would be useful in digesting okara, if
the secondary cell-wall can be digested. We tried to adapt
these results” for okara digestion and studied the composi-
tion of the secondary cell-wall and the selection of effec-
tive enzymes for the digestion of the secondary cell-wall.
Enzyme selection for the digestion of the secondary cell-
wall was carried out, and Pectinex (food processing en-
zyme from Novozyme) was selected as the desired en-
zyme in the result. In addition, a series of enzymatic di-
gestions was adapted to okara, considering its structure
and characteristics. An enzymatic high digestion was eas-
ily achieved in a yield of 83-85% w/w as a result. Infor-
mation on the enzymatic soluble structure, its localization,
and/or digestible components and the indigestible compo-
nents were also reported.”

Composition of remaining cellulase-digested okara,

Comparison of the remaining indigestible okara and
cellulase-digested single cells of soybeans was carried out.
The primary cell-walls of the single cells of soybeans and
okara were digested and removed. In the soybean single
cells, it was recognized that the thin secondary cell-wall
was swollen and contained inner structured cell bodies
(Fig. 4)."” Similar cell-walls were also found in the okara
treated with cellulase digestion. Therefore, the indigestible
cell-walls from okara cellulase digestion were identified
as the secondary cell-walls of soybeans. The major part of
the oil and protein bodies of soybean cells was removed

What is okara?

Fig. 5. Microscopy of soybean milk residues.

Soybean milk residues (okara) are soybean cells themselves, and
are not indigestible fibers, Hard cells are easily sliced by mechani-
cal cutter blades. Middle lamella between the cells and cell struc-
tures are easily detected. Preparation of the single cells, cellulase
and the sclected pectinase can give efficient digestion.

into the soybean milk in the case of okara, and most of
the remaining indigestible okara was considered to be the
secondary cell-walls of soybeans.”

Staining with PAS, fast green, and acrolein-Schiff re-
agent did not produce clear positive staining for the sec-
ondary cell-walls; all stainings were pscudo-positive. Al-
kaline treatment of the remaining okara after the cellulase
digestion was done with 1 N sodium hydroxide and boil-
ing for 10 min, and the soluble part was subjected to gel
filtration on Toyopearl HW-50 and eluted with water. To-
tal sugar, uronic acid, and protein were detected as one
peak of the high molecular weight fraction in the elution
profile. The result showed the secondary cell-wall was
composed this complex. Therefore, a simple cellulase or
hemicellulase could not digest the cell-wall.”

Screening of enzymes for the digestion of remaining

okara.

The secondary cell-wall was complex, but the composi-
tions were simple.” Therefore, we carried out enzyme se-
lection for digestion. Secondary cell-walls from okara af-
ter remaining cellulase digestion, and the visible changes
in the secondary cell-walls of okara were monitored by
light microscopy.” Most of the tested enzymes were not
effective in digesting the remaining secondary cell-walls
from okara. Only two enzymes, Pectinex Ulira SP from
Aspergillus aculeatus and pectolyase from Aspergillus ja-
ponicas, digested the remaining secondary cell-walls of
okara. Pectinex Ultra SP resulted in good digestion.”

Series of enzymatic hydrolyses of okara.

The result is shown in Fig. 6. All digestions produced
not only sugar and uronic acid but also protein. The rea-
son for this result would be that many parts of the okara
are composed mostly of these complexes such as the sec-
ondary cell-walls.

The autoclaving was effective in extracting the struc-
tural protein from the cells and the middle lamella."* This
extract would be the residual of soybean milk and the ma-
terials between cells as determined by HPLC analysis and
staining results.” It is noted that sugar and protein were
digested and solubilized as a result, although cellulase di-
gestion was to digest the primary cell-walls of okara. The
pectinase digestion produced uronic acid; in addition, neu-
tral sugar and protein were also solubilized and detected.
The autoclaving treatment produced mainly carbohydrates
of glucose and galactose. The cellulase digestion produced
half of the neutral sugars as glucose and also xylose and
arabinose. The pectinase digestion was remarkable, show-
ing the same quantity of glucose and galactose, and the
ratio of arabinose to galactose was 1:1.9. The indigestible
residue was rich in xylose, galactose, and glucose; the ra-
tio was 2.6:1.7:1.%

Three important facts were found in digestion. The first
was that a single-cell preparation with autoclaving and
agitation was effective for digestion by cellulase. The sec-
ond was that specification and identification of the enzy-
matically digestible and indigestible parts of okara were
achieved. The last was that identification of the compo-
nents of the indigestible secondary cell-walls and a useful
pectinase to digest the secondary cell-walls were found.
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Pectinase

Raw Okara

Autoclave cellulasa

Final residues

Fig. 6. Efficient sequence digestion of okara.

The sequence of water-autoclaving (preparation of the single cells), cellulase digestion for the primary cell-walls, and selected pectinase di-
gestion for the secondary cell-walls gave efficient digestion of okara, The last residues were determined to be oil, oil bodies and frames be-

tween the cells.

The final residues of the digestion of okara.

The residual okara components (Fig. 6) were recog-
nized to be oil, oil bodies in the soybeans cells, and fiber-
like organs between the cells under light microscopy.”
The chemical components were estimated to be 33.8%
protein, 20.0% oil and 22.2% sugar. Composition analysis
showed the results agreed. This result means that some
parts of the cells were not broken in manufacturing soy-
bean milk.* Therefore, if a perfect grinding extraction for
soybean milk is possible, more okara would be digestible
by our method. The ratio of neutral sugar in each diges-
tion and the residue would suggest a typical sugar struc-
ture of plants.” The results of cellulase digestion would
suggest cellulose and hemicellulose. The results of
pectinase digestion, the secondary cell-wall of pectin-like
material, would indicate the arabino-galactan component
(Ara:Gal=1:2) of pectin.”*" The xylose could come from
xylo-galacturonan as characteristic of legumes.”*" The ex-
istence of glucose was not accounted for in our examina-
tion. The neutral sugar of the residue was remarkable; the
main sugar was xylose. The ratio of xylose to galactose to
glucose was about 3:2:1; this ratio might be a regular
structure. An additional remarkable result was that neutral
sugar, uronic acid, and protein were detected in the series
of digestions. Digestion by cellulolytic enzymes produced
not just those specific saccharides. The residual oil and
protein body complexes are composed of protein and sac-
charides, and the residual fiber-like organ would be com-
posed of protein and cellulose-like material.”

Body-complex in the soybean cells.

The body-complex is a structure which contains the
protein and oil bodies in the cells. This body, rather than
cell-walls, is the main component soy sauce residues. We
isolated the body-complex with cellulase and pectinase di-
gestion treatment of the primary and secondary cell-walls.

The main component was protein (105.6% w/w) which
was rich in hydrophobic amino acids such as Ala, Gly,
Leu, and Val, and a small amount of sugar (1.7% w/w)
was found. The SDS-PAGE analysis of the body-complex
gave the low molecular protein bands and the broad tail-
ing band of carbohydrates was also found by PAS stain.
The sugar would be mainly uronic acid of pectin, and the
isolated body-complex was easily dispersed after the pec-
tinase treatment (Fig. 7). The shell of the body-complex
mostly consisted of low molecular weight protein, which
was mainly 5 kDa, and formed a water-insoluble organ.
The body-complex was not soluble below pH 8, and was
protease resistant. The alkaline protease (Prolaser from
Amano ezyme Inc.) was selected as an efficient enzyme,
and it efficiently digests the body” (Fig. 8).

Fig. 7. Dispersion of bodies from the complex from soybean cells.

The body-complex of the soybean is mostly composed of a shell
of protein and a small amount of pectin. Some pectinase would
give the digestion, and decentralize the body particles. The pectin
would link the body-particles.
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Fig. 8. Enzymatic digestion of the body-complex.

Bodics of soybean are wrapped by a shell of alkali-resistant glued protein. A sclected alkali protcase casily digested the bodies and the
shell of the body complex. Oils were gathered in the cells in the result of the digestion, and gave 4 or 5 big drops of oil. The cell would be

divided by rooms. The structurc has not been reported.

Weight ratio of the soybean cells.

Cell-part weights are little known. From our several
studies of digestion, isolation of the structures such as pri-
mary cell-wall, secondary cell-wall, body-complex, heat
water soluble extraction and oil of the soybean, each
weight was estimated as 9, 8, 27, 36 and 20% respec-
tively.” These values are important for the perfect use of
soybeans and for considering their possibilities.

Coffee beans.

Coffee is produced to be a major tasty drink. The
worldwide production of coffee beans is >5 million
ton-s.” Coffee beans are a kind of bean, and their struc-
tures resemble those of the soybean (Fig. 9)." However,
coffee beans are hard, and the beans have insoluble and
thick cell-walls (>48% of the beans’ weight), which are
main-ly made of galactomannans, arabinogalactan, and
cellulose.®* The cell-wall has been studied, but its de-
tailed composition is still unclear.*” Analysis of the com-
position requires it to be solubilized or extracted, but the
cell-walls are hard to digest or solubilize. The residues af-
ter the coffee extraction, which are the cell-walls, are also
not able to be used.” The residues and the wastes are dif-
ficult to treat,™ although mannan, galactomannan, and
arabinogalactan of the cell-walls are expected for use as a
food material.”” Many researchers have been studying the
cell-walls such as the chemical extraction of the green and
roasted coffee beans, the compositions, and the changes in
galactomannan, arabinogalactan, and cellulose or xyloglu-
can,™ or the chemical extraction of the mannan and its
structures.””

Coffee beans are also composed of various organs.
Redgwell et al. reported on arabinogalactan or the arabi-
nogalactan proteins using stepwise chemical and alkaline
extraction, and the observation of some mannan layers of
the cell-walls using the mannan antibody.*** These re-
sults are important information about the cell-walls of the
coffee bean. However, the insolubility of the cell-walls

Cotfee beans are similar to soybeans, however, the
cell-walls are very hard, thick and indigestible.

Fig. 9. Microscopy of sliced soybeans and coffee beans.

Both beans are structurally similar. Coffee extraction was mainly
roasted bodies of the cells. Thick and indigestible cells of the cof-
fee beans are tightly attached to cach other, so hardly any prepara-
tion of single cells was possible. Famous conglutinate arabinogalac-
tan protein is tightly cross-linked to the carbohydrates in the case of
coffee beans; even extraction using a strong alkali such as 8 M so-
dium hydroxide boiling for overnight cannot achieve perfect extrac-
tion. Efficient enzymatic digestion and information on the cell-walls
are little reported.

makes them difficult to analyze and use.” Galactoman-
nan is the main insoluble polymer of carbohydrates.™”
Some arabinogalactans are very tightly cross-linked with
protein (arabinogalactan protein). The alkali extraction of
8 M sodium hydroxide at boiling for overnight only could
give about 50% yield.***” Glucan is proposed to exist as
a mannan-cellulose in the cell-walls.” These characteristic
compositions and structures would prevent the digestion
and extraction for a long time. We have been studying the
efficient digestion of the soybean and its characteristics," *
and applied to the results and the approaches to coffee
beans,

First, we carried out an investigation to determine an
effective treatment and enzyme screening for the efficient



digestion of the green and roasted coffee beans and
achieved efficient digestion of the cell-walls (over 95%)
(Fig. 10). We also show an outline and the structural
characteristics of the cell-wall based on the results of the
efficient enzymatic digestion, the sugar composition from
the digestion, the extracts, and the residues or the micros-
copy observations of the residual cell-walls using tolu-
idine blue O (lignin, hydrophobic part or pectin), Yariv
reagent, (arabinogalactan protein) and calcofluor (cellulose
or chitin) staining in each procedure.”*" At least four
structures, the galactomannan-cellulose (center part), the
membrane of the arabinogalactan protein, the cellulose-
rich galactomannan layer and the arabinogalactan protein
rich layers (outer part), were found in the cell-wall
(Fig. 11). These results may prove useful in exploiting the
possibilities of the carbohydrates of coffee beans and the
residue after coffee extraction.

The detailed compositions and the structures are now
being studied. The characteristics of the cell-walls and the
digestion will be clear, and their food functions should be

Fig. 10. Screening of enzymes for digestion of coffee beans.

Cell-walls of coffec beans are composed mainly of galacto-
(gluco?-)mannan; however, mannose-rich cellulase was not effective
in the screenings. The same cellulase as for the efficient okara di-
gestion was selected in the results.

0.1 M NaOH baling. 10 min
150 0

- Yarly (Al
Cell-walls wara cleared, and sasy collapsad

Fig. 11, Enzymatic digestion of coffec beans.

Weak alkali (0.1 M, sodium hydroxide) autoclaving and the se-
Jfected cellulase digestion were very effective. The thick and hard
ell-walls were digested, the cell-walls were cleared and changed to
ile ones. Arabinogalactan proteins were deep in the cell-walls;
{ariv reagent easily stained the newly formed fragments red-brown,

Are Agricultural Plant Products and the Residues Indigestive Fibers? 139

useful. Our study of cellulolytic enzymes with information
on the structural characteristics and compositions should
expand the uses and their possibilities.
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