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Abstract-Bark, wood, leaves and tn uztro grown calh and shoots from pedunculate oak (Quercus robur) were extracted 
by aqueous methanol. The polyphenols, analysed by paper chromatography and HPLC, were prmcipally hexa- 
droxydlphenoylesters-vescalagin, castalagm and pedunculagm-proanthocyamdms and pentagalloylglucose. In the 
adult tree, inner bark, heartwood and leaves were found to contain high amounts of hexahydroxydiphenoylesters (3.5 
to 8 7% DM), mainly castalagin and vescalagm. Leaves were also rich m pedunculagin. Proanthocyanidins were 
characterlstlc of bark and leaves. Calh synthesized both hexahydroxydiphenoylesters and proanthocyanidins; the 
former were largeiy oxldlzed and poorly resolved by chromatography. In WI ultra grown shoots phenolic compounds in 
leaves were similar to those of adult tree leaves, whilst stems did not contam pedunculagm but were rich in 
pentagalloylglucose. 

INTRODUCTION 

Wood, bark and leaves of pedunculate oak (QUUCUS 
robur L.) are known to accumulate high quantities of 
polyphenols, which are mainly hexahydroxydiphenoyles- 
ters (ellagitannms) and proanthocyamdms (condensed 
tannins). Both play a role m chemical defence; pro- 
anthocyanidms m leaves may be involved in herblvory 
deterrence Cl] whereas hexahydroxydiphenoyl esters 
(HHDP esters) are responsible for the high durablhty of 
oak wood [Z]. Hexahydroxydlphenoyl esters of oak wood 
are also of mdustrlal interest. Apart from tannmg, they 
might be used as chelating agents m the formulation of 
antlcorroslon mixtures for the steel industry [3], or m the 
recovery of metal ions from waste waters [S]; they might 
also be used as protem-precipltatmg agents m the brew- 
ery industry [S] or as organoleptlc agents m the agmg of 
brandies [6] They contrlbute to formation of taste and 
colour of brandies [7, 81 and wines [9, lo] kept m oak 
barrels. 

The mam polyphenols of pedunculate oak have been 
characterized. In leaves [l], several HHDP esters were 
identified as mam components: pedunculagm, castalagm, 
vescalagm, casuanctin, other components, mcludmg 
ellaglc acid, (+)-catechm, (+)-gallocatechin, procyamdm 
B-l, procyamdm B-3 and flavonol glycosldes, were also 
identified In wood, the mam polyphenols are castalagm, 
vescalagm and to a lesser extent castahn and vescalm 
[ 111. A hgnan, ( +)-lyomresmol has also been identified 
[ 121. (+)-Catechm, (+)-gallocatechm [ 131 and various 
procyamdm dimers [14] were Isolated from bark 

The structures of the mam HHDP esters are now well 
established and some blosynthetlc pathways have been 
proposed by Haslam [15, 161 and Okuda [17, 181. Very 
probably, they all derive from a common precursor, the /3- 
penta-0-galloyl-D-glucose which is further oxidized and 

hydrolysed. The biosynthesis of /?-penta-O-galloyl-D-glu- 
case 1s currently studied by Gross et al [19], but none of 
the pathways leading to HHDP esters has been definitely 
proved. In vrtro cultures of calli and shoots would be 
particularly useful for investlgatmg such pathways as 
they provide a stable, homogenous and aseptic medium 
whose nutritional and hormonal conditions can be easily 
controlled. 

In this work, a general survey of pedunculate oak 
polyphenols 1s presented. The polyphenols were extracted 
from leaves, bark and wood of an adult tree and from in 
vitro cultures of calli and shoots. They were compared by 
HPLC and paper chromatography. The suitability of in 
uztro systems for biosynthesis studies 1s evaluated. 

RESULTS AND DlSCUSSION 

Polyphenols of adult pedunculate oak 

The majority of the extracted polyphenols are water 
soluble and consist of HHDP esters and proanthocyam- 
dms (Table 1) Drastic differences of nature and amounts 
are observed between outer and mner bark, sapwood, 
heartwood and leaves Outer bark and sapwood had a 
relatively low polyphenol content. Relative amounts of 
HHDP esters and proanthocyanidins vary greatly: 
woods contam mainly HHDP esters, outer bark only 
proanthocyanidms and mner bark and leaves as much of 
both. 

The nature of the HHDP esters varies accordmg to the 
organs considered (Figs 1 and 2). Apart from outer bark, 
they all accumulate castalagm and vescalagin, together 
with some umdentlfied HHDP esters; the proportions of 
the two‘lsomers, castalagm and vescalagm. vary accord- 
mg to the samples, the former being predominant in 
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Table 1 Polyphenol contents m barks. woods, leaves and m uztro grown call1 and shoots of pedunculate oak (‘% DM) 

Hexahydroxychphenoyl Proanthocyamdms 

esters 

Total 

phenols HNO, Ellaglc acid Vamlhn Anthocyamdms: 
-__ 

Outer bark 26 1 8t tr 0 56 tr 

Inner bark 83 35 060 42 ++ 
Sapwood 0 14 040 007 0 16 

Heartwood 67 81 1 63 003 

Leaves 12 38 074 29 + 

Call] from seedhngs 
Obscurity 71 52 141 07 + 

hght 59 35 118 08 + 

Calh from young tree 
obscurity 69 46 1 29 10 + 

hght 77 51 140 1 I t 
Calh from adult tree 

obscurity 10 1 61 I 72 25 +++ 

hght 92 49 147 31 +++ 
Shoots from seedlmgs 

leaves 34 26 033 02 
stems 41 26 0 72 03 _. 

Shoots from young tree 

leaves 38 31 077 0.4 tr 

stems* 64 38 125 18 ++ 
Shoots from adult tree 

leaves 59 27 078 03 

stems* 106 38 067 13 + 

*These stem samples are largely contammated by calh 

tThe absorption maxlmum appears as a shoulder, the value 1s probably largely OverestImated 

$( --) no red colour, (+) weak red colour. (+ +) medmm red colour. (+ + +) strong red colour 

wood and bark and the latter m leaves It was also 
observed that leaves differ from wood and bark by their 
ablhty to accumulate pedunculagm 

Not all HHDP esters were resolved by HPLC Paper 
chromatograms showed in all samples analysed, a streak 
(A m Fig 2) which gives the characterlstlc coloration of 
HHDP esters with mtrous acid Relative to castalagm, 
vescalagm and pedunculagm spots, this streak may be 
more or less important It 1s particularly pronounced for 
mner bark, heartwood and to a lesser extent, leaves This 
streak corresponds probably to HHDP esters which have 
been oxldlzed and polymerized [20] 

In bark and leaf samples, rich m proanthocyamdms 
(Table l), the extracts contam compounds reacting with 
vamllm which overlap by paper chromatography the 
streak of HHDP esters These compounds are pro- 
anthocyamdms ohgomers 

Other polyphenols, dlethyl ether and ethyl acetate 
soluble, were also Identified ellaglc acid IS the mam ether 
soluble phenol of sapwood, heartwood and outer bark 
Its amount (never over 1 mg/g DM) IS always less than a 
tenth of that obtained after acid hydrolysis of HHDP 
esters, except m the case of outer bark. Hexahydroxydl- 
phenoyl units are thus mainly present m a combined form 
m the ellagltannms 

Galhc acid was identified m heartwood extract 
(0.15 mg/g) and as traces in the other samples (+)- 
Catechm 1s the mam phenol m ether or ethyl acetate 
fractions obtained from proanthocyamdm rich samples, 
I e inner bark and leaves Vamlhn was ldentlfied as traces 

in sapwood and heartwood. The presence of 
pentagalloylglucose could not be detected either by 
HPLC or by paper chromatography (Fig 2) 

Polyphenols of cd11 und shoots grown m vitro 

All the call1 and shoots grown in vttro, whatever their 
orlgm, produce HHDP esters and proanthocyamdms 
(Table 1). In most samples, these tannins correspond to 
the malorlty of phenols 

The polyphenols detected m call1 by HPLC or paper 
chromatography mcluded few HHDP esters, the main 
ones bemg vescalagm and castalagm (Fig Id) No pedun- 
culagm could be identified unambiguously It appears 
that most HHDP esters m call1 are those eluted m the 
form of a streak by paper chromatography (Spot A on 
Fig 2) which probably results from oxldatlon of simpler 
molecules such as vescalagin or castalagm The HHDP 
esters of calh would thus be more largely prone to 
oxldatlon than those of adult tree 

Polyphenols differ accordmg to orlgm of the call1 Call1 
obtained from seedlings only gave HHDP esters m form 
of a streak (Spot A on Fig 2) but no other spots were 
observed, whereas m call1 obtained from young trees or 
adult trees many other spots could be seen (Figs Id and 
2) The agar culture media of call1 obtained from seedlings 
were also the only ones that were deeply coloured Their 
extractlon with successlvelq methanol and water revealed 
the presence of low amounts of ellaglc acid (methanol) 
and of the same streak of HHDP esters (water) The agar 
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Fig 1 High-performance hqmd chromatography of water-soluble polyphenols extracted from (a) mner bark, 
(b) heartwood, (c) leaves, (d) WI vttro grown calh, (e) stems of WI uztro grown shoots and (f) leaves of invttro grown 

shoots V-vescalagm; C-castalagm; P, and P,-pedunculagm (two Isomers); X-unknown HHDP esters, G-galhc 

acid 

culture media of other call1 or in rn oitro grown shoots 
were colourless and devoid of any polyphenols. Dark 
brown agars have often been associated with dlfficultles m 
the in ultra mlcropropagatlon of woody plants [21]. The 
brown colour IS probably due to the oxidation of poly- 
phenols by phenoloxldases In no case can It be related to 
a high amount of polyphenols (Table 1). These oxidized 
polyphenols would result in the streak observed by paper 
chromatography, although oxidation during extraction 
cannot be excluded. 

Call1 obtained from adult trees produce about three 
times more proanthocyamdms than other calli (Table 1) 
whereas concentration of HHDP esters remains more or 
less the same whatever the sample. We can suppose that 
m pedunculate oak, age has a larger influence on the 
blosynthesls of proanthocyanidm than on that of HHDP 
esters As was reported for leaves harvested throughout 
the season Cl], the proanthocyanidin concentration in- 
creases with the age of the tissue. 

The stimulating effect of light on the accumulation of 
anthocyamns [22] by tissue cultures has been well docu- 
mented. In our case, no stimulatmg or inhibiting effect of 

light could be obtained (Table 1). Some authors reported 
a stimulating effect of light on accumulation of pro- 
anthocyanidins [22,23] and HHDP esters [23]; however 
this effect is less pronounced for HHDP esters and high 
variability between cultures [23] might explain why we 
have not observed It. 

Shoots grown in oitro differ m several respects from 
calh Phenol and tannin contents are lower in shoots, 
except m two shoot stem samples which were largely 
contaminated by call1 on which they had grown (Table 1). 
Among the compounds identified in shoot extracts, ves- 
calagin, castalagin and pedunculagin were the main 
polyphenols of leaves whereas in stems, only low amounts 
of HHDP esters (vescalagin and castalagin) could be 
resolved by HPLC (Fig. le and f). Pentagalloylglucose 
was the mam polyphenol of stems, as observed by HPLC 
and paper chromatography, and was also identified m 
leaves (Fig. 2). Streak A (Fig. 2) attributed to oxidized 
HHDP esters has a minor importance except in stem 
samples contammated by calh. 

Leaves of shoots contamed few proanthocyamdms and 
were slmllar m that respect to young leaves of an adult 



3486 A &ALBERT et al 

___ 
A B C D E F G H I J 

_~._ 

Outer bark + + tr 
Inner bark ++*t + +t 
Sapwood + + 
Heartwood + + * +++* + tr 
Leaves + +*t + ++ tt 

Calli +++*t tr + + + + f + 
__- 

Shoots 

Ieaves + +++* + + + -t + 
stems + + + + +++ + + 

__-___ - 

*Positive reaction with HNO, 

tPos]tlve reaction wrth van&n 

Fig. 2 Paper chromatography of methanol/water (4 1) extracts of barks, woods, leaves and an u~tro grown call1 and 

shoots of pedunculate oak, with relative abundance of the different compounds A-oxldzed HHDP esters and 

ohgomerlc proanthocyamdms, B-vescalagm and castalagm, C-pedunculagm (two Isomers), F-ellaglc acid, G- 

pentagalloyl-glucose, m inner bark and leaves, I-( +)-catechm, m other samples, I-galhc acid D, E, H. J -unknown 

compounds (tr) traces. (+) minor compound, (t t) average compound. (i + +) malor compound 

tree grown under natural condltlons [ 11. No clear differ- 
ences could be demonstrated between shoots obtamed m 
uitro from seedlmgs, young trees or adult trees explants 
Free ellaglc acid and galhc acid were both found m ether 
extracts of call1 and shoots grown rn t’ltro but no (+)- 
catechin could be identified 

Cornparson ofadult tree and call1 or shoots grown m vitro 

Although call1 produce both HHDP esters and pro- 
anthcyamdins, they differ from adult tree and m ultra 
grown shoots by their low content of pedunculagm (if 
any), castalagm and vescalagm, and the high degree of 
polyphenol oxidation Leaves of rn vitro grown shoots 
accumulate vescalagm, castalagm and pedunculagm re- 
sembling therefore more the leaves of adult tree than call] 
(Fig If). The degree of polyphenol oxrdatlon IS lower 
than m calh and comparable to that observed m leaves or 
heartwood of adult tree Stems of WI ultra grown shoots 
differ from adult tree in that they do not accumulate 
HHDP esters, but accumulate pentagalloylglucose, 
known as a precursor of HHDP esters [ 16, 171 The same 
observation was made with some calh of pedunculate oak 

c241. 
The metabolism of polyphenols m pedunculate oak m 

thus controlled by complex regulatory mechamsms ex- 
pressed during cell differentiation These mechanisms will 

lead to accumulation of pentagalloylglucose or to oxlda- 
tlon of pentagalloylglucose to form HHDP esters like 
vescalagm, castalagm or pendunculagm More extensive 
oxldatlon of pentagalloylglucose or of these HHDP 
esters might result m a complex mixture of HHDP esters 
of higher molecular weight which are not resolved by 
HPLC, or even to msoluble HHDP esters which could 
incrust the cell wall [25] particularly m heartwood [26]. 
The simllarlty with proanthocyamdms can be noticed, 
biosynthesis of proanthocyamdms IS also submitted to 
fine regulation m pedunculate oak (Table 1) They can 
also be oxldlzed or polymerized to form msoluble poly- 
mers [27] 

EXPERIMENTAL 

General Castalagm, vescalagm and pedunculagm were extracted 
from pedunculate oak leaves and purltied by chromatography 

on Sephadex LH 20111 Other compounds had the followmg 
orlgm galltc acid and ellaglc acid. Fluka, (+)-cdtechm, Serlabo 
Pentagalloylglucose wdq a generous gift of Dr Y Cal and Prof E 

Haslam 

PIant maternal Outer bark. inner bark. sapwood and heart- 

wood were obtdmed from a same branch (25 cm diameter) of d 

lOO-year-old, freshly felled pedunculate oak The samples were 

air-dried Leabe? were harvested on 21 July 1987 and 

Immediately lyophlhzed Three types of WI I mo grown shoots 



Polyphenols of pedunculate oak 3487 

were used (I) shoots derived from several 3-month-old seedbngs, 
subcultured in ultra once, (ii) shoots derived from basal sprouts of 

a 5-year-old young tree, subcultured in oltro 7 times, (m) shoots 

derived from a 150-year-old adult tree subcultured m vrtro 3 
times. The cultures were estabhshed from stem explants as 

described m [28] Calh were obtained from internodes taken 
from the 3 types of m u~rro grown shoots 

Shoots and calh were cultured on an agarized basic me&urn 
(BM) composed of half strength Murashige and Skoog [29] 

macro and micronutrient solutions, Fe EDTA and 88 PM 

sucrose. For shoot culture BM was supplemented with full 

strength Gresshof and Doy vltamm solution [30] and 0.44 pM N- 

6-benzyladenme (BA). For callogenesls BM was supplemented 

with the Morel’s vitamin solution [31] coned twice, 4.4 PM BA 

and 2 7 PM naphthylacetlc acid Cultures were kept m a growth 

chamber at 26+ l”, under 16 hr photoperlod for shoots (Sylvama 
Grolux fluorescent lamps 40 pEm_ ’ set- ‘) Calh were grown 

under the same photoperiod or m darkness For sampling, 

shoots were 2-months-old, call1 5-months-old Both were dried 

at 80” during 48 hr Each sample analysed was composed of 4 
call1 or 4 shoots grown under the same condltlons 

Polyphenol extraction Wood and bark were ground m a 

Retsch null SM 1 (particle size less than 60 mesh) Leaves, call] 

and shoots were ground m a Dangoumau vibratory ball mill for 

5 mm Samples (250 mg) were extracted v&h MeOH-H,O (4 1) 

(5 + 2 5 + 2.5 ml) overnight at room temp MeOH was evapd m a 

rotary evaporator, the aqueous solutions (made to 5 ml) were 

acidified to pH 2 with HCl and successively extracted by Et,0 
(3 x 2 5 ml) and EtOAc (3 x 2 5 ml) Et,0 and EtOAc solutions 

were dried with Na,SO,. Solvents were evapd in V~CUO and 

extracts redissolved m 0 5 ml MeOH. 

Determrnatron of polyphenols. Polyphenols were estimated m 

aq solns, after MeOH evapn and Et,0 extractIon, because 

MeOH interferes m the reactIon of vamlhn with proanthocyam- 

dm [32] and to ehmmate ellaglc acid precipitated after MeOH 
evapn. Total phenols were estimated by the Fohn-Ciocalteu 

method [33], HHDP esters by oxidation with HNO, [34] and 

proanthocyamdms by reaction with vamlhn [32], results were 

respectively expressed m galhc acid, 4,6-hexahydroxydlphenoyl- 

glucose [34] and (+)-catechm equivalents. 

HHDP esters and poranthocyamdms were also estimated by 

formatIon of ellaglc acid and anthocyanidms respectively m an 

aqueous HCI extract (0 09 ml) mixed with MeOHdN HCI 10 1 
(1 ml) m tubes with teflon-lined screw caps were placed 4 hr at 

120” Ellagic acid was determmed by HPLC as below with the 

followmg modlficatlon gradient duration 20 mm, detection at 

370 nm Red colour of anthocyamdms allowed their visual 

estimation 

Paper chromatography. Ehdlmensional chromatography was 

run on Whatman paper no 1 (12 5 x 12 5 cm’) at 20&2”, first 
dlmenslon aq. AcOH 6%, second dimension s- 
BuOH-AcOH-H,O 14: 1 5 Polyphenols o-dlhydnc phenols) 

were revealed by spray of FeCI,-K,Fe (CN), [35], HHDP esters 

with HNO, 1241, proanthocyamdms and (+)-catechm with 

vanilhn/p-toluenesulphomc acid [36], pentagalloylglucose and 

galhc acid with KIO, [37]. 

HPLC analyst. HPLC analysis of Et,0 and EtOAc extracts 
were run on a Llchrospher RP 18 E, 10 pm, 25 cm Llchrocart 

(Merck) with the followmg elutlon conditions linear gradient 

from 0 to 90% solvent B, solvent A H,O-MeOH-H,PO, 

(940.50: 1), solvent B MeOH/H,PO, 990 1, gradient 

duration: 30 rmn; flow rate 2 ml/nun Detection: UV 280 nm 

Polyphenols were identified by co-chromatography with auth- 

entIc references and by spectra (240400 nm) obtained by on hne 

detectlon with a diode-array detector Hewlett Packard 1040 A 
Retention times and maxlma of absorption were as follows. Et,0 

extracts. galhc acid, 6 6 mm, 272 nm; (+)-catechm, 12 6 mm, 

280 nm; ellaglc acid, 210 mm, 254 nm; EtOAc extracts. pentagal- 

loylglucose, 17 4 mm, 282 nm 

A Llchrospher RP 18 E, 5 pm, 25 cm Llchrocart (Merck) was 

necessary to analyse the H,O extracts Elutlon conditions were 
as follows linear gradient O-10% solvent B from 0 to 40 mm, 

l&30% from 40 to 70 mm Solvent A H,O-H,PO, 990 1 (v/v); 

solvent B MeOH-H,PO, 990 1, flow rate 1 ml/mm Reten- 

tion times were the followmg vescalagm, 25.2 mm, castalagm, 

31.8 mm, pedunculagm, 32 9 and 46.0. None of these compounds 

presented an absorption maximum between 240 and 400 nm, 

these feature, together with reactlvlty with HNO,, was used to 

detect the presence of other unidentified HHDP esters. 
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