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ABSTRACT

In this paper, the position of crossing linkagevietn cell wall polysaccharides was studied by det@ng the
digestibility of pectin-depleted walls, the contewf hydrocinamic acids and their dimmers in eacttfon of
elongated and non-elongated cells. The results edothat Ox. sol. fr. was composed mainly of pectin
polysaccharides while 4K sol. fr. was composed lwdthbectin and hemicellulosic polysaccharides. €hience
that higher percentage of acid sugar and highercamtrations of hydrocinnamic acids were presemtinsol. fr. of
non-elongtated cell walls suggests that more peptitysaccharides are cross-linked with other polsgnin
non-elongated walls. A higher digestibility of eated cell-walls suggests that xyloglucan in thélsxare easy to
creep by cellulase or expansin while the non-eltegiacell-walls show a cellulase-resistant propedtye to the
cross-links between polysaccharides such as paatinxyloglucan. The facts suggest that ferulic itk not only
ester-linked to pectic polysaccharides but also ibellulose polysaccharides. These esterified hyyhimamic
acids may form complex cross-links between pectileglucans, or pectin and xyloglucan, therefangolving in
the cessation of cell elongation of suspensiondoedt cells of Mentha.
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INTRODUCTION

The growing plant cell wall has unique physicalpgedy that permit it to elongate by a mechanisralo#v polymer
flow (creep) which cause wall loosening. This elathgn by a mechanism had long been hypothesizelealsreak
down of the bond between xyloglucan (or arabinoxyland cellulose catalyzed by expansin [1] or as th
polysaccharides-modifying by wall loosening enzyraesh as endf-glucanase [2-3]. XET [4]; cellulase [5]. On
the other hand, the growing plant cell wall congaolymers which bear a small property of phensiite-chains.
These side-chains appear to be subijegtvoto oxidative phenolics coupling and thus to pgstte in cross-linking
reactions that may be high significant in the cointif wall extensibility (and therefore in the celfowth) and of
enzymic digestibility [6-7]. The mechanism of thessation of cell elongation was hypothesized asatmation of
the dehydroxycinnamic acids between wall polysaddba catalyzed by wall-bound peroxidase [6, 8-9].

In the view of this possible function of cell-wgthenolics in the cessation of cell elongation, benical
interesting is focused on: where they are linkedhiwi cell-wall, how they are cross-linked with ceiall
polysaccharides, and what kind of phenolics arelired in cell-wall. It has been reported that tieewrence of the
hydroxycinnamic acids such as ferulic acid (FA) grcoumaric acid (PCA) are ester-linked to arabinargl in
grasses [10], to pectic polysaccharides in spifiatl 2], in sugar beet ]13-14] and to xyloglucamdamboo [15].
We have presented the evidence that the formatibndehydrodimers of hydrocinnamic acids is a
peroxidase-catalyzed process in cessation of theloagation inMethasuspension culture [8-9, 16]. In this paper,
the walls of non-elongated and elongated cellsuspsnsion cultureMenthawere fractionated by oxalate buffer,
4% KOH, 24% KOH, and the contents of acidic sugaytral sugar, total sugar in each fraction weterd@ned.
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The constituent of monosaccharides of matrix palgkarides in each fraction was also compared betlweth two
kinds of cell-walls. Furthermore, amounts of watldnd ferulic acid, caffeic acid, and 5, 5-dehydfexdilic acid
(DFA) in pectin, pectin-depleted walls, and celédansoluble fraction of pectin-depleted walls ohrelongated
cells were investigated. The enzyme digestibilitypoth pectin-depleted of non-elongated and eledyatll walls
by cellulase was also compared.

EXPERIMENTAL SECTION

Cell suspension culture of Mentha

Cell suspension cultures were maintained as destribbefore (Yangt al., 1999). Non-elongated cell growth was
initialed by transferring 5 ml of 10-12 days cu#tdrsuspensions which was maintained in medium oonga2000
ug/L to the medium containing low concentration o#-B (2ug/L). Elongated cells were cultured in medium
containing 200Qug/L of 2, 4-D. Both elongated and non-elongated weke harvested at day 10-12 for cell-walls
preparation. The preparation and purification df walls were carried out as shown as previoust@]8

Fractionation of purified cell walls

The purified cell-walls from non-elongated and gated cells were fractionated as show in Fig.1. phefied
cell-walls from elongated and non-elongated celisenextracted six times with 40 mM ammonium oxalaiéfer
(pH2.0) at 70°C for 1 h each time until the polysaccharides wasdabected in the extracts by the phengbg,
method. The combined supernatant was concentratacduum evaporation to one-third of the originalume,
then dialyzed against with water at'@ for 24 h. Finally, it was lyophilized to obtainettox. sol. fr. as show as in
Fig.1. The buffer insoluble fraction (pectin-depkgtcell-walls) was further extracted with 4% KOH rabm
temperature for 24 h, the pH of the extracts wagsaeld to 6.0 with HCI, dialyzed and lyophilizeddbtain 4K sol.
fr. The residues of the 4% KOH was finally extracteith 24% KOH at room temperature for 24 h, the @H
extracts was adjusted to 6.0 with HCI, then diadyaad lyophilized to obtain 24K sol.fr. [17].

Purified cell walls

40 mM Oxalate buffer (pH2.0)
l
Ox. insol.fr. (pectin-depleted) Ox.solfr.

lon exchange
cellulase Ozxal. sol. pectin

4% KOH

4K Insol. fr. 4K sol.fr.

I Ton exchange

‘

4K sol. pectin 4Ksol. hemi.

digested walls undigested walls 24% KOH

24K sol. fr.

Ion exchange

Cellulose 24K sol. pectin 24K sol. hemi.

Fig 1. Fractionation of the purified cell walls by oxalate buffer, 4% KOH, 24%K OH and hydrolysis of the pectin-depleted walls (Ox.
insol. fr.) by cellulase

Deter mination of acidic sugar, neutral sugar, and total sugar content in Ox. sol. fr., 4K sol. fr., and 24K sol. fr.:
100 mg of each fraction was respectively resolvedd0 ml distilled water, the sugar content in sloéution was
determined respectively. Acidic sugar was carriedl loy the m-hydroxydiphenyl method [18] as follows. The
solution (0.5 ml) were added to a test tutid§ mm) and cold in ice water. Concentratef66, solution (3 ml)
which contained sodium tetraborate decahydrate \added to test tube followed by stirring, then @ditit in
boiling water for 5 min and stooped the reactiondegreasing the temperature immediately with ide eamter.
After laying for 20 min in room temperature, thesatbance at 520 nm was detected by usHzgalacturonic acid
as a standard. Neutral sugar content was measwri lorcinol method reported by Winzler [19]. T8wution (0.5
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ml) was added to a test tub®16 mm) and cold in ice water. Then, 4.5 ml mixelison of 60% HSO,with 1.6%
orcinol cooled solution (7.5:1) was added to tabetfollowed by stirring, then putted it in to blolkeater at 80C

for 15 min and stopped the reaction by decreasiagamperature immediately with ice cold watereAfaying for

20 min in room temperature, the absorbance at B0%vas detected by using D-(-)-arabinose as a stdndatal
sugar content determinations were finished by phétgs0O, method (Hodege and Hofreiter, 1962) as follows. The
solution (0.5 ml) was mixed with 1 ml 5% (w/v) pledisolution in a test tubell, 16 mm) by stirring. After laying
for 30min in room temperature, the absorbance @tr¥8 was detected by using glucose as a standard.

lon exchange chromatograph of each fraction

To determine the constituent sugar, each 100 ngastof Ox. sol. fr. 4K sol. fr. and 24K sol. drere respectively
purified by ion exchange chromatograph (DEAE-ToywheMaruyamaet al, 1999) as follows. Each 100 mg
extracts were dissolved in 10 mM phosphate bufiéuten (pH 6.0), the insoluble material removedflityation.
The filtrated solution was loaded onto a DEAE-Togap column (2.8x20 cm) pre-equilibrated with 10 mM
phosphate buffer (pH 7.0), and eluted at 100 mivith same buffer (three times volumes of columd)ie obtain
neutral sugar as shown in Fig.1 (hemicellulosetiac 4K sol. hemi., 24K sol. hemi.) and then a#n gradient of
0 to 500 mM NaCl containing same buffer solutioppfopriate fractions were combined, dialyzed amghilized

to obtain acidic sugar (pectin fraction: Ox solctie 4K sol. pectic, 24K sol. pectic).

Analysis of constituent sugar of each fraction

The analysis of constituent sugar of each fractias carried out by the method of Neveisal. [20] as follows.
Putting 10 mg samples to test tubes, then 3 ml Nf tBfluoroacetic acid solution containing 0.1 mg
methyf$-D-glucoside (internal standard) was added follovegdfilling with N,. Then the tube were sealed and
hydrolyzed at 12T for 1 h, then dried by evaporation. The dried damyas resolved in 0.2 ml water with 1 ml
NaBH, solution (1g NaBH4/50ml DMSO), and kept for 90 n@h 40C. Finally, samples were acetylated by
addition of 0.2 ml of 1-methylimidazol and 2 ml afetic anhydride at room temperature for 10 mine Th
monosaccharides in the samples after they wereectmtl/to their respectively alditol acetates weeasured by
GLC.

Céllulase hydrolysis of the cell-walls

To estimate the digestibility of cell walls by aglise (EC 3.2.1.4), 1 g of pectin-depleted celllsvakere resolved in
100 mM of 0.1% NaOH solution (pH 4.7) containin@Z¥NaBH, 0.1g cellulase, and then incubated for 24h. The
reducing sugar was determined at different timeSimpggy method by using glucose as a standard.

Analysis of esterified hydroxycinnamic acids and their dehydrodimersin the cell-walls
The Methods of qualitative and quantitative analysére carried out as described before [8-9, 16].

RESULTSAND DISCUSSION

Contents of acidic sugar, neutral sugar, and total sugar in the soluble fractions (Ox. sol. fr. 4K sol. fr. and 24K
sol. fr.)

Tablel. Sugar content of each solublefraction from the walls of elongated and non-elongated cells

sugar content % of total sugar

Cell wall component(ma/gcell-walls) acidic sugar neutral sugar total suagr*
N E N E N E N E
38.80 33.92 o o 43.92 34.92
Ox.sol.fr. 107434 122466 (88.34%)  (97.14%) 5.12 (11.66%) 1.00 (2.86%) (40.18%)  (31.73%)
14.50 11.34 .92 20.10

4K sol. fr. 226194 226159 8.42(39.38%)  8.76 (43.60%) (1%2

(60.62%)  (56.40%) 350)  (20.24%)

24K sol. fr. 130463 226+59 P - -

*, detected by phenol-8Q method -, not performed E, elongated walls N, non-elongated wallsdata means + SEn=3) .

The table 1 shows the polysaccharides amounts amg@sition fractionated by oxalate buffer and KQdution
from the walls of elongated and non-elongated cé&l® amount of pectic polysaccharides (Ox. sglirfrthe walls
of elongated and non-elongated cells was higher tiat in the walls of non-elongated cells. The ami®f 4K sol.
fr. from the walls of non-elongated cells was saamsethat from elongated cells, while the amount 4K 2ol. fr.
from the walls of elongated cells was lower thaat thhom non-elongated cells. However, there weraigaificant
differences in the amount of cell wall componentfie acidic sugar (or neutral sugar) in Ox. sol. df.
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non-elongated walls was 88.34% (or 11.66%) of tetglar, while that in the Ox. sol. fr. of elongatedl-walls was
97.14% (or 2.86%) of total sugar.

The acidic sugar (or neutral sugar) in 4K solofrnon-elongated cell-walls was 60.62% (or 39.3&f¥4dptal sugar
while that in elongated cell-walls was 56.4% (or6@B%) of total sugar. These results showed thatsOl.fr. was
mainly composed pectic polysaccharides while 4K d$ol was composed both of pectic and hemicellglosi
polysaccharides. On the other hand, the evideratehigher percentage of acid sugar was presenkisod fr. of
non-elongated cell-walls suggested that more pgmbigsaccharides were cross-linked with other pagsnin

non-elongated walls.

M onosaccharides composition of matrix polysaccharide in walls of elongated and non-elongated cells

Table2. Neutral sugar ratio of each fraction by DEAE-Toyopear| (n.d., not detected; tr, trace)

Neutral sugar (molar ratio, %)

Cell walls fraction _Glc Xyl Gla Rha Ara Man

by DEAE-toyopearl N E N E N E N E NE N E
Ox. sol. pectin 3 tr 20 28 23 12 8 5 4%5 nd. nd.
4K sol. pectin 8 6 23 3 15 11 8 5 463 4 1 tr
4K sol. hemi. 20 21 26 283 4 6 1 1 48 481 1
24K sol. pectin 15 12 25 27 18 18 6 6 386 tr n.d.
24K sol. hemi. 39 39 43 46 2 2 tr tr 1416 1 tr

To determinate monosaccharides composition of magidlysaccharide in each fraction from elongated an
non-elongated cell-walls, it was further purifieg tbon exchange chromatography as shown in Fig.2 ibm
exchange chromatography of Ox. sol. fr. of botmghaied and non-elongated cell-wall gave only alebidicidic
polysaccharides (Ox. sol. pectin). The elutiongratt of the ion exchange chromatography of Ox. feobf both
kinds of walls was shown in Fig. 2A where one ma@ak was obtained between 0:18.20 and 0.23+0.25 mM
NacCl, respectively. This result supported that ¢keract (Ox. sol. fr.) composed mainly pectic palysharides as

detected as acidic sugar.
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Fig 2. Theion exchange chromatography and elution pattern of acidic pectin substancein Ox. sol. fr.(A), 4K sol. fr.(B) and 24K sol. fr.(C)
of elongated and non-elongated cells

The ion exchange chromatography of the extrac#kotol. fr. and 24K sol. fr. of both walls gave ralpsorbed

hemicellulosic (4K sol. hemi. and 24K hemi.) and@tbed pectic polysaccharides (4K sol. pectin asid 2ol.
pectin). The elution pattern of acidic pectin sabst in 4K sol. fr. and 24K sol. fr. of elongatewtl amon-elongated
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cells were shown in Fig.2B and 2C, respectivelye @rain peak from each extract of 4K sol. fr. an# 24l. fr. of
elongated and non-elongated cell-walls was obtabetdieen0.22-0.25 and 0.12-0.16 mM NacCl, respectively.
This result supported that the extracts (4K and 8dKfr. composed both pectic and hemicellulositygaccharides
as detected as a mixture of neutral sugar andcasijar.

Monosaccharides composition of matrix polysacclearidch each purified fraction (Ox. sol. pectin, 4. $iemi. and
24K sol. hemi.) from both elongated and non-eloedatells were showed in Table 2. The molar ratiocydbse
(23%) and arabilose (46%) in Ox. sol. pectin fr.noih-elongated walls were lower than that of eléedavalls
(28% and 55%, respectively) while the ratio of gadae was 11% higher than that of elongated walis. ratio of
xylose in 4K sol. pectin fraction of non-elongatedlls (23%) was lower than that of elongated wgBi%), while
the ratio of others in 4K sol. pectin and 24 K gmctin fractions between non-elongated and eleogegll-walls
were same. The ratio of neutral sugar in 24K seinih fr. between elongated and non-elongated wedie also
same. These results showed that there was noisamifdifference in composition of matrix polysaadbes and
neutral monosaccharides (glucose, xylose, galactbsennose, arabinose, and mannose) of the cell matkix
polysaccharides between non-elongated and elongatiscas shown in Table 2.

It has been previously reported that elongated catreted arabinogalactans and acetylated xylmgtuas major
pectic and hemicellulosic component of extracetlyalysaccharides [21-22]. A further experimentnitieed the
same acetylated xyloglucan in the cell wall polg$eeides of both elongated and non-elongated @atisublished
data). Therefore, it is possible that the cell sall Mentha(elongated and non-elongated cells) have essawdihl
extensibility, because they have an acetylatedglytman which causes considerable rheological chaimgstructure
of xyloglucan in primary cell walls and promotesliaosening. The cells cultured in the low 2,4-Dndition
cannot elongate even if they have acetylated xytagt because the wall polysaccharides are crdsesdlity
phenolic acids through peroxidase-mediated oxidatoupling processes, and consequently, resultethen
cessation of cell elongation and wall rigidificatio

Thedigestibility of pectin-depleted walls of elongated and non-elongated cells by cellulose

To determine the digestibility of cell-walls by kdbse, oxalate buffer insoluble walls (pectin-dgptl walls) were
used. The digestibility of cell-walls by cellulogetween elongated and non-elongated cells was aechpas

shown in Fig.3, the pectin-depleted walls of noorghlted cells (culture for 12 days) show a lowgesiibility than

that of elongated cells. The amount of reducingasutydrolyzed by cellulose from non-elongated eedlis was

only two-thirds that from elongated cell-walls shemva higher digestibility, suggesting xyloglucansthie walls

may be easy to be hydrolyzed by cellulose [5], egldoanase [2], and XET [4], or/and to be crepekpansin [1]

in vivo and therefore they can elongated by expansinzmeses which cause wall-loosening. On the other hted
non-elongated cell-walls showed a cellulose-resigpaoperty similar to the driselase-resistant propin spinach
cell-walls, suggesting that xyloglucans in the walte tightly cross-linked by other polysaccharisiesh as pectin
and xyloglucan probably through dehydrodimers ofiife and caffeic acids. Therefore, the cells cah elongate
[8-9].
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Fig 3. Time coursefor cell-wall digestion by cellulase
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Table 3. Amount of ferulic acids, cafeic acids, and 5, 5-defer ulic acidsreleased from pectin, pectin-depleted walls, undigested walls of
non-elongated cells

Fractions FA (ng/g) CA ug/g) 5,5-DFAQg/g)
pectin(Ox.sol.fr.) 11.3 50.5 n.d.
pectin-depleted walls 294.84 317.44 38.99
(Ox. insol.fr.)

undigested walls 174.5 * 74.5

(cellulase insol.fr.)
n.d., not detected. *, not carried out.

The caffeic acid was determined by the relativepoese factor of caffeic acid to ferulic acid (RRE26) in the
experimental condition. The amounts of ferulic adadffeic acid, and 5, 5-DFA in cellulase solublevere not
carried out.

We have reported that non-elongated cell-walls aanhigher concentrations of phenolics and dehyidieds of
ferulic and caffeic acids [8-9, 16]. In the presentdy, the low digestibility of pectin-depletedlegalls supported
that higher concentration of cross-links betwedhwall polymers by phenolic substances presemdn-elongated
walls. This result in a decrease in enzymatic dibiisy of cell-wall as has been proposed previgys, 23].

Hydroxycinnamic acids and their dimmersin each fraction of non-elongated cell-walls

Caffeic acid and ferulic acid were found as maimoroeric hydroxycinnamic acids in the pectin polysecides
(Ox. sol. fr. as shown in Fig. 1). Pectin-depletealls (oxalate buffer insoluble walls), and celkgaundigested
fraction of pectin-depleted walls (oxalate buffesaluble walls) of non-elongated cells. The dehgldrers of
ferulic and caffeic acids were also detected. Tiheunt of FA and CA in ox. sol. fr. as shown in T@#lwas 11.30

or 50.50ug/g pectin polysaccharides, respectively. Theseyesstgd that FA and CA are ester-linked to pectic
polysaccharides as reported in spinach cell-wdlldicotyledons [11-12]. However, more hydroxycinriaracids
were found in pectin-depleted walls (Ox. insol) fivhich gave a mixture of acidic and neutral sufmectic
polysaccharides and xyloglucan ) when it was hyded by 4% KOH as mentioned above. The amount&\pCRA
and DFA in pectin-depleted were 294.82, 317.448083ug/g of the pectin-depleted walls, respectively.

These results suggest that the possibility thataRd CA were not only esterified to pectin polysacates of
spinach cell-walls of dicotyledons [11-12, but akssterified to xyloglucan as reported for bambolhwalls of
monocotyledons [15] because if they esterified dalpectin saccharides, they must be extractedxbiate buffer.
In addition, the facts that 4% KOH hydrolysate efciin-depleted walls (Ox. insol. walls) containesttbacidic
sugar, neutral sugar. FA, CA, and DFA were releds®d the pectin-depleted walls by 2 M NaOH suggesither
possibility that formation of cross-links betweeecfic polysaccharides and xyloglucan through thsterified FA
and CA because the 4% KOH solution usually relehsehemicellulose polysaccharides such as xylogluoad
xylan from the cell-walls of dicotyledons plant [Z[o our knowledge, this is the first time that #m@dence of
hydroxycinnamic acids ester-linked to xyloglucarsweported in dicotyledons plant.

On the other hand, FA (174.5@/g) and DFA (74.5@g/g) were also detected from the cellulase undégesaction

of oxalate buffer insoluble walls. This result pops the hypothesis that low cellulose-digestipilof
pectin-depleted walls (Ox. insoluble fr.) of nom®dated cells is due to the complex cross linksveeh wall
polysaccharides probably xyloglucans or xyloglucamd pectic polysaccharides because cellulose clyt on
xyloglucan molecular and can not cut the crossdifds [5]. Therefore, this result showed the foromatbf
cross-links of wall bound phenolics results in ttelulose (dries-resistant) property of cell wailloglucan,
therefore, involving in the cessation of cell elatign.

CONCLUSION

The results of component and neutral sugar coniposif wall matrix polysaccharides between non-ghted and
elongated cell showed that there was no signifidiférence. These results show that a changeeistiperstructure
was involved. Ox. sol. fr. of the wall was compogeainly pectin polysaccharides, while the 4K solof the walls
was composed with both pectin and hemicellulositygamcharides. The evidence of higher concentratibn
hydroxycinnamic acids and higher percentage ofiasidgar in 4K sol.fr. of non-elongated wall suggdbat more
pectin polysaccharides were cross-linked with ofh@ymers in the wall. A higher digestibility ofaglgated wall
suggests xyloglucan in the walls were easy to cbyagellulose or expansin, while the non-elongatetl showed a
cellulose-resistant property due to the cross-limdsveen polysaccharides such as pectin and xyaglurhe facts
suggest that ferulic and cafeic acids were not estgr-linked to pectic polysaccharides but alshamicellulosic
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polysaccharides. These esterified hydroxycinnamidsamay form cross-links between pectins, xyloghs; or
pectin and xyloglucan. Therefore, feruloylationffeaylation and the dimerization of feruloylateddacaffeoylated
polysaccharides are involved in the cessation bet@ngation.
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