
Abstract. Changes in the metabolism of naphthoqui-
none and ¯avonoids during the growth of half-sib adult
and rejuvenated walnut shoots (Juglans nigra ´ Juglans
regia L.) were studied at the tissue level for two years
after pruning. Moreover, the role of chalcone synthase
(CHS; EC 2.3.1.74) in the regulation of ¯avonoid
biosynthesis was investigated at the level of enzyme
activity. The end products of walnut ¯avonoid biosyn-
thesis, myricitrin and quercitrin, which accumulated in
the bark and phloem at the end of growth, did not inhibit
the biosynthetic process at concentrations of up to
100 lM each. There was no evidence of CHS regulation
by feedback or similar mechanisms which might modu-
late enzyme activity. Mathematical correlation of CHS
activity and ¯avonoid accumulation during shoot
growth, however, indicated that CHS is the rate-limiting
enzyme of the pathway in bark and phloem and that
¯avonoids seem to be transported from phloem to bark
where they accumulated mainly during growth. In
defoliated shoots, naphthoquinone metabolism appeared
to be a marker of the walnut rejuvenation stage in the
medulla, phloem and buds immediately after cutting and
thereafter mainly in buds one year after cutting. Chal-
cone synthase and ¯avonoid contents appeared to be
markers of the adult stage in the phloem.

Key words: Chalcone synthase ± Flavonoid ± Growth ±
Juglans (rejuvenation) ± Naphthoquinone ± Reju-
venation

Introduction

During the past few decades, substantial progress has
been made in elucidating the biosynthesis of plant

phenolics, one major class of which is the ¯avonoids.
Most enzymological data have been based on work with
cultured plant cells (Hahlbrock and Grisebach 1979;
Hahlbrock et al. 1980; Hahlbrock 1981) or herbaceous
plants (Heller et al. 1979; Kreuzaler et al. 1983). Parsley
cell-suspension cultures have been extensively studied
because dark-grown parsley cells respond to UV irradi-
ation by accumulating ¯avonoids and by inducing the
enzymes involved in the biosynthesis of these com-
pounds (Heller et al. 1979; Hahlbrock 1981). Further-
more, the changes in the activities of L-phenylalanine
ammonia-lyase (PAL) and chalcone synthase (CHS), the
key enzymes of general phenylpropanoid metabolism in
plants and of ¯avonoid biosynthesis, respectively, have
been correlated with transient increases in the transcrip-
tion rates of their corresponding genes (Kreuzaler et al.
1983; Chappel and Hahlbrock 1984).

Chalcone synthase (EC 2.3.1.74), a homodimeric
protein (Kreuzaler et al. 1979) catalyses the formation
of the aromatic A ring of the ¯avonoid skeleton by
sequential condensation of three malonyl-CoA-derived
acetate units with 4-coumaroyl-CoA, yielding 2¢,4,4¢,6¢
tetrahydroxychalcone (Heller and Forkmann 1988).
During recent years, several publications have dealt
with CHS from di�erent herbaceous plants (Heller and
Forkmann 1988 and references therein) and woody
plants (Magel et al. 1991; Claudot and Drouet 1992).

Growing shoots of adult and rejuvenated walnut trees
provide a system in which to study the biosynthesis of
phenolics at the tissue level and its integration into
rhizogenesis and development (Claudot 1992). The
changes in naphthoquinone and ¯avonoid contents
which represent the major phenolic compounds in
walnut (Jay-Allemand and Drouet 1989) and the activ-
ities of PAL and CHS have been previously studied
during growth of entirely defoliated walnut shoots
(Claudot et al. 1993). Rejuvenation, which induces a
higher growth rate and enhanced capability for vegeta-
tive propagation, results in an increase in both PAL
activity and hydrojuglone glucoside (HJG) content. The
PAL activity is proportional to the growth rate of shoots
but does not directly control the accumulation of
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¯avonoids while CHS appears to be the rate-limiting
enzyme of the pathway (Claudot et al. 1993).

The aim of this work was to study the variations in
the main polyphenolic pathways in the di�erent tissues
or organs of adult and rejuvenated walnut shoot
cuttings. This study took place for two consecutive
years, during the growth period (from late May to late
August) which has been previously described by Drouet
et al. (1989). Here, the rate-limiting role of CHS in
¯avonoid formation is examined and we report results
which suggest that, through changes in the naphthoqui-
none or ¯avonoid pathways, speci®c tissues or organs
are implicated in the rejuvenated stage, while others are
implicated in the adult stage.

Materials and methods

Plant material. Two clones of half-sib hybrid walnut trees (Juglans
nigra ´ Juglans regia L.) were grown at the INRA nursery in
OrleÂ ans, France. For each clone, two physiological stages were
studied: (i) pruned trees which produce rejuvenated shoots
conducive to propagation, and (ii) adult trees the shoots of which
could not be propagated. In the ®rst year, two 12-years-old trees
were pruned 50 cm above ground level 20 d after bud burst (late
May), and terminal annual shoots were sampled at random.
Sprouts that emerged from the stumps of the pruned adult trees
were sampled 30 and 60 d after bud burst. In the following year,
terminal shoots from half-sib adult trees and stump sprouts from
the trees that were pruned in the ®rst year were cut at random 20,
35, 50, 65, 80 and 100 d after bud burst, measured and immediately
immersed in liquid nitrogen for subsequent lyophilization. For each
sample date, each shoot was separated into ®ve parts: buds, bark
plus ®bres of sclerenchyma that were easily detached from the
lyophilized shoot with a scalpel, phloem: non-ligni®ed whitish
tissue (including sieve elements, ®bres, parenchyma and cambium),
inserted between sclerenchyma ®bres and the ligni®ed xylem, which
was scraped o� the surface of the central cylinder with a scalpel;
wood (secondary xylem) and medulla (medullary parenchyma).
Each part was stored under vacuum at room temperature in
darkness. Just before extraction, each part was weighed and ground
for 3 min in a Dangoumau grinder (Prolabo, Paris, France) to
obtain a uniformly ®ne powder.

Analysis of phenolic compounds. Polyphenols were extracted and
puri®ed according to methods described by Macheix (1974) and
adapted to walnut (Jay-Allemand et al. 1988). Alcoholic extracts
(10 ll representing 2.5 mg of dry material) were analysed by HPLC
(Beckman, Fullerton, Calif. USA). Analysis conditions were as
follows: the column was lichrosphere 5 lm, 100 Ch-18/11 (Merck,
Darmstadt, Germany), 250 mm long ´ 4.6 mm incl.; solvent A was
1% aqueous acetic acid (pH 2.6) (R) and solvent B was methanol:
acetonitrile (1:1, v/v) (B); the gradient was 0 to 20 min: 15 to 40% B
into A; 20 to 25 min: 40 to 60% B into A. Flow rate was
1 ml á min)1. Polyphenols were monitored at 340 nm and the major
¯avonol and naphthoquinone compounds were characterized by
comparison of their retention times and UV spectra with those of
reference compounds (Beckman detector 160; Jay-Allemand et al.
1988). Quantitative values of phenolic compounds were expressed
in mg á (gDW))1. Flavanols were measured according to a modi®ed
method of Treutter (1989). Alcoholic extract (20 ll) was added to
10 ll of 2% 4-dimethylaminocinnamaldehyde (DMACA) in meth-
anol and 6 N HCl (v/v) and to 970 ll methanol. After 3 h in
darkness, absorbance was measured at 637 nm with a recording
spectrophotometer (UV 941; Kontron, Milan, Italy). Results are
expressed in mg catechin á (gDW))1.

Enzyme extraction. Chalcone synthase was prepared according to
the method of Claudot and Drouet (1992). Lyophilized shoot

powder mixed with polyvinylpolypyrrolidone (PVPP), and Dowex
(Sigma, St. Louis, Mo., USA) 1X2-200 (1:1:1, by weight; Dowex
pre-equilibrated with the extraction liquid) was extracted under
nitrogen for 20 min at 4 °C. The extraction liquid contained 0.7 M
potassium phosphate bu�er (pH 8.0), 0.1% (w/v) BSA, 1.5% (w/v)
polyethyleneglycol (PEG) 20 000, 0.4 M sucrose, 1 M CaCl2,
0.2 M ascorbic acid, 50 mM EDTA, 50 mM cysteine and 5 mM
sodium diethyldithiocarbamate. After ®ltration on nylon cloth, the
®ltrate was centrifuged for 20 min at 37 000 g. The supernatant
was used as crude enzyme extract.

Protein determination and enzyme assay. The original method of
Bradford (1976) was modi®ed (Drouet et al. 1989) as follows: the
assay mixture contained 50 ll crude extract to 8 ml reactive
solution, and the reference was made with the extraction solution.
Protein concentration was expressed in mg á (g DW))1. Activity of
CHS was measured according to the method of Claudot and
Drouet (1992). Aliquots of the crude enzyme extract were incubat-
ed with 0.1 M potassium phosphate bu�er (pH 8.0) containing 2%
(w/v) BSA, 25 lm 4-coumaroyl-CoA and 16 lM [2-14C]malonyl-
CoA (8.34 MBq) for 15 min at 35 °C. The reaction was stopped by
adding 350 ll ethyl acetate containing naringenin. This resulted in
the extraction of the labelled reaction products which were
separated from the substrates. After mixing for 3 min, samples
were centrifuged and radioactivity as labelled naringenin 50-ll
aliquots of the ethyl acetate phase was assessed in a scintillation
counter Beckman (LS 6 000). Enzyme activity was expressed in
pkat (mg protein)1).

Enzyme activity controls. Enzyme activities were assayed immedi-
ately after preparation of the samples. Boiled enzymes and
reactions lacking substrates did not show any activity. The presence
of speci®c inhibitors or activators for enzymes was tested as
follows: powder from two di�erent stages of growth were mixed
and extracted and the resulting enzyme activity was always
identical to the calculated mean of each powder activity measured
separately. The CHS reaction was linear with time over a period of
at least 20 min at a protein concentration of up to 50±150 mg in the
reaction mixture. Up to 20% labelled malonyl-CoA was incorpo-
rated into naringenin. The enzymatically formed labelled narin-
genin was co-chromatographed with unlabelled substrates by TLC
and identi®ed by UV ¯uorescence and autoradiography. In the
CHS assay, naringenin was the only product formed.

Mathematical treatment. The data for phenolics were analysed
statistically (values are mean of three to ten replicates) and the 95%
con®dence interval (vertical bars on ®gures) is shown and signi®-
cant di�erences (P < 0.05) between following sampling dates
(Student t test of Snedecor and Cochran 1972) are indicated by an
asterisk (*). Enzyme data, when they were analysed statistically
(values are mean of three to ten replicates) exhibited a variation
coe�cient which never exceeded 5%. Mathematical correlation
between ¯avonoid accumulation and enzyme activities was done.
When the activity of the rate-limiting enzyme of a pathway is not
regulated, e.g. by feedback inhibition, and degradation of products
is negligible, product accumulation can be described by the
integration of the enzyme activity curve using the equation:
P(t) � R t

0 E(t) dt (Knogge et al. 1986, and references therein).
Measured ¯avonoids were the total amount (expressed in lmol
per shoot) of myricitrin, quercitrin (the two major ¯avonols in
walnut shoots) and ¯avanols. Least-squares linear regression
between calculated ¯avonoids (by the equation) and measured
¯avonoids was carried out and both the slope and the correlation
coe�cient were measured.

Results

Enzyme kinetics. The in¯uence of reaction products
and metabolic end products on CHS reaction rate
was analysed. The product of the CHS reaction
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2¢,4,4¢,6¢-tetrahydroxychalcone, cannot be used in kinet-
ic studies because it is cyclised spontaneously to
naringenin under the optimal assay conditions. Fifty
percent inhibition was achieved with 200 lM naringenin
and 350 lM coenzyme A (data not shown). The two
main end products of walnut ¯avonoid biosynthesis, two
glycosyl¯avonols, i.e. myricitrin and quercitrin and their
respective aglycones, i.e. myricetin and quercetin, did
not a�ect the reaction rate of the enzyme at concentra-
tions as measured up to 100 lM each (data not shown).

Product accumulation and CHS activity. Thirty days
after bud burst following the cutting of the two adult
trees in June, the sprouts that had emerged from the
stump (Fig. 1A) exhibited an HJG/myricitrin ratio of 18,
higher than that previously found for the shoots of adult
trees (Fig. 1B). This was mainly due to higher contents
of HJG in the medulla, phloem and buds (Fig. 2) while
¯avonoid content and CHS activity did not signi®cantly
vary (data not shown).

Sixty days after bud burst, the HJG/myricitrin ratio
of rejuvenated shoots decreased to 11 (Fig. 1B) due to
increased ¯avonoid contents in buds and bark (data not

shown) while HJG contents remained at a steady level in
the di�erent shoot compartments (Fig. 2).

During the year after cutting, the HJG/myricitrin
ratio remained at about 11 in rejuvenated shoots while,
in shoots of non-pruned adult trees, it decreased
dramatically from 11 to 3, after 50 d of growth (Fig. 1B);

Fig. 1. A Scheme for sampling of adult and rejuvenated walnut
shoots (indicated as dotted-line arrows) B Changes in the ratio HJG/
myricitrin in annual entire shoots of adult and rejuvenated hybrid
walnut trees. Hydrojuglone glucoside and myricitrin contents were
measured after puri®cation by HPLC. d, adult tree shoots sampled
year N; s, rejuvenated shoots sampled year N; j, adult shoots
sampled from control unpruned trees year N+1; h, rejuvenated
shoots sampled year N+1. For each physiological situation,
signi®cant (P < 0.05) di�erences between following sampling dates
are indicated by an asterisk (*)

Fig. 2. E�ect of rejuvenation on HJG contents in the di�erent tissues
of annual shoots. Shoots of adult walnut trees were sampled the day
of cutting (20 d after bud burst) and new shoots from the resulting
stumps were sampled 30 and 60 d after bud burst. Tissues were
separated from the lyophilized shoots. Hydrojuglone glucoside
content was measured after puri®cation by HPLC. , medulla;

, wood; , phloem; , bark; , buds

Fig. 3A±C. Changes in HJG content in di�erent tissues during the
growth of adult and rejuvenated walnut shoots. Annual shoots were
sampled from stumps the year after cutting and from adult trees.
Tissues were separated after lyophilization. Hydrojuglone glucoside
content was measured after puri®cation by HPLC.A Buds; B bark; C
phloem. jj, adult shoots; , rejuvenated sprouts. For each
physiological situation, signi®cant (P < 0.05) di�erences between
following sampling dates are indicated by an asterisk (*)
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di�erences in product accumulation and CHS activity
were precisely investigated in the di�erent parts of the
shoots of adult and rejuvenated trees (Figs. 3±6).

At the beginning of growth, the HJG content was
threefold higher in buds than in bark and phloem of
stump sprouts (Fig. 3) and was not detectable in wood
and medulla (data not shown). The HJG content in buds
and bark (Fig. 3A,B), was higher in stump sprouts than
in adult tree shoots while in phloem (Fig. 3C), it did not
signi®cantly di�er. At the end of growth, the HJG
content increased in the bark and phloem of adult tree
shoots and rejuvenated shoots (Fig. 3B,C).

At the beginning of growth, the ¯avonol content
(myricitrin, and quercitrin) was higher in buds than in
bark and phloem (Fig. 4) and was not detectable in wood

Fig. 4A±C. Changes in ¯avonol (myricitrin + quercitrin) content in
di�erent tissues during the growth of adult and rejuvenated walnut
shoots. Annual shoots were sampled from stumps the year after
cutting and from adult trees. Tissues were separated after lyophiliza-
tion. Flavonol content was measured after puri®cation by HPLC. A
Buds; B bark; C phloem. jj, adult shoots; , rejuvenated shoots.
For each physiological situation, signi®cant (P < 0.05) di�erences
between following sampling dates are indicated by an asterisk (*)

Fig. 5A±C. Changes in ¯avanol content in di�erent tissues during the
growth of adult and rejuvenated walnut shoots. Annual shoots were
sampled from stumps the year after cutting and from adult trees.
Tissues were separated after lyophilization. Flavanol content was
measured after reaction with 4-dimethylaminocinnamaldehyde and
637 nm absorbance recording. A Buds; B bark; C phloem. jj, adult
shoots; , rejuvenated shoots. For each physiological situation,
signi®cant (P < 0.05) di�erences between following sampling dates
are indicated by an asterisk (*)

b

Fig. 6A±C. Changes in CHS activity in di�erent tissues during the
growth of adult and rejuvenated walnut shoots. Annual shoots were
sampled from stumps the year after cutting and from adult trees.
Tissues were separated after lyophilization. Chalcone synthase activity
was measured after incubation of the enzyme with 4-coumaroyl CoA
and [2-14C]malonyl CoA; reaction products were extracted by ethyl
acetate and radioactivity was measured in a scintillation counter. A
Buds; B bark; C liber. jj, adult shoots; , rejuvenated shoots
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and medulla (data not shown). During growth, ¯avonol
content remained at a steady level in buds (Fig. 4A)
while it increased at the end of growth in bark and
phloem (Fig. 4B,C). At the end of growth, the ¯avonol
content in phloem (Fig. 4C) was threefold higher in adult
shoots than in rejuvenated shoots while no signi®cant
di�erences were found in buds and bark (Fig. 4A,B).

At the beginning of growth, the ¯avanol content was
®vefold higher in buds than in bark and phloem (Fig. 5)
and was not detectable in wood and medulla (data not
shown). During growth, it increased in bark and phloem
(Fig. 5B,C) while it remained at a steady level in buds
(Fig. 5A). Moreover, no signi®cant di�erences between
adult and rejuvenated shoots were shown in buds, bark
and phloem.

For buds of adult tree shoots, at the beginning of
growth, CHS activity was not measured because they
were too small. The CHS activity was higher in the older
buds than in bark and phloem (Fig. 6) and was not
detectable in the wood and medulla (data not shown). In
buds (Fig. 6A), the CHS activity exhibited a transient
maximum in the middle of the growth period. In bark
(Fig. 6B), the activity remained at a steady level for
adult tree shoots and rejuvenated shoots. In phloem
(Fig. 6C), CHS activity exhibited an increase 50 d after
bud burst in adult tree shoots while it remained at a
steady level in rejuvenated shoots.

Taken together, these results show that the end of
growth of annual shoots (80±100 d after bud burst) was
characterized by an accumulation of naphthoquinones
and ¯avonoids mainly in bark and phloem while it

remained at a steady level in buds. In contrast, the CHS
activity reached a transient maximum in the middle of
growth (50±65 d after bud burst) mainly in buds and at a
lower level in phloem while it remained at a steady level in
bark. On the other hand, the adult stage of walnut was
mainlymarkedbya lowercontentofHJGinbudsandbark
and higher CHS activity and ¯avonol content in phloem.

Regulation of ¯avonoid biosynthesis. Flavonoids are not
metabolized during the growth and development of
walnut shoots. Furthermore, there is no indication for
regulation of CHS by the metabolic end products (see
above). Therefore, an attempt was made to correlate
mathematically ¯avonoid accumulation and CHS activ-
ity in the di�erent parts of the shoots. For the whole
bark + phloem, CHS activity exhibited a peak 65 d
after bud burst in adult shoots (Fig. 7A) and was still
increasing 80 d after bud burst in rejuvenated shoots
(Fig. 7B). Flavonoid amounts increased over the whole
period studied. The theoretical curve of calculated
¯avonoids was below the experimental curve in bark
and above it in phloem and buds (data not shown). For
the whole bark + phloem, all experimentally derived
data on ¯avonoid accumulation in adult shoots
(Fig. 7A) and stump sprouts (Fig. 7B) lay on the
theoretical curve. Correlatively, a least-squares linear
regression between calculated and measured ¯avonoids
exhibited a slope of 1.107 � 0.089 for adult shoots with
a correlation coe�cient r = 0.990 and a slope of
1.030 � 0.023 for rejuvenated shoots with a correla-
tion coe�cient r = 0.999, showing a good correlation

Fig. 7. Mathematical correla-
tion of relative CHS activity
and ¯avonoid accumulation.
A Adult shoots; B rejuvenated
shoots. Enzyme activity (d) was
measured during shoot devel-
opment. The curve obtained for
relative CHS activity (ÐÐ) was
integrated to yield the product
accumulation curve (- - - -)
which can be compared with the
experimental data for ¯avonoid
accumulation (n). Vertical bars
indicate 95% con®dence inter-
vals to the average
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between ¯avonoid accumulation and CHS activity.
These results suggest that CHS is the rate-limiting
enzyme of the ¯avonoid pathway in bark and phloem
during walnut shoot growth.

Discussion

Chalcone synthase catalyses the ®rst step in the
¯avonoid biosynthesis pathway of plants. This key
metabolic position makes the enzyme an attractive
target for regulatory mechanisms controlling the path-
way. The CHS from walnut was inhibited in vitro by
coenzyme A, a product of the reaction, as well as by
naringenin. This is in close agreement with experiments
using a puri®ed enzyme extract from oat leaves (Knogge
et al. 1986). Reports on the puri®ed enzyme from parsley
and carrot cell-suspension cultures (Kreuzaler and
Hahlbrock 1975; Ozeki et al. 1985), as well as on the
partially puri®ed enzyme from tulip anthers (SuÈ tfeld
et al. 1978), carrot cell cultures (Hinderer and Seitz
1985), oat primary leaves (Knogge et al. 1986), and now
walnut tissues, however, do not yield any information on
the possible regulation of CHS activity. It can be
expected that the products of the reaction inhibit the
enzyme, as is the case for coenzyme A (Cleland 1963;
SuÈ tfeld et al. 1978). Naringenin, usually applied as a
racemate, exerts an inhibitory e�ect on the reaction
possibly because of its partial structural similarity to the
chalcone product. Like the CHS from carrot cells
(Hinderer and Seitz 1985), and oat primary leaves
(Knogge et al. 1986), the non-inhibition of walnut
CHS by the walnut ¯avonols in vitro apparently
excludes end-product inhibition in vivo.

Our results allow for a better understanding of the
impact of coppicing on the metabolism of phenolics
within a shoot. When the trees have just been cut down,
a high HJG/myricitrin ratio is due to a high accumu-
lation of HJG ®rst in medulla, phloem and buds and
then in buds and bark throughout the growth period
one year after cutting. These observations are in close
accord with previous results (Jay-Allemand et al. 1988;
Jay-Allemand and Drouet 1989; Claudot et al. 1993)
and are also associated with the good multiplication
rates and propagation of rooted shoots by tissue culture
of buds collected the year of cutting (Jay-Allemand
1985).

Naphthoquinones are much more concentrated in
walnut roots (Jay-Allemand 1985). After cutting, the
increased concentration of HJG in medulla, phloem and
buds seems likely to be due to a root e�ect (Jay-
Allemand 1985). Comparisons between coppiced and
non-coppiced Populus sp. have shown that improvement
in water supply due to the increased root/shoot ratio and
the reduced shoot competition for moisture leads to the
acceleration of growth of decapitated plants (Tschaplin-
sky and Blake 1989). Consequently, HJG could be
transported from roots to buds and then to phloem and
bark via the water ¯ow and participate in the acceler-
ation of growth and the increased multiplication rate of
new shoots. In addition, when the trees have just been

cut down, ¯avonoid metabolism is not modi®ed and
does not seem to be linked to a root e�ect.

In the years after pruning, the di�culty of propagat-
ing the plant material by tissue culture indicates an aging
of the stump which can be explained by a decrease in the
root e�ect, which is marked by a smaller content of HJG
in buds, phloem and bark at the beginning of growth
than in the year of cutting (Figs. 2, 3) and an increase in
¯avonol content in phloem and bark during growth
(Fig. 4). The only suitable propagation period is corre-
lated with the beginning of growth (Claudot et al. 1992)
and it is well known that the initiation of root primordia
occurs mainly at the proximity of phloem and cambium.
Consequently, it appears that decreased content of HJG
in a tissue is associated with decreased shoot multipli-
cation rate and that this content is correlated with the
root e�ect which decreases with both growth and the age
of the stump, and a�ects successively medulla, buds,
liber and bark. Finally, naphthoquinone metabolism
appears to be a marker of rejuvenation in walnut but it
remains to be determined if HJG is transported from
roots to medulla, buds, phloem and bark or is synthe-
sized in situ, as does the mode of action of HJG on
rooting. Moreover, in close accordance with previous
results (Claudot et al. 1992), ¯avonoid metabolism
(Myricitrin and quercitrin content and CHS activity),
which appears at a higher level in the phloem of adult
tree shoots than in the phloem of stump sprouts, can be
considered as a marker of the adult stage. Similarly, it
has already been shown that, in Prunus avium, two other
¯avonoids, prunin and sakuranin, invariably increased
with advancing chronological shoot age (Treutter et al.
1987). In Hevea, ¯avonoids (¯avans, ¯avonols and
anthocyanins) are good markers of juvenility and
rooting ability (Ha�ner 1991) and in ivy, maturity is
linked to the disappearance of anthocyanins (Murray
and Hackett 1991). Nevertheless, little is known in vivo
on the regulation of the synthesis, the transport and the
mode of action of these compounds.

While little is known about the metabolism of
naphthoquinones, it is well known that CHS is the key
enzyme of ¯avonoid metabolism (Heller and Forkmann
1988). An indication for a possible role of CHS as the
rate-limiting enzyme of the pathway has already been
found in Petunia hybrida (Mol et al. 1983), wild carrot
(Hinderer et al. 1983), oat primary leaves (Knogge et al.
1986) and walnut shoots (Claudot et al. 1993). It seems
likely that CHS could be the key enzyme of ¯avonoid
accumulation in speci®c tissues of walnut. For the whole
bark + phloem from growing adult and rejuvenated
tree shoots, mathematical correlation of CHS activity
and ¯avonoid accumulation resulted in the coincidence
of experimentally obtained and calculated curves for
product formation (Fig. 7). This very close coincidence
tends to exclude regulatory mechanisms modulating
CHS activity in vivo. Furthermore, this relationship can
only be expected for the rate-limiting enzyme of a
pathway. Under the particular growth conditions ap-
plied to the adult and rejuvenated walnut shoots,
therefore, the amount of ¯avonoids synthesized in bark
+ phloem appears to be determined mainly by the CHS
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activity present in the phloem (Fig. 6). It remains
unclear as to how ¯avonoids can be transported from
phloem to bark where they are mainly accumulated. An
intercellular transport process of ¯avonoids has been
postulated in anthers of Petunia (Koes et al. 1990) and
between leaf mesophyll and epidermal layers (Knogge
and WeissenboÈ ck 1986; Knogge et al. 1986). In contrast
to this report, the simultaneous occurrence of CHS in
both epidermal layers as well as in the mesophyll of rye
and maize correlated with the accumulation of ¯avonoid
products in these tissues, indicating tissue autonomy of
¯avonoid biosynthesis (JaÈ hne et al. 1993) and needs
further investigation.

Furthermore, the presence of ¯avonoids in response
to environmental stimuli and at speci®c developmental
stages is mediated by regulated CHS expression
(Wingender et al. 1989). Transcriptional activation or
repression of CHS genes is a major factor regulating
enzyme levels and hence ¯avonoid accumulation
(Chappel and Hahlbrock 1984; Murray et al. 1994).
Moreover, translational regulation of CHS mRNA has
also been shown (Knogge et al. 1986; Frenken et al.
1991). To elucidate the regulation of CHS gene expres-
sion in adult and rejuvenated walnut tissues, molecular
biological studies will be carried out in the future.
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