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Distribution of Plastid Quinones and Pigments along the Leaf
in Different Stages of Plastid Development of Zea mays L. Seedlings

Rozmieszczenie chinonéw plastydowych i barwnikéw w liSciu o zrb6znicowanej
strukturze plastydéw u siewek Zea mays L.

PaameuieHne NNacTMAOBLIX XWHOHOB M KpACHTENEW B nucte ¢ AU EepPeHUUPOBAHHOA
CTPYKTYpPOW Nnactuaos cesHues Zea mays L.

INTRODUCTION

The autonomy” of chloroplast is strictly connected with the presence
of assimilatory pigments and specific structure of this organelle. Photo-
synthetic activity of chloroplast is correlated with chlorophyll bio-
synthesis and formation of thylakoids. Fine structure of the photo-
chemically active thylakoids gives just now the ability of plant cells
to photosynthesize.

Beside chlorophyll and carotenoids, active fat-soluble quinones of
benzo- and naphtoquinone type with a prenyl side chain of various
lengths are one of the main groups of compounds which occur in chloro-
plasts. This group comprises mainly plastoquinone-45 (involved in
electron transport of chloroplasts), u-tocopherolquinone and their chro-
manols (plastoquinol-45 and a-tocopherol, respectively) and vitamin K,
(2, 18, 22). Beside the predominant chloroplast quinone, PQA-45, chlo-
roplasts of certain plants may contain a number of other quinones of
the PQB and PQC series as well as f3-, y-tocopherolquinone and an
uncharacterized vitamin K (5).

It appears from numerous studies, particularly those of Lichten-
thaler (27), that lipoquinones are common components of green parts
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of plants of various taxonomical groups and also of chlorophyll-free
tissues of etiolated and aurea-variegated plants as well as of not fully
functional plastids with coided thylakoids (30); relative concentrations
of these compounds are, however, quite different.

Phenotypic varieties of plastids such as leuco-, amylo-, etio- and
chromoplasts are deprived of thylakoids but they also contain, though
in smaller concentrations, plastid quinones particularly of the benzo-
quinone type (26). They are located in osmiophilic globules occurring
at all stages in the growth and differentiation of plastids and they
are an extra-thylakoidal reservoir for excess terpenoid lipids (3, 4, 15,
23, 25). The occurrence of quinones in this differentiation of plastides
proves that their synthesis is also possible outside thylakoids. Thus
there arises a question whether the promoting effect of light is confined
only to form a fine structure of chloroplasts without which biosynthesis
of these compounds would not be possible, or whether light directly
effects the synthesis independently of that structure. The suggestion
supporting the former assumption was put forward in reference to
a-tocopherol (a-T) synthesis in streptomycin (SM) treated cell of Euglena
gracilis (8). Light-stimulated synthesis of o-T during 'greening up” of
etiolated plants has been objected lately (12, 17, 33). The lack of distinct
light effect on o-T synthesis after illumination of dark-grown plants,
as Lichtenthaler thinks (28), could have been caused by photo-
oxidation of oa-T into a-tocopherolquinone (a-TQ).

The synthesis of main amounts of terpenoid quinones is, however,
stimulated by light (16, 26). According to Lichtenthaler’s hypothesis (28)
the white light primarily promotes the synthesis of those plastid lipids
that are present in etiolated plants in relatively low concentrations. In
earlier studies it was found that concentration of plastidic quinones
is groverned by the degree of chloroplast development (34).

To prove these findings the author examined in this paper the dy-
namics and distribution of plastid quinones in leaves of maize seedlings
characterized by various stages and differentiation of plastids. Gradual
differentiation of plastid structure and chlorophyll formation along
the leaf was obtained by treating the leaf with SM (31).

MATERIAL AND METHODS

For the experiments seeds of the Zea mays L. var. Mieszaniec from the Expe-
rimental Station at Ozanhsk near Jarostaw, collected in 1968, were used.

The seeds sterilized with mercuric chloride were soaked in darkness for
24 hrs and then they were put on wet lignin and placed in a thermostate at
23°C in the dark., After three days of germination they were exposed to light
(4500 1x, 18 hrs light).
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After shooting of the leaf through the coleoptile a part of plants were
sprayed with 0.5% aqueous solution of SM (11,31) every one hour 12 times during
the day. After some time of growth the second leaf of SM-treated seedlings
partly decolorized (the apex remained green, the middle part of leaf became
light-green and its base lacked completely chlorophyll). Green and etiolated
seedlings growing under identical conditions but not treated with SM were the
control.

For examinations the second leaf of 14-day-old seedlings was taken and to
estimate the concentration gradient of plastid quinones and pigments along the
leaf of Zea mays seedlings it was divided into five equal segments.

Chromatography of the lipid fraction on alumina was carried out according
to Griffiths and his co-workers (16). The amounts of quinones and f-carotene
present in leaf tissues sections were determined spectroscopically by Threlfall
and Goodwin (32).

Quantitative determination of chlorophyll (a + b) was carried out after
Arnon (1).

The fraction containing tocopherols was determined colorimetrically according
to the reaction of Emmerie and Engel with FeCl; and a, a’-dipirydyl.

Moreover, photosynthetic activity of the analysed segments of the leaf was
examined by Zurzycki's microrespirometric method (36).

The values given in the figures represent mean values of five separate
determinations.

RESULTS AND DISCUSSION

Plastid quinones and pigments in Zea mays seedlings were examined
several times (7, 10, 14, 16, 33). It was found that in early stages of
their growth, beside chlorophyll and f-carotene, there also occur plasto-
quinones (PQ), phylloquinone, a-tocopherolquinone, a-T, y-T and ubi-
quinone.

In the present studies the author examined the distribution of
plastid quinones and pigments along the second leaf of etiolated and
green maize seedlings. The green seedlings were exposed to light, the
intensity of which was normal for lamelar system development (20).
The distribution of the above components in green and etiolated leaves
was compared with that in SM-treated leaves. As it appears from
Signol’s studies (31), what was confirmed in these studies, the basal
part of the leaf treated with SM has plastids, the structure of which
is close to that of plastids of etiolated seedlings. The apical part,
however, contains plastids with fine thylakoidal structure. The leaf
with such differentiated structure of plastids is thus a good object
of investigations on the relationship between light dependent synthesis
of plastid quinones and different stages of plastid development.

Taking into consideration the relationship which exists between
chlorophyll formation and structural changes in plastids (21, 35), the
control of the structure of the segments with electron microscope was
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abandoned and only measurements of chlorophyll accumulation re-
flecting chloroplast structure were carried out. Besides, photosynthesis
was measured being an additional criterion of changes caused by SM.

In this paper a close relationship between photosynthetic activity
and the amount of chlorophyll in green leaves was found. In plants
treated with SM the photosynthetic activity decreased parallely to the
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Fig. 1. Photosynthetic oxygen evolution along the leaf of green and SM-treated
maize seedlings; a — green leaf; b — SM-treated leaf

decrease of chlorophyll accumulation (Fig. 1). However, the decrease of
photosynthetic activity is greater than it might appear from slight
decrease of chlorophyll content. Thus it seems that, irrespective of the
inhibition of chloroplast development, disturbances in the activity of
definite enzyme systems upon which photosynthetic activity of meso-
phyll cell depends are presumably the reason of low photosynthetic
activity in SM-treated leaves. This interpretation can be supported by
the fact found by Margulies (29) that the change of the activity
of enzymes involved in photosynthesis need not go together with chlo-
rophyll synthesis.

Chlorophyll distribution along the leaf occurs analogically as the
distribution of a-T by Booth and Hobson-Frohock (9). The
basal part of the green leaf contains more than four times less of
chlorophyll than the apical one (Fig. 2). This is in agreement with the
known principle referring to o-T that fast growing parts of the leaf
contain less of the compound examined than those growing slower.

SM inhibits chlorophyll synthesis in leaves, and under conditions of
our experiment the inhibition increased from apex to base of the leaf.
The basal part of the leaf (the youngest) does not contain any chloro-
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phyll at all. It should be noticed that in the apical part of the leaf
with well developed thylakoids a partial inhibition of chlorophyll can
be observed. Photosynthetic activity of this part of the leaf, as it was
mentioned above, is more limited. Thus Kirk's opinion (19) seems
to be right because blanching SM activity is not caused exclusively by
inhibition of chloroplast formation but it is also the result of the inhi-
bition of chlorophyll biosynthesis.
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Fig. 2. Chlorophyll distribution along the leaf of green and SM-treated maize

seedlings; a —chlorophyll a, b—chlorophyll b, c¢—total (a + b). The number

above the columns presents the percentage of compounds content in comparison
to control sections (100%)

The second plastid pigment, f-carotene, in etiolated leaves occurs in
minor amounts and its distribution along the leaf is slightly changed
(Fig. 3). Leaves of green plants possess higher level of fi-carotene than
do etiolated ones. Higher level of ff-carotene in green plants in relation
to etiolated is a commonly known fact (among others 24,28). In the
younger basal part of the leaf the amount of fi-carotene is ten times
higher than in the corresponding part of etiolated leaf. Towards the
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apex f-carotene accumulation increases gradually so as to exceed its
amount 22 times in the apical part as compared with that of etiolated
plants. On examining the distribution of f-carotene in SM-treated
leaves it can be found distinctly that this compound is quantitatively
bound to thylakoids. When comparing the amount of fB-carotene in
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Fig. 3. Distribution of f-carotene along the leaf of maize seedlings; a — etiolated,
b — SM-treated, ¢ — control (green)

the apex of the leaf with that of the control it can be seen distinctly
that SM inhibits carotenogenesis in higher plants. It confirms earlier
studies of Schopfer and his co-workers (quot. 13). In lower plants
the inhibition of carotenogenesis by SM was also observed (13, 19).

A conclusion may be drawn that the synthesis of both plastidic pig-
ments is inhibited in the part of the leaf with not fully developed
structure of thylakoids.

The distribution of plastid quinones (PQ, «-TQ, vit. K;) in etiolated
and green leaves takes a similar course (Fig. 4). In green leaves, howe-
ver, the level of quinones is considerably higher. The increase of these
compounds from base to apex in green plants in relation to etiolated
ones is for o-TQ about 10-fold, PQ 4,7-10-fold, vit. K, 3-7,6-fold,
respectively.

In leaves with differentiated structure of plastids under the influ-
ence of SM, a characteristic variation in accumulation of the above
compounds is observed. The basal part of the leaf contains as few
quinones as the etiolated leaf; going in the apical direction the amount
of plastid quinones increases so as to reach in the apical part the value
close to that found in the apex of green leaf. Among the quinones PQ
is characterized by the highest concentration. Particularly in the apical
part of the leaf with high chlorophyll level and full photosynthetic com-
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petence, the highest level is shown by PQ. This seems to be obvious
since PQ is a member of the electron transport chain of chloroplast

and biological oxidation-reduction catalyst in the photochemically active
thylakoids.
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Fig. 4. Distribution of plastid quinones along the leaf of maize seedlings; expla-
nation as in Fig. 3

On the other hand, the apex of maize leaf is its oldest part, but it
is known from the studies of Barr and Crane (5) that there exists
a positive correlation between PQ concentrations and the stage of
maturity of the plant.

In the analysed parts of leaves of all combinations of the experiment
the presence of a-T and y-T was found. This result confirms earlier
studies of Green (14) and Griffiths and his co-workers (16)
concerning the occurrence of these two homologues in early phases of
maize growth. Their distribution along green, etiolated and SM-treated
leaves coincides with the curve presented earlier by Booth and
Hobson-Frohock (9). In etiolated leaves the level of tocopherols
is lower than in green ones (Fig. 5), i.e. in the basal part it is about
59%, in the apical part 96% as compared with the amount present
in green leaf, respectively. Concentrations of tocopherols were maximal
near the apices. This was also found by the above authors for such
plants as Dactylis glomerata, Eryngium pandandifolium, Plantago lan-

13 Annales, sectio C, t. XXVI
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ceolata, Alium porum and Iris germanica. Moreover, they found that
in Narcisus leaves o-T gradient was slight along young leaves which
were growing throughout, whereas in older leaves the gradient rose
sharply towards the slower growing apex. The level of tocopherols in
the basal part of SM-treated leaves is close to that in leaves of
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Fig. 5. Distribution of tocopherols along the leaf of maize seedlings; a — y-toco-
pherol, b — a-tocopherol, ¢ — total

etiolated plants, whereas in the apical part it is close to that in leaves
of green plants. Our earlier opinion (8) that most of o-T present in
cells of Euglena gracilis is synthesized in chloroplasts with developed
thylakoidal structure seems to be here still actual, although the rela-
tionship between the amount of tocopherols and chloroplasts develop-
ment is not so distinct because of high tocopherol level in etiolated
plants. Small differences in the content of tocopherols in etiolated and
green maize seedlings were already observed by other authors (7, 16).
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Taking all results obtained into consideration we can supplement the
conclusion of Booth and Hobson-Frohock (9) that not only
a-T, but also plastid quinones and pigments content of maize leaves
are inversely related to growth rate.

The author also succeeded to prove experimentally the opinion that
light-induced synthesis of plastid quinones and pigments proceeds
parallelly to the formation of thylakoids. SM inhibiting chloroplast
development in plant tissues reduced the concentration of these com-
pounds, associated with chloroplast structure, indepedently of light.
Lack or limited synthesis of the compounds examined in illuminated
parts of leaves and which are deprived of thylakoids defines the role
of light in the synthesis of plastid quinones. This corresponds with
Lichtenthaler’s finding (26) concerning a lower content of pla-
stid quinones in the colourless part of variegated leaves (Acer negundo,
Pelargonium zonale) than in the green one, irrespective of the condi-
tions of illumination.

CONCLUSION

1. It was found that plastid quinones and pigments content of leaves
of 14-day-old maize seedlings is inversely related to growth rate.

2. 1t was experimentally confirmed, applying streptomycin to differ-
entiate the structure of plastids, that the concentration and synthesis
of the above components is related to the degree of chloroplast develop-
ment. :

3. Light does not stimulate the synthesis of plastid quinones in
thylakoid-free plastids of maize leaves.
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STRESZCZENIE

Badano role swiatla podczas syntezy chinonéw i barwnikéw plasty-

dowych w lisciach siewek kukurydzy, zawierajacych plastydy w ro6z-
nym stopniu rozwoju. Réznicowanie rozwoju plastydow osiggano dzia-
lajagc na mlode siewki streptomycyng. Poréwnywano rozmieszczenie
i koncentracje chlorofilu, f-karotenu, plastochinonu, a-tokoferolochinonu
i a-, y-tokoferoli wzdtuz drugiego liScia 14-dniowych siwek zielonych,
etiolowanych i poddanych dzialaniu streptomycyny.

Stwierdzono, ze:

1) synteza chinonoéw i barwnikéw plastydowych wzdiuz liscia ku-

kurydzy jest odwrotnie proporcjonalna do szybkosci wzrostu liscia;
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2) synteza badanych w lisciu zwigzkoéw zalezy od stopnia rozwoju
plastydow;

3) Swiatlo nie stymuluje syntezy chinonéw plastydowych w odcin-
kach liscia kukurydzy, w ktorych plastydy pozbawione sa tylakoidow.

PE3IOME

Uccnenosanu 3HaueHwe cBeTa B NEPUMOA CUHTE3a NNACTMAOBBLIX XMHOHOB
M KpacuTenenm B NUCTbAX CESHUEB KYKYPY3bl, COAEPXALLMX nAacTuabl pas-
BuTble B pa3Hok cTreneHu. fuddepeHuuauuio pasBuTUA NNACTMAOB nNony-
Yanu AencTBMEM Ha mornoable cesHubl cTpenTtomMuumHa. CpasHuBanu pas-
MellleHHe W KOHUeHTpauuu xnopodunna, }-kapoTuHa, NNAacTOXMHOHA, (-TO-
Ko eponoxmHoHa W a-, y-Tokodepona BAonb Apyroro nucra 14-pHesHbix
3eneHbIx cesHues, 3THMONMPOBAHHLIX CEAHUEB u cesHues, nOABEPrHyTbIX
AEMCTBUIO CTPENTOMMLMHA.

KoHcratupoBanu, 4to:

1) cuHTe3 NnacTUAOBBIX XMHOHOB M KpacuTenen BAONb NMCTA KYKYpPY3bl
obpaTtHO NPONOPUMOHANEH CKOPOCTM POCTA NMCTA;

2) cuHTE3 MCCNefoBaHHbIX B NUCTE COEAMHEHMM 3aBUCMT OT CTENEHM
Pa3BUTMA NNacTMAOB;

3) cBer He cTMMynuMpyer cuHTE3a nnacTMAOBbIX XWHOHOB B Y4YacTKax
NUCTa KYKYPY3bl, B KOTOPbIX NAacTuAbl 6bifin nulieHbl TUNAKOMAOB.
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