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Introduction 

Carotenes and xanthophylls are generally to be found in the choroplasts 
of pbotosynthetically active plants, where they undergo continual transformation. 
The carotcnoids have a very important role in the photosynthetic system, the 
following transformation reactions being of outstanding importance for the 
performance of their active functions: 

a) cyclisation of the acyclis carotene precursors, 
b) hydroxylation and dehydroxvlation, 
c) epoxidation and desepoxidation. 
The effects of light, 0 2 and N2 on the synthesis and transformation of 

carotcnoids have been dealt with by S T R A I N ( 1 9 5 9 ) , S A P O Z H N I K O V et al. ( 1 9 6 5 , 
1 9 6 9 ) , K R I N S K Y ( 1 9 6 6 ) , H A G E R ( 1 9 6 6 , 1 9 6 7 ) , D O N O H U E e t a l . ( 1 9 6 7 ) , C L A E S 
( 1 9 6 7 ) , G O O D W I N ( 1 9 6 9 ) , and many others. Nevertheless, no investigations 
are known dealing with the joint effect of light and the water contents of the 
plast and leaf. It is to be expected on the basis of several observations that the 
transformation of carotenotds is influenced by water. 

a) It has been verified experimentally ( N A G Y et al. 1 9 6 7 , D E R O C H E — 
C O S T E S , 1 9 6 6 , 1 9 6 9 ) that carotcnoids, like chlorophylls, are linked to the multi-
enzyme complexes of thylakoids in various ratios and by various types of bond. 
The different apolar and polar binding forces (hydrogen binding, apolar binding, 
Ionic interactions, van der Waals' forces) depend to a large extent upon the 
water content of the multi-enzyme surfaces. 

b) The carotenoid distributions of the photosynthetic pigment system I 
(PS I) and pigment system II (PS II) are very characteristic. 

eh—a ch—b car. lut. viol. nco 

Thylakoids 100 3 8 13 14 5 2 
PS I 100 22 15 7 7 0,5 
PS It 100 54 11 21 4 3.5 

The relative pigment contents of thylakoids of the chlotoplast of Spirtacia 
oleracea, and of the two pigment systems (PS I and PS II); the numbers of 
other pigment molecules are those corresponding to 100 chlorophyll a molecules 
(according to L I C H T E N T H A L E R 1 9 6 9 ) . 
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According to the hypothesis of S A P O Z H N I K O V ( 1 9 6 9 ) , the light-induced 
descpoxidation reactions of violaxanthin can take place in two ways: 

a) The photosensitized oxidation of cpoxygroups in the state of aerobiosis, 
in the course of which molecular oxygen is formed, is connected with the 
second pigment system (PS II). 

b) Descpoxidation under anaerobic conditions is related with the first 
pigment system (PS I) and photoreduction takes place; water is therefore formed 
the oxygen of the epoxygroup. 

It is presumed that in plasts which become dry during strong illumination, 
the descpoxidation of a part of the violaxanthin in PS II can also take place 
through photoreduction, as a result of the loss of water. 

c) Several reports and assumptions can be found in the literature (KESZT-
HELYI 1 9 7 0 , C H U A 1 9 7 0 ) , according to which water occurs in the living organism 
in a socalled „anomalous"' structure. It is known that anomalous water is 
formed in the capillaries, from the vapour phase. It is presumed that the trans-
formation of the xanthophylls wil! also be influenced by whether the isolated 
leaves float on the surface of liquid water, or arc in a highly humid, or dry-
environment during illumination. In a humid environment, the water molecules 
may diffuse to approximately the same extents from any direction of space 
into the leaf-disks, or to the surface of the thylakoid membrane. Starting from 
this fact, it is assumed that during illumination the symmetrical molecules (c. 
g. violaxanthin) change less or accumulate in the leaves in the vapour phase. 
As the leaf-disks float on the water, the current of water molecules is nearly 
unidirectional, and this favours the formation of asymmetrical pigment mole-
cules (lutein, antheraxanthin). 

The joint effect of light and water on photosynthesis is, of course, quite 
involved; at present, we have only begun to study its influence on the transfor-
mation of carotenoids. In the course of our investigations it was desired answer 
the following questions: 

1. Do the heterogeneity of the carotenoids and the strength of binding 
forces change as a result of strong illumination and a decrease in the water 
content? 

2. How does strong illumination (40—60,000 Lux) exert its effect during 
short experiments on the change in the carotenoid content of the leaves floating 
on the surface of water or in a very humid or dry environment? 

Materials and Methods 

Isolated leaves were used from the field-grown plants Nottea lutea ( D E S K . ) D C and 
Rumex acetosella L. The completely developed, but not old leaves were collected at 6 a. m. 
Disks of 1 cm diameter wete prepared from the leaves with a cork-borer, by the „leaf-half" 
method, with the following considerations: 

1. The sample was taken from the middle part of the leaf-half, as the pigment-distribution 
changes from the leaf base towards the apes. 

2. The leaf-veins do not contain any pigments, and therefore symmetrical leaves were 
generally used so that the indiviual samples would contain the same amount of leaf-veins. 

3. In general four, and more rarely six disks were cut from each leaf. 
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4. Sixteen leaf-disks were used in each experiment. The sixteen disks originated from 
sixteen leaves. The fresh weight of the sixteen leaf-disks was 0 , 3 4 0 g, the dry weight was 
0.045 g and the surface was 12,56 cm5. Attention was also paid to the homogeneous distribution 
of the leaf-disks. 

The leaf-disks were illuminated in a glass vessel of 6,8 em diameter of our own design. 
During the illumination, the leaf-disks lay upper surface upwards in the vessel on a net made 
of plastic in humid, dry of wet environments. The vessel was covered with a colourlcss 
polyethylene foil. For illumination two 1000 W iodine-vapour lamps (Tungsram Halogen) were 
used, that together gave a light of 60,000 Lux even after water filtration. The illumination 
generally lasted for the following times: 5. 10, 15, 20 or 40 minutes. After illumination the 
temperature in the vessel was 20 + 3 °C. 

Fig. 1. Glass vessel for the experiments. 

The comroll was kept in the dark at room temperature (20 °C) under conditions appro-
priate for the sample, and the pigments were extracted immediately from the leaf-disks either 
of two ways: 

1 . The extraction was performed by the method of M A R O T I and G A B N A I ( 1 9 7 1 ) . 

2. The heterogeneity of the carotcnoids and the enhancement of this on the action of 
light were investigated by another method of pigment extraction. The pigments were obtained 
from samples and controls treated in ihe same way with various solvents: 

a) with absolute petroleum ether, 
b) with a 99 : 1 mixture of petroleum ether : ethatiol. 
c) by method (2) (2 ml absolute acctone and about 8 ml petroleum ether). 

In the case of methods (a) and (b), only a fraction of the pigments was contained in 
the extract. The residual pigments were extracted by repeated nibbing as ¡it1 method (2) until 
the whole of the pigment content was in the extracts. The extract volume was adjusted in all 
cases to 5 ml, and can be used immediately for separation by thin-layer chromatography. The 
chlorophylls, carotenes, and xanthophylls were separated in this way ( M A R O T I and G A B N A I . 

1971). 
The individual pigments were eluted and measured in the previously described manner 

( M A K O T I n a d S Z E M E N X E I , 1 9 7 2 ) . 

6 * 
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Results and Discussion 

R o l e o f l i g h t a n d w a t e r i n t h e h e t e r o g e n e i t y of 
c a r o t e n o i d s 

The heterogeneity of chlorophylls has been definitely proved (SHLYK— 
F R A D K I N , 1 9 6 2 ; S H L Y K — N I K O L A E V A , 1 9 6 2 ; SHLYK e t a l . , 1 9 6 9 : N A G Y e t a l . , 
1967). Chlorophyll a in an in vivo state in the chloroplast divergent, while 
chlorophyll b is bound more strongly than chlorophyll a in the multi-enzyme 
complexes. 

There are only few data available as to the binding of carotenoids, but 
the results so far ( D E R O C H E — C O S T E S 1 9 6 6 ; 1 9 6 9 ; N A G Y et al., 1 9 6 7 ) have 
demonstra ted convincingly that the carotenoids can be bound in the thylakoid 
membrane in several ways. 

On the basis of theoretical considerations and their experimental results, 
PAULING ( 1 9 6 1 ) and K L O T Z (1962) assume that water plays a role in the 
carotenoid-protein binding the water forming well-conducting hvdrotactoid 
layer on the multi-enzyme surfaces. 

The dependence of the stability of the carotenoid-protein complex on the 
temperature was investigated by N A G Y et al. (1967). They demonstrated that 
the carotenoids were bound more weakly in the proteo-lipid complexes than 
in chlorophylls. 

D E R O C H E — C O S T E S ( 1 9 6 9 ) extracted pigments from fresh leaves and 
frceze-dricd chloroplasts with solvents of increasing polarity at different tem-
peratures. They demonstrated that, on the basis of the binding, there are two 
kinds of //-carotene molecules in the plast. One of them is weakly bound in 
the complex (ca. 9 9 % ) , the other (ca. 1%) more strongly. 

The heterogeneity of violaxanthin and lutein in green leaves has also been 
observed. No data could be found in the literature to show what part is 
played by light, or by light and the water-content together, in the heterogeneity 
of the carotenoids. it is assumed that light weakens the pigment-protein binding 
by exciting the pigment molecules, and in this way the different nature of the 
bindings is revealed even more clearly. It was obvious that the complete sepa-
ration of the effects of iight and heat was impossible. Nevertheless, an attempt 
was made to reduce to a minimum the effect of the change in temperature, in 
the following way: 

1. The glass vessel in which the experiment was carried out was cooled, 
together with the leaf-disks, to -j- 4 ° C before illumination. 

2. The illumination lasted for 20 minutes (60,000 Lux) and the tempe-
rature of the humid air in the vessel became 24°C. It is known (NAGY et a!., 
1967) that the „melting point" of the carotenoid-protein complex is about 
40—50°C. 

3. After illumination, the disks were again cooled to 4°C (ten minutes) 
and the pigments were then eluted with cooled solvents. 

The amount of carotenoid extracted depends upon the quantity of solvent 
( N A G Y et al., 1 9 6 7 ) . In our experiments 2 ml acetone - F 8 ml petroleum ether 
was used for complete extraction of the pigments from the sixteen leaf-disks 
of 0,340 g fresh weight; and 10 ml 99 : 1 petroleum ether : ethanol or 10 ml 
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petroleum ether for the differential extraction of the free and bound pigments. 
The pigment extract volume was always adjusted to 10 ml. The results are 
given in Table I, The amounts of carotenes, lutein -)- zeaxanthin, neoxanthin 
and viloaxanthin, kept in the dark and obtained with a complete extraction, 
were taken as 100%. 

Table I. Effect of illumination on the amount of carotcnoids extracted from Nonea lutea leaves 
by solvents of different polarities. 

solvent treat-
ment 

carotenes 
% 

anthera-
xanthin 

Lutein 
zca-

santhin 
% 

neo-
xanthin 

% 
viola-

xanthin 
% 

petroleum dark 38,1 9 ,2 — 19,3 
ether 100" (i illuminated 76,9 10,4 — — 

99 : 1 petroleum dark 49.2 5 ,6 — 8.5 
ether : cthanol illuminated 76 ,0 9 .6 — 

2 ! 8 acetone : dark 100 100 100 100 
petroleum ether illuminated 120.3 148.0 91.6 34,1 

As a result of illumination, the following changes may be observed in the 
heterogeneity of the carotcnoids in a leaf of Nonea lutea: 

1. 40—50" 0 of the carotenes is in a readily-soluble fraction, that is, it is 
bound only weakly to the macromolecular complexes of the chloroplast. This 
result differs from that of D E R O C H E and COSTES (1969), who found 9 9 % . The 
cause of the difference may be that they worked with a 13 day wheat seedling, 
and we with a completely developed leaf of Nonea lutea. Further, they ob-
tained this high weakly-bound carotene fraction from a frceze-drted chloroplast, 
and in that state of the carotcnoid-protcin complcx water can have played only 
a small part in the strength of the binding. 

2. As a result of illumination, the total carotenoid content increases, or 
the individual components arc transformed, and therefore for the illuminated 
samples we have calculated the amounts of carotene, lutein + zeaxanthin, 
neoxanthin and violaxanthin in the extracts obtained with petroleum ether 
and petroleum ether-ethanol, as compared with the illuminated control. On 
illumination, the readily-soluble carotene fraction increases considerably, 

3. In the samples kept in the dark, the weakly-bound violaxanthin occurs 
as 8—20" n; in the illuminated leaf-disks, however, no violaxanthin or neoxanthin 
was obtained with the efuting materials applied. The weakly-bound violaxanthin 
molecules are presumably the first to take part in the light-induced desepoxi-
dation violaxanthin antheraxanthin -zeaxanthin . 

4. No essential change occurred in the binding of the zeaxanthin and 
lutein in the complexes as a consequence of the illumination. 

T r a n s f o r m a t i o n of c a r o t c n o i d s 

The transformations of carotcnoids are primarily light-induced reactions, 
but they also depend on the composition of the gases in contact with the plant, 
the temperature and the water contcnt. The transformations of carotcnoids 
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were listed and classified by D O N O H U K et al . ( 1 9 6 7 ) on the basis of the lite-
rature data and their own experimental results. We too have observed, the or-
der of the reactions of transformations suggested by them, and have supple-

0 A-P L A-P D P-l I. P-E OP L P 

Eig. 2, Effects of light and dark upon the heterogeneity of carotenoids. The change in the 
carotenoid-protein binding is indicated by the pigment amounts soluble in solvents of 
different polarities. 
D = dark : 1. = lighted; A — P = acetone-petroleum ether ( 2 : 8 ) ; P — E = petroleum 
cther-cthanol (99 : I ) ; P = petroleum ether. 

men ted the Table with our results ( M A R O T I and SZEMENKEI 1 9 7 2 ) . In contrast 
with the literature data , we assume that zeaxanthin and lutein are dehydroxy-
lated on the action of light, and consequently carotenes develop. The opposite 
occurs in the dark. The increase of carotenes can of course also be the result 
of new synthesis. For example, in the etiolated leaves of yellow corn weak light 
(25 Lux) promotes the synthesis of a- and ^-carotenes, and strong light 
( 6 0 , 0 0 0 Lux) increases the amount of antheraxanthin, too ( H O R V A T H et al., 
1972), On the other hand it is assumed that in the case of fully-developed 
leaves newly-synthesized carotene forms only an insignificant part of the 
carotenc increase. 

E f f e c t o f w a t e r o n t h e l i g h t - i n d u c e d r e a c t i o n s 

In the carotenoid transformations the roles of light and water have been 
stressed. A study was made of the change in the water content of the leaf, 
during the illumination, but, in accordance with the theoretical assumptions 
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mentioned in the introduction with primary regard to the physical state of the 
water. The experiments were made under aerobic conditions, and the vapour 
content of the air was varied. Four experiments were carricd out simultaneously, 
with 4 X 16 leaf-disks. The pigments were extracted immediately after collec-
tion from one of the samples (dark control). The other three samples were 
illuminated under the following conditions (10 minutes): 

I 3 V » K 

Fig. 3. Change of water content of a leaf of Nonea lutea during illumination (60.000 Lux). 

a) In dry air, with anhydrous CaCU in the vessel. 
b) In a vessel saturated with water vapour. 
c) The leaf-disks were floating on the surfacc of water. 

The weight of leaf-disks floating on the water surfacc did not shange af ter 
being illuminated for ten minutes. The evaporation of the leaf-disks of course, 
was different in the dry vessels and in those saturated with water vapour. 

In addition to No/tea lutea, similar experiments were made with other 
plant species, too. The transformation of carotenoids in Riimex acetosella L. 
is shown in the following Table. 

Table II. Change in the earotenoid content of Nonea lutea leaves on the action of light 
(10 minutes, 60.000 Lux). 

Illumination 
condition 

caroten-
oids 

zca-
xanthin 

lutein 
anthcra-
xanthin 

neo-
xanthin 

viola-
xanthin 

total 
carote-
noids 

0 n 

dark control 100 100 100 100 100 
dry 101.3 117,6 97.8 73,6 100.6 
humid 98.8 108.2 103,6 87.6 100.5 
wet 103,3 125.6 95.6 59.4 100.6 
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Table III. Change in the ca rote no id content of Rumex Acetosella leaves on the action of Sight 
(10 minutes. 60.000 Lux). 

Illumination 
condition 

caroten-
oids 

zca-
xanthin 
lutein 

anthera-
xanthin 

neo-
xanthin 

vinla-
xanthin 

total 
carote-
noids 

dark control 
dry 
humid 
wet 

100 
108,1 
106.8 
113.1 

100 
117.5 
115.3 
127,5 

100 
80.2 
75.9 
79,2 

100 
73.4 
77.9 
63.6 

100 
99,5 
9B.8 

102.1 

Under indcntical Conditions, the transformations of the two species on 
illumination arc similar. The extent of desepoxidation is decreased by a humid 
environment, as compared to both the liquid water and the dry environment. 
!n the leaf-disks floating on the water surface, the percentages of carotenes and 
¡icaxanthin -f- lutein are the highest. The effect of the humid environment in 
decreasing the rate of the violaxanthin antheraxanthin zeaxanthin 
reaction cannot be explained by the different degree of evaporation of the 
water content of the leaves, because an increased desepoxidation can be obser-
ved even in the isolated leaves illuminated under dry conditions. This change 
is also demontsratcd by the percentage distribution of the carotenoids (Table IV). 

j Corotthtt 
( Lui»« 
I Amhtraignrhi/i 

Wh l̂eMwfut 

Con" of Of/ Hurfid Waftff 

I ig, 4, Percentage distribution and change in the ratio of the carotenoid content of Nanea 
!iuea leaves as a result of illumination under variuus conditions (10 minutes, 60.000 
Lux). 
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Table IV. Percentage distribution and change in the ratio of the carotenoid content of Nones 
Intra leaves as a result uf illumination under various conditions (10 minutes, 60.000 Lux). 

Illumination 
condition 

caroten-
oid s 

zea-
xanthin 
lutein 

anthera-
xanthin 

neo-
xanthin 

viola-
xanthin 

% 
dark control 22,4 
dry 24.7 
humid 24.2 
wet 25,3 

38,4 13,8 23,3 
45.1 13.5 17,2 
41,6 14.3 20,4 
48.2 13,2 13.9 

It Is assumed that the structure of the water reaching the surface of the 
multi-enzymes from the vapour-saturated air differs from that from the liquid 
water. In the humid environment the water molecules (or associates) can move 
symmetrically from any direction of the space to approximately the same extent 
into the leaf-disks, or to the surface of the thylakoid membranes of the plast. 
As a result of such a symmetrical effect the symmetrical pigment molecules, 
c. g. violaxanthin, are bound more strongly in the proteo-lipid complex and 
change less on illumination. 

In the case of Nonea lutea, the quantity of ncoxanthin increases compared 
to the control on illumination in a humid environment, and here it is the high-
est, This was not observed in our repeated experiments with Rumex Ace-
tosella. The causc may be the characteristics of the species, or the histological 

J CORORENTF 

{ ititrtn 

Anrheraianrftfi 
J MMTÛnMivi 

Cofttftl Dry Htrrml waltry 

Fig. 5. Percentage distribution and change in the ratio of the carotenoid content of Rumex 
Acetosella leaves as a result of illumination under various conditions (10 minutes, 
60,000 Lux). 
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and cytological structure of the leaves. On both the upper and lower surfaces 
of No/tea lutea leaves much down can be found; there are no trichomes 
however, on the epidermis of Rumex leaves. 

In the isolated leaves in contact with liquid water (in the case of both 
species) the quantities of lutein + zeaxanthin and antheraxanthin increase sig-
nificantly as a result of illumination. 

A study was also made of the effects of longer illuminations (20—40 mi-
nutes) upon the transformation of the carotenojds. 

As a result of an illumination for 20—40 minutes, the transformations 
discussed above are revealed even more strongly. At the end of 40 minutes, 
the total carotenoid content may have increased by as much as 8—12" r(. As a 
result of illumination under dry conditions, the quantity of carotenes increases 
to a greater extent than in humid or wet environments. 

-

__ _ - — Cafcte^n 

1 V/eiaionfhin 

S 19 .w « 

Tip. 6. Changes in the carotenoids of Nonea lutea leaves m a humid environment on the 
actiun of tight. 

Summary 

1. Illumination and a decrease in water content considerably change the 
heterogeneous binding of carotenoids in the thylakoid membrane of the plast. 

a) As a result of illumination the readily-soluble carotene fraction increases 
to the largest extent. 

b) It is assumed that primarily the weakly-bound violaxanthin molecules 
take part in the desepoxidation reaction. 

2. On the action of strong illumination for 20—40 minutes the total 
carotenoid content in isolated leaves increased by 8—12",g. 

3. Compared to liquid water and dry air, a humid environment diminishes 
t h e extent of the light-induced desepoxidation. 

4. In isolated leaves in contact with liquid water the amounts of lutein, 
.zeaxanthin, and antheraxanthin increase, considerably as a result of illumination. 
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