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In order to obtain an insight into the damage of thylakoid membranes of spruce (Picea abies) 
trees wi th damage of varying intensity, investigations were performed on the content of QB-
protein, cy tochrome/ , and P-700 in chloroplasts of spruce needles from apparently healthy and 
f rom damaged trees. Needles f rom the second and th i rd needle year and the seventh whor l were 
chosen. The investigations were carried out in 1986 on a 20 to 25-year-old spruce plantation in the 
Hunsri ick mountains and on an 80-year-old spruce plantation in the Westerwald mountains. In 
damaged trees an unequivocal decrease in the content of QB-protein, cytochrome/, and P-700 was 
found, even in needle groups that appear visibly green and healthy. The amount of cytochrome / 
decreased by 25% per dry weight (approximately to the same extent as chlorophyl l) ; the content 
of QB-protein and P-700, however, were more drastically reduced compared to the control trees 
(about 40% and 50%, respectively). These results of measuring the photosynthetic electron 
transport components imply that the thylakoid membranes are sites of early injurious effects. 

Introduction 

In the previous paper ( c f . [1]) we reported on the 

Hill-activity of chloroplasts from spruce trees show-

ing different degrees of damage. Since a reduction of 

the photosynthetic electron transport rate and ultra-

structural degradations of the thylakoid membranes 

[2] could be observed, it was interesting to measure 

the amounts of specific redox-components of the 

photosynthetic electron transport pathway in appar-

ently healthy and in clearly damaged spruce trees. 

For that purpose, one specific component from each 

integral protein complex of the thylakoid membrane 

was examined: QB-protein (as an indicator of the 

PS II-complex), cytochrome / (as a representative of 

the cytochrome ^/-complex), and P-700 (as an ele-

ment of the PS I-complex). 

Abbreviations: Chl , chlorophyl l ; Cyt / , cytochrome / ; 
E D T A , ethylenediaminetetraacetic acid disodium salt (di-
hydrate); HEPES, N-(2-Hydroxyethyl)piperazine-N'-2-
ethanesulfonic acid; P-700, reaction center of photosystem I ; 
PS, photosystem. 
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Materials and Methods 

Description of the locations 

For the description of the locations and the sam-

pling of the material see the previous paper in this 

issue [1]. 

Chloroplast preparation 

A l l investigations were performed with needle 

material (two- and three-year-old needles from 

branches of the 7th whorl) which was quick-frozen in 

liquid nitrogen on site, directly after harvesting, and 

stored at —80 °C. The chloroplast preparation was 

made, in accordance with the method described in 

the previous paper, up to the step of discontinuous 

sorbitol gradient centrifugation [1]. However, to pre-

pare chloroplasts for the 0B-protein determination, 

soluble Polyvinylpyrrolidone (final concentration: 

5% w/v) was added to the resuspension medium. Aft-

er the discontinuous sorbitol gradient centrifugation, 

the broken chloroplasts were collected and cen-

trifuged at 26,900 x g for 5 min. 

For the measuring of cytochrome / and P-700, the 

pellet was resuspended in storage medium (50 mM 

H E P E S / K O H , p H 6.7; 2 mM E D T A ; 1 mM MgCl2; 

0.5 mM K 2 H P 0 4 ; 20 mM NaCl; 2 mM NaN0 3 ) . 

For the determination of the QB-protein, the bro-

ken chloroplasts were resuspended in 40 ml of wash-
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ing medium (50 mM H E P E S / K O H , p H 6.7; 2 mM 

E D T A ) and stirred carefully for 5 min. The suspen-

sion was centrifuged again at 26,900 x g for 5 min. 

The pellet was then suspended in storage medium 

and sucked through 4 layers of nylon mesh (22 pm 

pore diameter) in order to obtain a homogeneous 

chloroplast suspension. 

Determination of the QB-protein 

The measurements were performed according to 

the method of Tischer and Strotmann [3] except that 

the binding of the labelled inhibitor was carried out 

at 0 °C, the final concentrations of [14C]atrazine were 

between 0.012 pM and 0.3 pM, and the final alcohol 

concentration was only 0.75%. The final chlorophyll 

concentration was 30—40 pg ml - 1 . The concentration 

of the specific binding sites was calculated from the 

double reciprocal plots (mg Chi-nmol"1 bound 

inhibitor vs. p M - 1 free inhibitor). 

Determination of cytochrome f and P-700 

Cytochrome / was determined by difference 

spectra in accordance with the method specified by 

Bendall et al. [4]. Tr iton X-100 was added (1%) to 

change the high-potential form of cytochrome b559 

in the low-potential form. This form could not be 

reduced by hydroquinone. A chlorophyll concen-

tration of 0.6-0.9 mg was used. Hydroquinone 

(2.5 mM) was added to the reference, and ferri-

cyanide (0.25 mM) was added to the sample. The ab-

sorbance change of the a-peak at 554 nm (measured 

from a baseline drawn between the isosbestic points 

at 543.5 nm and 560 nm) was used to calculate 

the cytochrome / concentration (E = 17.7 x 103 

1 • mol - 1 • cm -1). 

The P-700 concentration could also be investigated 

by means of the difference spectra in accordance 

with the methods specified by [5, 6]. After the addi-

tion of sodium ascorbate (4 mM) to the reference, 

and ferricyanide (1 mM) to the sample, the spectra 

were recorded. The difference between the absorb-

ance values at 730 nm (isosbestic point) and at 

698 nm was used to calculate the P-700 concentration 

(e = 64 x 103 1 • mol"1 • cm - 1 [7]). 

Results 

Hunsrück location 

The Hunsrück plantation permitted pair compari-

son, because apparently healthy, or only slightly 

damaged trees, and trees with clearly visible damage 

were growing side by side. Thus, the data derived 

from a tree with clear symptoms of damage were 

always comparable with data obtained from an ap-

parently healthy tree. 

QB-protein 

On annual average, a remarkable decrease of the 

QB-protein in the more severely damaged spruce 

trees could be detected in both needle generations 

and irrespective of the reference parameter (Fig. 1). 

The extent of reduction varied depending on the ref-

erence parameter chosen. The decrease in relation to 
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Fig. 1. Content of the redox-component 0 B -p ro te in in rela-
t ion to different parameters (Chi = chlorophyl l a + b, FW 
= fresh weight, D W = dry weight, NS = needle surface 
area) at the Hunsrück location. 0 = mean value of three 
tree pairs over the investigation period 1986, '85 = the 1985 
needle generation, '84 = the 1984 needle generation, • = 
apparently healthy or only slightly damaged partners, • = 
more severely damaged partners. P = statistical probabil i ty 
(Student's T-test). 
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each, the fresh weight, dry weight, and needle sur-

face area was greater than in relation to chlorophyll. 

When, for instance, the dry weight is chosen as refer-

ence parameter, it can be seen that the decrease was 

39% in the 1985 needle generation and 38% in the 

1984 needle generation. 

Cytochrome f 

There was no difference in the cytochrome / con-

tent between apparently healthy and damaged trees 

per chlorophyll, neither in the 1985 needle genera-

tion nor in the 1984 needle generation (Fig. 2). On 

the other hand, in relation to other parameters (FW, 

D W , needle surface area), there was a clear decrease 

in cytochrome / in the more severely damaged part-

ner. This decrease appeared to be even stronger in 

the older needles (Fig. 2). When the dry weight was 

chosen as reference parameter, the decrease was 

22% in the 1985 needle generation and 27% in the 

1984 needle generation. Incidentally, the tree pair, 

which displayed the greatest damage difference on 

the basis of the ranking list established (see previous 

paper), showed a reduction of this redox component, 

even when chlorophyll was taken as the reference 

parameter (values not shown). 

P-700 

In relation to chlorophyll, this redox component 

was drastically reduced in concentration in the more, 

severely damaged trees (Fig. 3). The difference be-

o 
S 0 . 5 

® '85 ® '84 

E 1.5-

8 1-0 

® 0 . 5 

P-0.025 P. 0005 

-34% 

-38% II 
0'85 0'84 

P. 0.025 P. 0.025 
0 '85 0'84 

P. 0.005 P. 0.005 

-27% 

®'85 ® '84 
P- 0.01 P . 0.0005 

-24% 

<-> 100 

p.0.025 P-0.005 

Fig. 2. Content of the redox-component cy tochrome/ (Cyt 
f ) in relation to different parameters (Chl = chlorophyll 
a + b, FW = fresh weight, D W = dry weight, NS - needle 
surface area) at the Hunsri ick location. 0 = mean value of 
four tree pairs over the investigation period 1986, "85 = the 
1985 needle generation, '84 = the 1984 needle generation, 
• = apparently healthy or only slightly damaged partners, 
• = more severely damaged partners, P = statistical prob-
abil i ty (Student's T-test). 
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Fig. 3. Content of the redox-component P-700 in relation to 
different parameters (Chl = chlorophyl l a + b, FW = fresh 
weight, D W = dry weight, NS = needle surface area) at the 
Hunsri ick location. 0 = mean value of four tree pairs over 
the investigation period 1986, '85 = the 1985 needle gener-
ation, '84 = the 1984 needle generation, • = apparently 
healthy or only slightly damaged partners, • = more se-
verely damaged partners. 
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tween the content of P-700 in trees with symptoms of 

damage and less damaged trees was even stronger 

when other reference parameters were used, and it 

was especially drastic in relation to the dry weight 

(Fig. 3). This reduction was more marked in the 1984 

needle generation (57%) than in the 1985 needle 

generation (47%). Fig. 4 shows the content of P-700 

in relation to the dry weight on the different harvest 

dates. 

Westerwald location 

A l l spruce trees of the Westerwald location were 

apparently healthy. 

The amount of cytochrome / and P-700 in the 

needles of the trees at the Westerwald location was 

about the same as that determined at the Hunsrück 

location for the apparently healthy or only slightly 

damaged spruce trees (Table I). In contrast, the 

Table I . Contents of the redox-components QB -protein, cytochrome / (Cyt / ) , 
and P-700 in relation to different parameters (Chi = chlorophyll a + b, FW = 
fresh weight, D W = dry weight, NS = needle surface area). 0 = mean value of 
four tree pairs f rom the Hunsrück location and five trees f rom the Westerwald 
location over the investigation period 1986, '85 = the 1985 needle generation, 
'84 = the 1984 needle generation, tree group 1 = apparently healthy or only 
slightly damaged partners, tree group 2 = more severely damaged partners. 

Redox-component Tree Hunsrück Westerwald 
group 0 '85 0 '84 0 '85 0 '84 

Molecules QB-protein/ 1 2.36 2.39 1.90 1.61 
1000 molecules Chi 2 1.77 1.86 
Qß-protein/FW 1 3.56 4.01 2.73 2.50 
[nmol g"1 ] 2 2.25 2.59 
Qe-protein/DW 1 8.14 8.85 6.11 5.37 
[nmol g"1 ] 2 4.93 5.52 
Qß-protein/NS 1 661 782 398 458 
[nmol m~2] 2 397 476 

Molecules Cyt / / 1 1.13 0.99 1.13 1.02 
1000 molecules Chi 2 1.13 1.00 
Cyt / /FW 1 1.68 1.63 1.59 1.60 
[nmol g"1 ] 2 1.37 1.28 
Cyt / / D W 1 3.80 3.66 3.49 3.34 
[nmol g"1 ] 2 2.97 2.67 
Cyt / /NS 1 308 316 299 337 
[nmol m~2] 2 236 241 

Molecules P-700/ 1 1.40 1.11 1.40 1.04 
1000 molecules Chi 2 0.93 0.69 

P-700/FW 1 2.06 1.86 2.10 1.67 
[nmol g"1 ] 2 1.14 0.85 
P-700/DW 1 4.67 4.13 4.80 3.62 
[nmol g"1 ] 2 2.46 1.78 
P-700/NS 1 378 362 347 313 
[nmol m" 2 ] 2 200 170 

needle generation 85 

harvest date 

needle generation '84 

Í L 
16.6. 18.8. 20.10. ® 84 

1986 P.0.005 

Fig. 4. Content of the redox-component P-700 in relation to 
the dry weight at the Hunsrück location. Mean values of 
four tree pairs on different harvest dates. 0 = mean value 
over the investigation period 1986, needle generation 1984 
and 1985, • = apparently healthy or only slightly dam-
aged, • = more severely damaged. 
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amount of QB-protein in the needles of the apparent-

ly healthy trees at the Westerwald location was com-

parable rather with that in the needles of the more 

severely damaged trees at the Hunsriick location. 

Discussion 

A remarkable decrease in the content of the Q B -

protein between the apparently healthy and the dam-

aged trees was found on the last harvest date, the 

20th of October. This appears to be of particular 

interest in connection with the prevailing climatic 

conditions in September and October 1986. Before 

the last harvest date there had been a period (31 

days) of sunny days without any rainfall. A s it is 

known, the photosynthetic capacity of an organism 

can be severely reduced following exposure to light 

intensities in excess of that required to saturate 

photosynthesis. This phenomenon is referred to as 

photoinhibition. The primary site of the light-in-

duced loss of photosynthetic activity appears to be at 

the position of the QB-protein. Photoinhibition re-

sults when the rate of degradation of the QB-protein 

exceeds the rate of de novo synthesis [8], Activated 

oxygen species may be involved in the genesis of the 

photodamage to the thylakoid membranes, because 

the damage can be minimized by the addition of anti-

oxidants ( c f . [9]). Thus, the lowering of the amount 

of QB-protein, especially on the last harvest date, 

may indicate an increased photosensitivity of the 

thylakoid membranes [10, 11]. 

In relation to the fresh weight, dry weight, and 

needle surface area, a significant decrease of cyto-

chrome /, between 20—30%, was found in the se-

verely damaged trees. O n the other hand, there was 

no difference in the content of cytochrome / in rela-

tion to chlorophyll. This is a reflection of the parallel 

decrease of the chlorophyll content in the thylakoid 

membranes [1]. The amount of cytochrome / in the 

needles correlated well with the damage difference 

between the two partners of a tree pair. Only in 

extremely damaged trees was the amount of cyto-

chrome / per chlorophyll reduced as well. Cyto-

chrome / i s an integral component of the cytochrome 

^/-complex, which mediates the electron transport 

between the two photosystems. The concentration of 

cytochrome / i s taken as a representative of this com-

plex. The reoxidation of reduced plastoquinone is 

the limiting step in the photosynthetic electron trans-

port pathway. Therefore, the concentration of the 

cytochrome ^/-complex limits the electron transport 

capacity in the thylakoid membrane [12, 14], The 

loss of cytochrome / corresponds to a real loss of 

photosynthetic electron transport capacity under 

light saturation conditions. 

In the needles of the more damaged trees a drastic 

decrease in the concentration of P-700 is manifested. 

Even in relation to chlorophyll, an unequivocal re-

duction was found in each individual pair compari-

son, as well as on annual average of all tree pairs. In 

damaged spruce trees the concentration of P-700 is 

even lower than that of cytochrome / (Fig. 5). This 

indicates that P-700 is an early and sensitive indicator 

of damage to the photosynthetic membranes of 

spruce trees. In the apparently healthy spruce trees 

the ratio of Chl/P-700 is approximately two times 

higher than that usually observed in herbaceous an-

giosperm plants [15—18]. This agrees with results of 

Alberte et al. [19] who found for various conifers Chl/ 

P-700 ratios 1.6 to 3.8 times larger than that typically 

found in crop plants. A high sensitivity of P-700 

under winter-stress-conditions was found by Öquist 

et al. [20], Martin et al. [21] and Öquist and Mart in 

[22]. 
The investigations on the photosynthetic ap-

paratus of spruce trees show that all components and 
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Fig. 5. Comparison of the redox-components QB -protein 
(1), cy tochrome/ (2 ) , and P-700 (3). 0 = mean value over 
the investigation period 1986 of four and three tree pairs, 
respectively, '85 = the 1985 needle generation, '84 = the 
1984 needle generation, • = apparently healthy or only 
slightly damaged partners, • = more severely damaged 
partners. 
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processes investigated are impaired by damage (see 

also [1, 23]). As shown by Dietz et al. [1], the loss of 

chlorophyll points to the fact that the damage ex-

tends to the pigment-protein-complexes. The func-

tion of the water splitting enzyme system on the ox-

idizing side of PS II and the PS II-catalyzed electron 

transport were obviously impaired, too [1], In addi-

tion, the content of QB-protein, which is located on 

the reducing side of PS II, was distinctly reduced in 

the damaged trees. Even the reaction center of PS I 

(P-700), which is known as a particularly stable com-

ponent of the thylakoid membrane in angiosperms, 

was drastically decreased by more severe damage to 

the spruce trees. Finally, the concentration of cyto-

chrome/is reduced in damaged spruce trees as well. 

In parallel to our physiological investigations, elec-

tron microscopic studies of the spruce needles were 

performed. They show that early damage occurs at 

the cellular membranes. This membrane damage al-

ready occurs in those needles of damaged trees which 

were visibly green. Particularly the thylakoid mem-

branes in the chloroplasts of the mesophyll cells are 

sites of early injurious effects. Yellowing of the nee-

dles on the top side of the twigs indicates an in-

creased photosensitivity [10, 24]. 

A t the Hunsrück location high concentrations of 

ozone were measured during the vegetation period 

1986 [1]. Therefore, it appears that air pollutants — 

ozone probably in combination with further photo-

oxidants, nitrogen oxides, sulphur dioxide, and dif-

ferent organic compounds — are directly involved in 

the early damage to the biomembranes. Activated 

oxygen species appear to play a major role in the 

genesis of the membrane damage. There is e.g. an 

A. Wild et al. • Photosynthetic Membranes of Spruce Needles 

increase in the activity of different scavenging sys-

tems for active oxygen. Early damage was also found 

on the organelles and cytoplasmic membranes in the 

cells of the vascular bundle sheath (endodermis). 

Finally, collapse of the sieve cells occurs even at an 

early stage, which leads to an impairment of the 

transport of assimilate. 

According to recent studies, novel forest decline 

seems to be a complex disease. Particularly, the com-

bined action of different pollutants [25] in combina-

tion with extreme climatic events, such as drought 

( c f . [26]), and soil conditions (e.g. the supply with 

nutrients [27]), are noticeable. The combined action 

of anthropogenic pollutants and cellular noxae, as 

well as of natural stressors (for example water stress, 

Mg-deficiency), can disturb the equilibrium between 

the processes of membrane degradation and repair 

syntheses, leading to irreparable cell damage, al-

though a diverse system of protective mechanisms is 

present in the cells [28]. The altered membrane 

structure might for instance impair the compartmen-

talization in cells, the transport processes, photosyn-

thesis, and the function of stomata and thus lead to 

loss of function not only of the cells, but also of the 

needles, and lead ultimately to the death of the 

whole tree ( c f . [11, 29]). 
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