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Abstract—The intracellular and intraplastidic distribution of carotenoids has been investigated in radish seedlings
grown in the presence of the herbicides amitrole and SAN 6706. Both herbicides caused bleaching and the plants became
deficient in chlorophylls and the usual chloroplast cyclic carotenoids, but accumulated the acyclic carotenoid
biosynthetic intermediates 15-cis-phytoene and all-trans-lycopene. In both the untreated and herbicide-treated plants
all carotenoids, including phytoene and lycopene, were contained in the plastid. In all cases the normal cyclic
carotenoids were located virtually exclusively in the thylakoid or prothylakoid fraction. In amitrole-treated plants,
lycopene also was contained only in the thylakoid fraction, whereas phytoene, in these and in SAN 6706-treated plants,
was detected in both the thylakoid fraction and an envelope preparation. Possible implications for the biosynthesis of

the carotenoids are discussed.

INTRODUCTION

Chloroplasts from green tissues of higher plants contain
B-carotene, (frequently accompanied by traces of a-
carotene), and the xanthophylls lutein, violaxanthin and
neoxanthin, usually with some zeaxanthin and anther-
axanthin [1]. All these carotenoids are considered to be
present in pigment—protein complexes located in highly
specific orientations in photosynthetic reaction centres
and light-harvesting assemblies in the thylakoid mem-
brane [2]. The presence of some carotenoid, particularly
violaxanthin, in the chloroplast envelope has also been
reported {3, 4]. The carotenoids appear to be bio-
synthesized within the chloroplast; several biosynthetic
transformations have been achieved with isolated chloro-
plasts, including the incorporation of mevalonate into
phytoene [5] and of phytoene into cyclic carotenes [6].
The roles of cytoplasm and chloroplast in the synthesis of
mevalonate for chloroplast terpenoid biosynthesis have
been subject to argument. Wherever in the cell the early
stages may occur there is no real doubt that the late stages
of carotenoid biosynthesis take place in the plastid,
though the actual site or sites of synthesis within the
chloroplast remain unknown.

It is well-known that, in the presence of certain
herbicidal compounds, notably amitrole and pyridazi-
nones, formation of the range of cyclic carotenoids
normally found in the chloroplast is inhibited and bio-
synthetic intermediates, such as phytoene, phytofluene
and lycopene, not detectable in untreated plants, may
accumulate [7]. Such herbicide-treated plants, therefore,
provide an opportunity to gain more insight into the
location of carotenoid biosynthesis within the cell and
within the plastid.

RESULTS AND DISCUSSION

Radish plants treated with amitrole and especially SAN
6706 were bleached during growth in continuous white
light and became deficient in chlorophyll and carotenoids.
The carotenoid compositions are given in Table 1. In the
SAN-treated plants, the total carotenoid content was very
much reduced; the normal cyclic carotenoids were present
only in very low amounts but were replaced to some extent
by phytoene. The amitrole-treated plants also contained
reduced amounts of the normal carotenoids, though the
individual cyclic carotenoids were present in approxi-
mately the same ratio as in the controls; phytoene and
lycopene were also present. These were identified initially
by their light absorption and mass spectra [phytoene
UV Ahesane nm: 275, 285, 296, M* at m/z 544 (C,oHgu)
major fragment ion at m/z 337 [M -205]"; lycopene
UV Abesane nm: 442, 470, 504, M* at m/z 536 (C4oHss),
major fragment ion at m/z 467 [M — 69] " ]. Phytone and
lycopene are important intermediates in the biosynthesis
of cyclic carotenoids [1]. The lycopene intermediate is
normally in the all-zrans configuration, as in the cyclic
products, but the phytoene formed in higher plants
appears to be the 15,15-cis-isomer. The phytoene and
lycopene isolated from the herbicide-treated radish seed-
lings were examined by high resolution (300 MHz)
'HNMR spectroscopy. The lycopene spectrum was
identical to that of all-trans-lycopene published by Vetter
et al. [8] (in particular showing H;, ;,- and H,; 5 at
56.62,H, ,.at 56.48, H,, ,, at56.34,Hy s and H,, ,, at
86.24,H,, 1o at §6.17 and H ¢ at $5.94). Phytoene gave
a spectrum characteristic of the 15,15-cis-isomer [9],
significant features being the signals for H,, ,, and
H,s 5 at 66.30 and 6.09, respectively. The phytoene and
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Table 1. Carotenoid compositions of leaves and plastids of radish seedlings grown for 6 days in continuous white light (8 W/m?)
in the presence of SAN 6706 (1 x 10"+ M) or amitrole (1 x 107 * M)

Control (untreated plants) SAN 6706 Amitrole
Leaves Plastids Leaves Plastids Leaves Plastids

Carotenoid ng* A g O ug %, ug o ng o ug bR

B-Carotene 1122 25 134 259 41 4.5 2.1 2.4 481 22.1 16 5.1
Luteint 1862 41 238 46.0 49 5.3 53 59 560 258 128 40.8
Antheraxanthin 397 8 40 7.7 8 0.9 04 0.5 250 115 44 14.0
Violaxanthin 582 13 60 11.6 6 Q0.6 1.3 14 282 13.0 65 20.7
Neoxanthin 582 13 45 8.7 3 0.3 0.1 0.1 224 10.3 28 8.9
Phytoene nd. nd. n.d. n.d. 812 88.2 80.0 89.6 200 9.2 21 6.7
Lycopene n.d. nd. n.d. n.d. 2 0.2 0.1 0.1 176 8.1 12 38

*Figures for leaves are ug/400 seedlings; for plastids are ug recovered from plastids isolated from 400 seedlings.

t9; of total carotenoid.
1The lutein normally contained ca 59, zeaxanthin,
n.d..Not detected.

lycopene that accumulate in herbicide-treated radish
plants are, therefore, the normal 15-cis-and all-trans
isomers, respectively.

As also shown in Table 1, plastids isolated from
herbicide-treated or untreated radish plants contained all
the carotenoids, including phytoene and lycopene, and the
carotenoid compositions were broadly similar to those of
the intact seedlings, though the f-carotene--xanthophyll
ratio in the plastids from the amitrole-treated plants was
low.

The main part of the work was that in which plastids
from plants which had been grown in the dark or in
continuous far-red or white light were disrupted and
thylakoid and envelope membrane fractions prepared
according to Douce et al. [3]. The carotenoid com-
positions of these fractions from SAN 6706- and amitrole-
treated plants are given in Table 2. Although the samples
were necessarily much smaller, the carotenoid com-
positions of the thylakoid fractions from plastids of radish
seedlings grown in white light in the presence of SAN 6706
or amitrole were essentially similar to those of the isolated
chloroplasts. Much lower carotenoid levels were obtained
in the fractions from plastids from plants grown in the
dark or in far-red light. In all cases, the cyclic carotenoids
were found virtually exclusively in the thylakoid or
prothylakoid fractions, and were essentially absent from
the envelope preparations. Since this result appears to
contradict the findings of Douce et al. 3, 4] who reported
the presence of violaxanthin and other carotenoids in
their envelope preparations from spinach leaf chloro-
plasts, untreated white-light-grown radish seedlings and
4-week-old spinach plants were investigated; again, the
carotenoids were found to be restricted to the thylakoid
fraction, less than 19, of the total or of any individual
carotenoid, including violaxanthin, being detected in
envelopes prepared by the Douce procedure [3]. The
lycopene which appeared in the radish plants in response
to amitrole treatment was also restricted to the thylakoid
fraction. The situation with phytoene was different,
however, with both SAN- and amitrole-treated plants,
grown in the dark or in far-red or white light, although
most of the phytoene was recovered in the thylakoid or
prothylakoid fraction, a substantial proportion (17--32%;
in amitrole, 2045 %, in SAN-treated plants) was found in

the membrane preparation containing plastid envelopes.
This may be taken as evidence that the earlier stages of
carotenoid biosynthesis in the plastid, ie. up to the
phytoene stage, take place in the envelope, with the later
stages—desaturation, cyclization, hydroxylation—then
occurring in the thylakoids. This would necessitate a
mechanism for transporting the hydrocarbon inter-
mediate, phytoene, from envelope to thylakoid within the
plastid. Alternative possibilities must also be considered.
The herbicides amitrole and SAN 6706 are known to
disturb photosynthetic membrane development, so that
plastids of the herbicide-treated plants are not identical to
the normal chloroplasts of untreated plants. It is, thus,
possible that the thylakoid and envelope membrane
fractions prepared by methods used for normal plants
may contain incompletely developed or modified mem-
branes so that, for example substances that are found inan
envelope preparation may in fact be located in some
abnormal thylakoid or prothylakoid membrane whose
properties are so modified that it is obtained in the
envelope fraction. It must also be noted that although the
carotenoids are eventually localized in the mature func-
tioning membrane, they are synthesized along with other
components as part of the overall process of construction
of these membranes, and their synthesis may occur at a
time when the properties of the ‘immature’ membranes
differ greatly from those of the final mature thylakoid.

Thus, although this work has revealed an interesting
feature about the distribution of the biosynthetic inter-
mediate phytoene in sub-plastid fractions, it is necessary
to know more about the structures of the plastids and
membranes of the herbicide-treated plants in order to
determine whether carotenoid biosynthesis requires the
co-operation of different sites within the plastid, e.g.
whether some steps are performed by the chloroplast
envelope.

EXPERIMENTAL

Seedlings of radish {Raphanus sativus L. var. Saxa) were grown
for 6 days either in the dark or in continuous far-red or white light
(intensity normally 8 W/m?). Herbicide treatment was applied by
watering the plants with amitrole (aminotriazole, 1 x 10”* M) or
SAN 6706 (Metflurazon. 4-chloro-S-(dimethylamino)2-(o,a.2-
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triffuoro-m-tolyl)-3(2H)-pyridazinone, 1 x 10~ * M). Plastids were
isolated from the cotyledons by the methods of refs. [10] or
[11]. Chloroplasts were also isolated by the same methods from
4-week-old spinach plants grown in the Botanical Gardens of the
University of Karisruhe. Isolated plastids were disrupted and
envelope and thylakoid (or prothylakoid) fractions obtained by
the method of ref. [3]. Carotenoids were extracted from seed-
lings, plastids and sub-plastid fractions, these extracts were
saponified to remove chlorophyll and the carotenoids were
separated and purified all according to the procedures of ref. [ 12].
Quantitative carotenoid analyses were performed by standard
spectrophotometric procedures [13].
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