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Fifty-Five Years of Research
on Photosynthesis, Chloroplasts, and Stress
Physiology of Plants: 1958-2013

Hartmut K. Lichtenthaler
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Abstract In the past 55 years, enormous scientific progress was made in many
fields of plant physiology and plant biochemistry. Throughout these years, our
knowledge on the photosynthetic light processes, the chemical composition and
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biosynthesis of the photosynthetic apparatus, the ultrastructure of chloroplasts, and
their large adaptation capacity to high-light and low-light was extremely enhanced.
The author of this article reviews the substantial scientific evolution in these and
other fields in which he was actively involved together with his group. The topics
that are reviewed also include forest decline research, the mode of action of
herbicides in photosynthesis, and in blocking biosynthetic pathways of chloro-
plasts, such as de novo fatty acid and isoprenoid biosynthesis, as well as the
application of chlorophyll fluorescence imaging in the fast noninvasive determina-
tion of photosynthetic activity and early detection of plant stress. Moreover, the
detection, elucidation, and metabolic significance of the non-mevalonate chloro-
plast pathway for isopentenyl diphosphate and isoprenoid biosynthesis, the DOXP/
MEP pathway, is reviewed. The author further documents that this extreme pro-
gress in plant science was largely due to the continuous development and applica-
tion of new scientific methods and instruments.

1 Introduction

In the fall of 1958 when I started my Ph.D. thesis performing scientific research in
the laboratory of the late Professor Dr. August Seybold, Botanical Institute of the
University of Heidelberg, Germany, experimental research in plant physiology and
photosynthesis in Europe and elsewhere was still in its infancy. Most of the modern
scientific instruments and approaches applied as routine methods today did not yet
exist. In fact, in 1958 our knowledge on photosynthetic light reactions, on the
development and biosynthesis of functional chloroplasts, and on the genuine
biosynthetic pathways of plastids and chloroplasts was very limited. By applying
'4CO, Melvin Calvin (Nobel laureate 1961) and his group had elucidated already in
1956 the path of carbon in photosynthesis known today as Calvin—Benson cycle. It
was yet unknown that there are two light reactions in photosynthesis with associ-
ated photosynthetic electron transport processes, that herbicides can specifically
block photosynthesis, and that chloroplasts possess several other unique biosyn-
thetic capacities, such as the non-mevalonate pathway of isoprenoid biosynthesis or
the de novo fatty acid biosynthesis. Though the electron microscopy of leaves and
other plant materials had started, the fine structure of chloroplasts, the biosynthesis
and arrangements of their biomembranes and the processes during biosynthesis and
degradation of the photosynthetic apparatus were not known.

Over the past 55 years, however, an enormous, steadily increasing progress has
been made in science and particularly in plant science which dramatically increased
our knowledge and understanding of the photosynthetic light reactions, of the
pigment, prenylquinone, and lipid composition of the photosynthetic biomembrane,
as well as of the mode of action of herbicides in blocking either photosynthetic
electron transport or special metabolic activities of chloroplasts. Moreover, the
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Fig. 1 Scheme showing the differences in the ultrastructure of sun and shade chloroplasts with
regard to frequency, width, and stacking degree of thylakoids as well as size and frequency of
osmiophilic plastoglobuli. Sun chloroplasts usually contain one or several large starch grains
which are not shown here. P = osmiophilic plastoglobuli. The scheme is based on Lichtenthaler
(1981), Lichtenthaler et al. (1981a, 1982a) and was presented in a similar form in the review
Lichtenthaler (2007)

ultrastructure of functional chloroplasts and their light adaptation, i.e., the arrange-
ment of thylakoids in either high and broad grana stacks (shade chloroplasts) or as
low and narrow grana stacks (sun chloroplasts), has been evaluated (see Fig. 1).
In addition, the osmiophilic plastoglobuli were recognized as regular chloroplast
structures and as reservoirs for plastohydroquinone-9, a-tocopherol, and other
excess plastid lipids. Furthermore, the special genuine, non-mevalonate chloroplast
pathway for isopentenyl diphosphate (IPP), isoprenoid, and carotenoid biosynthe-
sis, the DOXP/MEP pathway (see below paragraph 8), was detected between 1995
and 1998 by H. Lichtenthaler, Karlsruhe, in close cooperation with M. Rohmer,
Strasbourg, as a special genuine metabolic activity of chloroplasts and all other
plastid forms. Besides, the application of the red and far-red chlorophyll fluores-
cence and the fluorescence imaging technique to leaves and plants as a tool for the
investigation of photosynthetic processes and for stress detection in plants were
established. The enormous progress in all of these fields, to which my research
activities (including those of my students and my cooperation partners from other
laboratories) essentially contributed, is briefly summarized and reviewed in this
report that also provides information on the general development of the entire field
of plant science over the past 55 years.

2 Phylloquinone (Vitamin K,), Its Localization
and Function in Chloroplasts Including Results on Other
Prenylquinones

Vitamin K, a 2-methyl-1,4-naphthoquinone with a phytyl side chain, had been
detected in the late 1920s as a vitamin that is involved in the blood coagulation
process and reduces the blood clotting time (see Dam 1942). Biological vitamin
tests with animals (chickens) in those years had shown that K, is present



6 H.K. Lichtenthaler

predominantly in green plant tissue such as leaves, yet even in the late 1950s a
chemical analysis of vitamin K, in plant tissues had not yet been performed. This
then became the topic of my Ph.D. thesis in the fall of 1958 when I started it with
Professor August Seybold at the University of Heidelberg. Due to the fact that
vitamin K is a typical genuine plant product particularly in green leaves, it was
later termed phylloquinone. Since it contains a phytyl side chain, as do the two
chlorophylls a and b, our assumption in 1958 was that it could be associated
together with the chlorophylls in chloroplasts and play a role in their photosynthetic
process. Upon column chromatography of leaf pigment extracts with the then
applied sucrose columns, K; showed up in the p-carotene fraction. By a repetition
of the column chromatography of the p-carotene fraction with a slowed down
elution time I could partially separate K; from [-carotene. Via a subsequent
paper chromatography the existence of vitamin K, in all green leaf tissues was
proven, whereas only trace amounts were found in white plant tissues (leucoplasts)
and in orange fruit tissue (chromoplasts). K; could be well located on the chromato-
grams because it emits an intense light green color upon illumination with UV light,
which is specific for phylloquinone K. In contrast, in yeast and various edible fungi
I could not detect any K. First approaches towards a quantitative determination of
K, in green leaf extracts of different plants (applying column chromatography
followed by a chemical reduction to its hydroquinone) revealed that K; was present
in leaves at a low concentration of only about one to two molecules per 100 mol-
ecules of chlorophyll (Lichtenthaler 1962).

Laboratory research in botanical institutions in Germany and other European
countries in the 1950s was rather strenuous and difficult. In those postwar times
modern instruments for experimental research were still lacking. The powerful
techniques of thin layer chromatography that allows the separation of minor plant
lipids (e.g., phylloquinone K;) from major plant lipids, such as carotenoids or
chlorophylls, had not yet been developed. Moreover, recording spectrophotometers
were not yet available. In fact, one had to determine the absorbance spectrum of an
isolated pigment by measuring the absorbance step by step at each wavelength, first
for the blind and then for the sample in order to finally obtain an approximate
spectrum of a carotenoid or a chlorophyll in the visible region or of a lipid fraction
enriched with phylloquinone in the UV region.

In contrast to Europe, the working conditions for scientific research were
completely different in the USA at that time. Thus, in 1962 when I joined, as a
postdoctoral research associate, Melvin Calvin’s laboratory at the University of
California in Berkeley for 2 years, I found there excellent scientific equipment and
modern instruments which simplified and advanced scientific research. There I
quickly proved that phylloquinone K; was, indeed, located in isolated chloroplasts
and also in the smallest thylakoid fragments isolated from sonicated chloroplasts,
then termed “quantasome aggregates”. When I presented M. Calvin a short note to
publish these results, he had just received a manuscript in print by F.L. Crane.
Already in 1959 the latter had discovered plastoquinone-9 in chloroplasts (Crane
1959), and now also described the location of K; in chloroplasts (Kegel and Crane
1962). For this reason, my K, results were only published later, together with other
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observations on the prenylquinone and carotenoid content of thylakoids
(Lichtenthaler and Calvin 1964). This information is also found in the paper
published with Rod Park where we had summarized the basic lipid and protein
composition of thylakoids (Lichtenthaler and Park 1963). This paper in Nature
being the first description of the complete lipid composition of a biomembrane
strongly stimulated research in other laboratories. Thus, within about 2 years the
lipid composition of various other biomembranes in plants and animals was
published.

Via further analysis of isolated chloroplasts I detected that their thylakoid
membranes also contained o-tocopherol and a-tocoquinone and that
plastoquinone-9 was present in its reduced form plastoquinol-9. In addition, I
could prove that the thylakoid-free 145,000 x g supernatant contained a layer of
osmiophilic globuli with high amounts of plastoquinone-9, including its reduced
form plastoquinol-9, as well as a-tocopherol (Lichtenthaler and Calvin 1964). For
more details on osmiophilic globuli, see below paragraph 3.

After my return to Germany these studies were continued and showed that
phylloquinone K, was enriched in the photosynthetic photosystem I (PSI), whereas
the major part of plastoquinone-9 was bound to photosystem II (PSII)
(Lichtenthaler 1969a). a-tocopherol and o-tocoquinone were not specifically
bound to one photosystem but were found in both PSI and PSII particle fractions.
In further studies on the partition of phylloquinone K; between digitonin particles
and chlorophyll carotenoid proteins of tobacco we could prove that phylloquinone
K| is, in fact, exclusively bound to the photosystem I particles (Interschick-Niebler
and Lichtenthaler 1981) where it has a function in photosynthetic electron transport
(Golbeck 1987). Another observation emphasized the essential requirement of
phylloquinone K; and p-carotene for a functional photosynthetic apparatus. Etio-
lated leaf tissue already contained plastoquinone-9 and lutein, yet phylloquinone K
and p-carotene in trace amounts only. However, during the first hours of illumina-
tion etiolated leaf tissues synthesize and accumulate phylloquinone K; and
[B-carotene at high rates parallel to the formation of the first thylakoids, whereas
the de novo accumulation of lutein and plastoquinone-9 that had been formed
before in the dark started much later (Lichtenthaler 1969b). Concerning the ques-
tion which light was responsible for the light-induced biosynthesis of thylakoids
and their carotenoids as well as prenylquinones we could show that active phyto-
chrome, P730, is required (Lichtenthaler and Becker 1972) and that this process
proceeds also in blue light and red light.

It was also an essential finding that plastoquinone-9 and a-tocopherol are present
in the chloroplast envelope membranes and in low levels also phylloquinone K;
which seem to reflect biosynthetic pool sizes (Lichtenthaler et al. 1981b). More-
over, we addressed the question on the occurrence and concentration of ubiquinone
homologues in plants and their mitochondria and found that these contained
ubiquinone-9 and ubiquinone-10, also known as coenzyme Q-9 and Q-10 (Schin-
dler 1984; Schindler and Lichtenthaler 1984).
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3 Osmiophilic Plastoglobuli: Structure, Composition,
and Function

A major part of my early research in the 1960s until the mid-1970s was to establish
the fact that osmiophilic plastoglobuli are genuine morphological structures of
chloroplasts and other plastid forms and that they function primarily as a lipid store
for excess lipids, such as a-tocopherol and plastoquinone-9 + plastoquinol-9, as well
as in some plastid stages for glycerolipids and in chromoplasts also for carotenoids.
Examples of chloroplasts with many plastoglobuli are shown in Fig. 2. Plastoglobuli
are particularly frequent in sun chloroplasts as shown in the scheme of Fig. 1.

In the early 1960s several authors had described the principal structure of
chloroplasts as revealed by studies with the electron microscope. Besides the
structures of biomembranes partially stapled to grana stacks, which later were
termed thylakoids by Menke (1962), usually rather small osmiophilic globuli
were found but only after the fixation of leaf tissues with osmium tetroxide.
Other authors who had applied KMnOy as a fixation medium detected only “star-
shaped bodies” in the chloroplast stroma. At that time “osmiophilic globuli” and
“star-shaped bodies” were regarded as fixation artifacts. Already in 1962 I had
analyzed from sonicated chloroplasts a thylakoid-free supernatant of the centrifu-
gation tube (145,000 x g supernatant) that contained a yellowish lipid layer

Fig. 2 Chloroplasts with numerous osmiophilic plastoglobuli in green perennial plant tissue. (a)
From leaves of Hoya carnosa R.Br. and (b) from the green stem of Cereus peruvianus (L.) Mill.
P plastoglobuli, St starch. Fixation of tissues with OsO,. (Based on Lichtenthaler and Peveling
(1966, 1967) and also presented in Lichtenthaler (2013)
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consisting of relatively small osmiophilic globuli, first seen by Park and Pon (1961).
This layer contained high amounts of a-tocopherol and plastoquinone-9 +
plastoquinol-9, apparently excess amounts that were not bound to the photochem-
ically active thylakoids (e.g., Lichtenthaler 1964). This globuli fraction was free of
chlorophylls and contained only traces of xanthophylls. Later I showed in a detailed
investigation that the “osmiophilic globuli” are regular structural components of the
chloroplast stroma and are present in practically all differentiation stages of plastids
(see Lichtenthaler 1968). Thus, we termed them “osmiophilic plastoglobuli”
(Lichtenthaler and Sprey 1966). Since a-tocopherol and plastoquinol-9 are strong
reducing agents, the plastoglobuli readily reduce OsO, and thus appear
osmiophilic. Moreover, we isolated them from several plants, e.g., Billbergia,
Eucharis, Ficus, Spinacia, and Tradescantia, and showed that in chloroplasts of
older green leaves the osmiophilic plastoglobuli possess considerably larger diam-
eters than in young spinach leaves (Lichtenthaler and Sprey 1966; Grumbach and
Lichtenthaler 1974).

Plastoglobuli predominately function as an extra-thylakoidal store for plant
lipids and in particular for excess o-tocopherol and plastoquinone-9 and
plastoquinol-9 which are accumulated in high amounts in sun leaves (see review
Lichtenthaler 2007) and older green leaves of perennial plant tissues e.g., Ficus
(Lichtenthaler and Weinert 1970). In chromoplasts plastoglobuli contain also
carotenoids and secondary carotenoids that are accumulated together with
a-tocopherol and plastoquinone-9 as well as plastoquinol-9 during chromoplast
formation. Further, in etioplasts of dark-grown plant seedlings plastoglobuli con-
tain, besides a-tocopherol and plastoquinone-9 + plastoquinol-9, also xanthophylls
and possibly also glycerolipids, lipids that are used for the light-induced thylakoid
formation. Thus, young chloroplasts are free of osmiophilic plastoglobuli. During
chloroplast degeneration and thylakoid breakdown plastoglobuli become more
numerous, and usually only a few rather large plastoglobuli remain in the final
gerontoplast. Observations by other authors indicate that at a disturbance of normal
thylakoid biosynthesis, e.g., by herbicides or other treatments, even triacyl-
glycerides may accumulate and be deposited in plastoglobuli as well, whereby
also translucent plastoglobuli can be formed because such lipids are less
osmiophilic or not at all [for details and the original references, see the recent
plastoglobuli review by Lichtenthaler (2013)]. All data available so far indicate that
the interior of osmiophilic plastoglobuli is of pure lipid nature. Due to their more
aqueous character proteins cannot be stored inside the plastoglobuli.

Concerning plastoglobuli function, in 1974 we made the highly interesting
observation in several plants that the plastoquinol-9 pool in plastoglobuli becomes
partially photo-oxidized during the first minutes of the light-induced onset of
photosynthetic processes (Grumbach and Lichtenthaler 1974). This photo-
oxidation of the plastoquinol-9 pool proceeded in parallel to the photoreduction
of violaxanthin to zeaxanthin in the xanthophyll cycle, a process that was reversible
in darkness. Thus, it appears that during illumination there occurs an electron flow
from plastoglobuli to thylakoids, a process that is partially or fully reversed in the
dark (Grumbach and Lichtenthaler 1974). This indicates an interesting regulatory
function of the plastoquinol-9 pool of plastoglobuli in the photosynthetic light
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reactions and the performance of the xanthophyll cycle. More recent observations
indicate that in chloroplasts plastoglobuli may contain on their outer surface certain
functional chloroplast proteins, which may be coupled to thylakoids and could
function in the biosynthesis of chloroplast lipids and possibly also in an active
channeling of lipid molecules and lipid breakdown products (Austin et al. 2006;
Bréhélin et al. 2007; Bréhélin and Kessler 2008). This opens up an interesting
additional aspect concerning plastoglobuli function but requires much further
research. More literature and many further details on our research on osmiophilic
plastoglobuli as well as references to the parallel observations of other laboratories
are found in a recent comprehensive plastoglobuli review (Lichtenthaler 2013).

4 Composition, Structure, and Function
of the Photosynthetic Apparatus of Sun and Shade
Chloroplasts

An essential part of the research in my group over the last 50 years was to
investigate the adaptation of the photosynthetic apparatus and to establish the
irradiance-induced differences in pigment composition, photosynthetic quantum
conversion, and CO, fixation rates of sun and shade chloroplasts of trees. This also
included a detailed investigation of the fine structure and in particular of the
differential arrangement and stacking of thylakoids in sun and shade chloroplasts
as well as in high-light and low-light chloroplasts from leaves of plants grown under
high-light and low-light growth conditions (cf. Fig. 1). This research also contained
a detailed investigation of the light-induced biosynthesis of the photosynthetic
apparatus in dark-grown etiolated leaf tissues. In this very broad field of photosyn-
thesis and plant physiology very little was known in the mid-1960s. We made large
progress in our knowledge particularly by applying in parallel various different
techniques, including electron microscopy, spectroscopy, and fluorescence analy-
sis, and also by developing new methods, such as reversed phase high-performance
liquid chromatography (HPLC) for separation of leaf pigments, gel electrophoresis
(PAGE) for the separation of chlorophyll-carotenoid protein complexes of whole
chloroplasts, and the superb technique of chlorophyll fluorescence imaging of the
photosynthetic quantum conversion of intact leaves. In addition, I redetermined the
absorption coefficients of chlorophylls and all individual carotenoids in different
solvents and established new equations for the quantitative determination of chlo-
rophyll @ and b and the sum of leaf carotenoids (x + ¢) next to each other in one leaf
extract solution (Lichtenthaler 1987). This allows an easy determination of the
pigment levels per leaf area or leaf weight unit, including the pigment ratios Chl a/b
and total chlorophylls to total carotenoids (a+b)/(x+c). Today this method is
applied in most laboratories of photosynthesis and plant physiology.
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4.1 Differences in Chlorophyll and Carotenoid Composition

The differentiation between sun and shade leaves as well as sun and shade plants
was already made by August Seybold in the 1930s when he analyzed the chloro-
phyll and carotenoid composition of sun and shade leaves of trees by chromatog-
raphy of leaf pigment extracts using sugar powder columns. Although he could not
yet separate the different xanthophylls from each other, he already demonstrated
that sun leaves had higher values for the ratio Chl a/b, and considerably lower
values for the ratio xanthophylls to B-carotene, x/c, and also for the ratio of total
chlorophylls to total carotenoids, (a + b)/(x + c) (Seybold and Egle 1937). With the
establishment of thin layer chromatographic (TLC) techniques for the separation of
chlorophylls and individual carotenoids in the 1960s (e.g., Hager and Bertenrath
1962), I reinvestigated the pigment composition of plant leaves in dependence of
the incident light and confirmed these particular pigment ratios that are quite
different for sun leaves as compared to shade leaves. In addition, the individual
levels of the different xanthophylls in sun and shade leaves were determined for the
first time. Moreover, we could demonstrate that the same differences in pigment
ratios and xanthophyll levels as for sun and shade leaves also existed for leaves of
high-light and low-light seedlings that were grown at either high or low irradiances,
respectively. Major parts of these results are briefly summarized in the review of
Lichtenthaler (2007) and Lichtenthaler and Babani (2004). Reversed phase TLC
allowed a distinct separation of zeaxanthin from lutein. Thus, we could clearly
demonstrate that sun leaves and leaves of high-light plants had much higher levels
of xanthophyll cycle carotenoids (zeaxanthin + antheraxanthin + violaxanthin) as
compared to shade leaves or leaves of low-light plants, both on a leaf area as well
as on a total carotenoid or on a total chlorophyll a + b level.

After having established a high-performance liquid chromatography (HPLC)
technique for fast chlorophyll and carotenoid separation within 20 min (e.g., Schin-
dleretal. 1992, 1994), this strict irradiance dependence of the photosynthetic pigment
ratios and the level of xanthophyll cycle carotenoids of chloroplasts during leaf and
chloroplast development was further accentuated. With this powerful HPLC method
we also determined the kinetics of the light-triggered photoreduction of violaxanthin
to zeaxanthin in field-grown maple trees during the course of a sunny and a cloudy
day (Schindler and Lichtenthaler 1996) which showed the spontaneous response of
the redox state of the xanthophyll cycle carotenoids to transient changes in the
irradiance of leaves. Moreover, we could demonstrate in leaves of the tobacco
“aurea” mutant Su/su grown at medium irradiance that at high irradiance stress
zeaxanthin accumulated in a dynamic biphasic process, i.e., not only via a fast
transformation of violaxanthin to zeaxanthin, but by doubling the level of xantho-
phyll cycle carotenoids within 5 h of high irradiance exposure by de novo biosyn-
thesis and accumulation of new zeaxanthin (Schindler et al. 1992; see also review
Lichtenthaler 2007). In the same time period also the B-carotene pool increased by
one-third via de novo biosynthesis. These results, which were supplemented by
parallel chlorophyll fluorescence measurements and determination of characteristic
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fluorescence ratios, such as ratios F,/Fy,, dF/F,,’ as well as photochemical quenching
gp and non-photochemical quenching gy (see also Schindler and Lichtenthaler 1996),
demonstrated the high flexibility and adaptation capacity of chloroplasts and their
photosynthetic pigment apparatus against high-light stress to avoid photo-inhibition
and photo-degradation (Lichtenthaler and Schindler 1992). Moreover, additional
investigations showed that in fully developed and differentiated leaves the complete
photosynthetic pigment apparatus of shade chloroplasts can successively be changed
by partial pigment breakdown and de novo pigment accumulation to that of sun
chloroplasts and vice versa within a few days.

4.2 Differences in Photosynthetic Rates of Sun and Shade
Leaves

That sun and shade leaves may have different rates and capacities in photosynthetic
quantum conversion had long been assumed, e.g., by Seybold in the 1930s. In the late
1960s and early 1970s it had been shown by some authors that sun plants have higher
photosynthetic CO, fixation rates than shade plants. Yet, a detailed analysis of sun
and shade leaves of the same tree or of plant species grown at different incident light
conditions had not yet been performed in a direct comparative way. Some of the early
general knowledge of that time was later summarized by Boardman 1977. When we
were able to buy one of the (back then still complex) infrared CO, gas analyzer
systems, I specifically addressed this topic. The small and very handy CO, measuring
systems (CO,/H,O porometers) of today did not yet exist. As expected, our
measurements showed that the net CO, fixation rates Py were considerably higher
in sun and high-light leaves as compared to shade and low-light leaves of the same
plants (Lichtenthaler 1981; Lichtenthaler et al. 1981a), which was correlated with a
higher stomata density of the leaves. Further, we could show that sun and high-light
leaves exhibited a higher level of soluble sugars. The highly significant differences in
photosynthetic quantum conversion between sun and shade leaves are found in
different reference systems, not only on a leaf area basis, but also on a total
chlorophyll basis. In addition, these differences also showed up in the Hill activity
of isolated chloroplasts, which proved to be significantly higher in sun and high-light
chloroplasts as compared to shade and low-light chloroplasts.

Furthermore, the same differences were found in the values of the variable
chlorophyll fluorescence decrease ratio Rg4 that was measured, in parallel, of intact
sun and high-light leaves as well as shade and low-light leaves. In the mid-1970s we
had established this chlorophyll fluorescence decrease ratio Rpy (originally
addressed by us as VF) being based on the measurement of the light-induced slow
Chl fluorescence decline during 5 min (slow component of the Kautsky Chl
fluorescence induction kinetics) as a valuable indirect measure of the net photo-
synthetic rates [e.g., Lichtenthaler et al. (1981a, 1984), see also review
Lichtenthaler and Babani (2004)]. For details see below paragraph 7.2. The method
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is much faster than measurements of the photosynthetic CO, fixation rates, it can
easily be applied in outdoor measurements and was successfully applied as a stress
and damage indicator in our forest decline research in the Black Forest between
1983 and 1990 [e.g., Lichtenthaler (1988a, b), Lichtenthaler and Rinderle (1988a)].
The fact that there is a direct correlation between the Rgq values and the photosyn-
thetic net CO, fixation rates of sun and shade leaves of trees has been confirmed
more recently for various trees at several locations applying the new technique of
Chl fluorescence imaging where several ten thousands Rgq values are simulta-
neously determined for all parts of one leaf (Lichtenthaler et al. 2000a, 2005b,
2007). It has been demonstrated very recently (Lichtenthaler et al. 2013a) that, with
respect to their chlorophyll—carotenoid composition and their photosynthetic activ-
ity (P rates, Rgq values), blue-shade and half-shade leaves possess an intermediate
position between sun and shade leaves.

4.3 Differences in Chloroplast Ultrastructure and Thylakoid
Arrangement

Based on the large differences in the chlorophyll-carotenoid composition and
photosynthetic activity between sun and shade leaves and the leaves of high-light
and low-light plants one could anticipate considerable differences in the fine
structure of sun and shade chloroplasts as well as high-light and low-light chloro-
plasts. In fact, our electron microscopical investigations revealed that the chloro-
plast ultrastructure of shade and low-light chloroplasts is characterized by a much
higher number of thylakoids per granum stack and a significantly higher stacking
degree of thylakoids, but also by a significantly broader width of grana thylakoids
and grana stacks than in sun and high-light chloroplasts (Lichtenthaler et al. 1981a;
Meier and Lichtenthaler 1981) as summarized in Fig. 1 and Table 1. In addition, sun
chloroplasts exhibit large starch grains (Fig. 3) which are usually missing in shade
and low-light chloroplasts. Moreover, sun and high-light chloroplasts contain more
and larger osmiophilic plastoglobuli and consequently higher levels of excess
a-tocopherol and plastoquinone-9 that are located in the plastoglobuli as compared
to shade and low-light chloroplasts [see the review Lichtenthaler (2007)].

When it had been shown in 1975 that chlorophylls and carotenoids within the
photosynthetic membrane are bound to the different chlorophyll-carotenoid pro-
teins CPa, CPI, CPla and the light-harvesting chlorophyll-xanthophyll proteins
LHCPs (Thornber 1975), we adopted the gel electrophoresis techniques (PAGE)
for isolated whole chloroplasts and in a quantitative way we studied the presence of
the chlorophyll-carotenoid proteins in sun and shade chloroplasts. This way we
could show that the higher stacking degree of thylakoids in shade and low-light
chloroplasts is, in fact, associated with a significantly higher level of the light-
harvesting chlorophyll-carotenoid proteins LHCPs (Lichtenthaler et al. 1982a, b)
that are known to be responsible for thylakoid stacking.

In summary, our comparative investigations revealed that leaves and their
chloroplasts are highly reactive, adaptive, morphological, and biochemical systems
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that specifically adapt to the prevailing incident light conditions by forming either
sun and high-light chloroplasts or shade and low-light chloroplasts. Thus, sun and
high-light leaves with their chloroplasts are adapted for high rates of photosynthetic
quantum conversion and CO, fixation and contain high amounts of xanthophyll
cycle carotenoids to avoid photo-inhibition, whereas the photosynthetic apparatus
of shade and low-light leaves primarily “invests” into increasing the light-absorbing
pigment cross section in order to catch enough light for performance of

Table 1 Major differences in ultrastructure, thylakoid arrangement, pigment composition, and
photosynthetic function of sun and shade chloroplasts

Sun chloroplasts Shade chloroplasts
Low thylakoid amounts (per chloroplast High thylakoid amounts (per chloroplast
section) section)
Narrow grana stacks (width: 0.20-0.26 pm) Broad grana stacks (width: 0.33-0.50 pm)
Few thylakoids per granum High grana stacks
Lower stacking degree (%) High stacking degree (%)
Fagus: 57+6 82+6
Raphanus: 55+5 64 +4
Triticum: 54 +£5 73+3
Zea mays: 55 £3 77+3
Appressed thylakoids: low level Appressed thylakoids: high level
Appressed/exposed thylakoids Appressed/exposed thylakoids
Fagus: 1.3 4.7
Raphanus: 1.2 1.8
Triticum: 1.2 2.7
Zea mays: 1.2 33
Low levels of LHCPs High levels of LHCPs
Numerous and large plastoglobuli Few small plastoglobuli
Large starch grains No starch
High values for Chl a/b Low values for Chl a/b
3.0-4.3 2.3-2.7
Pigment ratio x/c Pigment ratio x/c
Low values: 1.7-2.3 High values: 2.6—4.0
Pigment ratio (a +b)/(x +¢) Pigment ratio (a + b)/(x +¢)
Low values: 3.8-4.9 High values: 5.1-6.5
Xanthophyll cycle carotenoids Xanthophyll cycle carotenoids
High levels Low levels
High amounts of excess o-T Low a-T levels
High level of excess plastoquinone-9 No excess plastoquinone-9
(PQ-9+PQ-9+H,) (PQ-9 +PQ-9+H,)
High Rgq values Low Rgq values
3.5-5.5 1.8-2.7
High photosynthetic rates Py Low photosynthetic rates Py
4.6-11.5 pmol CO,m 257! 2.6-3.8 pmol CO,m > s™!
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Fig. 3 Sun chloroplast of
beech (Fagus sylvatica)
with large starch grains
and several translucent
plastoglobuli at the lower
left side within the
chloroplast

photosynthesis. We also checked which other factors besides irradiance control the
formation of sun and shade chloroplasts. We could show that the formation of sun
chloroplasts is induced by blue light (Lichtenthaler et al. 1980) and enhanced by the
phytohormone kinetin (Lichtenthaler and Buschmann 1978), whereas shade chlo-
roplast formation and increased stacking of thylakoids are caused by red light
illumination and is further promoted by the application of photosystem 2 herbicides,
such as bentazon (Meier and Lichtenthaler 1981). This dependence of the formation
of sun and shade chloroplasts on either blue or red light indicates that the phyto-
chrome system—specifically the ratio of red/far-red light—is involved in this
adaptation response of chloroplasts. In fact, the incident light in the shade of trees

Table 1 (continued)

Presented are the differential frequency, width, and stacking degree of thylakoids and the level of
light-harvesting Chl a/b proteins LHCPs, which is also documented in the differential ratios of
appressed to exposed thylakoid biomembranes. In addition, the size and frequency of osmiophilic
plastoglobuli and the differences in the level of total plastoquinone-9 (oxidized and reduced form:
PQ-9 and PQ-9+H,) and a-tocopherol (a-T). Significant differences also exist in the pigment
ratios Chl a/b, xanthophylls to carotenes, x/c, as well as total chlorophylls to total carotenoids
(a +b)/(x + c) that are presented. Moreover, the differences in photosynthetic quantum conversion,
i.e., the variable Chl fluorescence decrease ratio Rgq and the net photosynthetic rates Py yielding
high values in sun leaves as compared to shade leaves, are presented

Higher values of individual parameters either present in sun or in shade chloroplasts are shown in
bold print. Concerning the stacking degree of thylakoids and width of grana stacks electromi-
crographs of Fagus chloroplasts of sun and shade leaves were investigated and in the case of
Raphanus, Triticum, Zea mays chloroplast electromicrographs of seedlings grown at high-light
and low-light conditions. The ultrastructural and thylakoid arrangement data of chloroplasts in this
table are primarily based on Lichtenthaler (1981) and Lichtenthaler et al. (1981a, 1982a, 1984),
whereas the pigment ratio data, the level of a-tocopherol and plastoquinone-9, and the differences
in Rgq values and photosynthetic CO, fixation rates are based on our earlier data reviewed in
Lichtenthaler (2007) and Lichtenthaler and Babani (2004); see also Sarijeva et al. (2007) and
Lichtenthaler et al. (2013a). The significance levels for the differences between sun and shade
leaves and sun and shade chloroplasts in the indicated parameters are ranging from p<0.05 to p<
0.001 as indicated in the original publications cited above.
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and forests is enriched with far-red light, whereas sun light and blue skylight only
contain relatively low amounts of far-red light. Thus, in sun light and blue skylight
the ratio red/far-red light amounts to values of 1.56 and 1.52, respectively, whereas
in the shade the red/far-red ratio exhibits a value of 0.21 and in the half-shade of
0.42. The values of the red/far-red ratio presented here were calculated from those
of the reverse ratio given by Lichtenthaler et al. (2013a).

5 Forest Decline Research

In the summer of 1982 I became aware of the reports of several German foresters
who complained about the unusual decline of spruce (Picea abies (L.) H. Karst.)
and fir trees (Abies alba Mill.) at several locations in the Northern Black Forest,
e.g., on the Mauzenberg (altitude 755 m) near the town of Herrenalb. Together with
those foresters I examined this decline and the particular damage symptoms.
Apparently I was one of the first German plant physiologists who took this threat
to our forest trees seriously. The decline started with a considerable loss of the older
3- to 6-year-old needles, a yellowing and bleaching of chlorophyll in younger
needles as well as a reduced accumulation of chlorophylls and carotenoids in
current and first-year needles, combined with a diminished formation and growth
of needles, to just name a few major damage symptoms. In addition, the tree crowns
of spruces having shorter branches and fewer side branches became fairly open,
whereas the tree tops of firs exhibited a strongly reduced growth of length resulting
in compressed tree tops that were termed “stork’s nests” and were easily visible
from the long distance. In each case tree stands on western exposed slopes and
hilltops above 600—1,000 m were affected. The foresters also showed me several
unusual damage symptoms on older beech trees (Fagus sylvatica L.). In the spring
of 1983 more forest sites were affected and the initially more isolated stands were
increasing and extended further. In fact, in some places the development was
dramatic; thus, from mid-June to the beginning of October 1983 all spruces and
firs of a whole mountain top, the Katzenkopf (altitude 900-1,100 m), in the Black
Forest had died off.

The causes for such a fast progressing damage and tree decline in the Black
Forest initially remained mysterious, although one began to discuss the possible
effects of air pollutants, in particular sulfur dioxide, being transported by the
predominantly western winds to the western exposed upper tree stands of the
Black Forest. At that time high sulfur dioxide levels had already been recognized
as the major cause for the forest decline in many mountain areas in Czechoslovakia.
The fact that I had early access to the results of fumigation experiments with
greenhouse plants of English colleagues (see below) allowed me to be among the
first to point out that, in addition to sulfur dioxide, nitrogen oxides—which also
provoke the light-induced formation of ozone—were essential causes for the large-
scale tree and forest decline.
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During a sabbatical in 1981, which I spent at the University of Lancaster, I
learned there about the essential research results of Alan Wellburn and Terry
Mansfield showing that low atmospheric levels of sulfur dioxide plus nitrogen
dioxide had more than additive inhibitory effects on plants cultivated in growth
chambers (Wellburn et al. 1981; Mansfield et al. 1982). The cause for this was the
fact that sulfur dioxide inactivates the plants’ nitrite reductase, which reduces nitrite
and starts its successive transformation into ammonia that is incorporated into
amino acids. When in 1982 and 1983 I checked the measured levels of nitrogen
oxides (NO and NO,) and sulfur dioxide in the Karlsruhe area and in the Black
Forest nearby, it was clear that on a large number of days the levels of these air
pollution gases were much higher than the levels used by Mansfield and Wellburn
in their growth chamber experiments. Therefore, it was evident that in the Black
Forest not only sulfur dioxide but also nitrogen oxides were essentially responsible
for the decline of forest trees. In addition, those high levels of nitrogen oxides
caused the irradiance-induced formation of ozone which, during sunny and hot
summer days, rose to extremely high levels at the Rhine river valley in Karlsruhe
and the nearby Black Forest, levels that were not only dangerous to humans but also
caused considerable damage to plants and their photosynthetic apparatus. We
summarized this information, together with the different damage symptoms of
forest trees presented in photos, in a short review “The forest decline: progression,
causes and consequences” (Lichtenthaler and Buschmann 1983). This review was
sent out to colleagues, to politicians, to people in private industry, as well as to
interested laymen. It received great resonance among the public, politicians, and
also foresters, and it triggered the general discussions in the public. Yet, at that time
many of my German colleagues in plant physiology refused to accept the fact that,
except for the particular situation in the Czech mountains, air pollutants would or
could cause tree damage and forest decline. In fact, several colleagues postulated
infections by unknown fungi and microbes as a primary cause for this large-scale
forest decline.

Moreover, we demonstrated via chlorophyll (Chl) fluorescence measurements
and also by determining the net CO, fixation rates that the photosynthetic quantum
conversion of the needles of damaged trees was declining and that the Chl and
carotenoid levels of needles declined as well. In addition, together with foresters
and the tree physiologist Donald Pigott of the University of Cambridge, England,
whom I had invited to Karlsruhe, we checked in the Black Forest the different types
of damage symptoms of conifer and broadleaf trees to separate them from symp-
toms caused by natural stressors, such as heat, cold, or water stress. Then, we
reported our findings on the relationship between photosynthesis and tree decline
(Lichtenthaler and Buschmann 1984a) as well as on air pollutants as a trigger of the
forest decline (Lichtenthaler 1984). For more detailed information, we additionally
published a booklet “The Forest decline from a botanical point of view” in German
language (Lichtenthaler and Buschmann 1984b). Fortunately, we had the chance of
sending several hundred free copies of that booklet to interested colleagues and
laymen in the German Democratic Republic, GDR, where any discussion on forest
decline was officially forbidden.
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With the financial support of the W. & E. Heraeus foundation in Hanau,
Germany, I was able to invite, in 1984, 44 foresters and plant physiologists from
six European countries to a small workshop in Bad Honnef, Germany. There,
German, Swiss, and Austrian foresters involved in forest decline research met for
the first time, exchanged their individual observations on forest decline and tree
damage, and discussed the causes and consequences with plant physiologists. This
workshop strongly stimulated future exchange and research cooperations. In a
cooperation with Barry Rock of the NASA, USA, and his team we compared in
1984 and 1985 by means of in situ spectral measurements the forest decline
symptoms in Vermont, USA, and the Black Forest, Germany, and found that the
symptoms were the same in both locations (Rock et al. 1986). In addition, in
cooperation with the German space research center, the Deutsches Zentrum fiir
Luft- und Raumfahrt (DLR) in Oberpfaffenhofen, Germany, and the NASA, USA,
we classified the trees of damaged spruce stands in the Northern Black Forest by
airborne reflectance and terrestrial Chl fluorescence measurements (Schmuck
et al. 1987; Rinderle and Lichtenthaler 1989). At the Mauzenberg forest location
(altitude 650—755 m) we analyzed the seasonal variation in photosynthetic activity
of healthy and damaged spruce trees over 2 consecutive years, whereby 3 needles
years were studied in parallel. In damaged spruce trees we found not only a reduced
photosynthetic quantum conversion as detected via Chl fluorescence measure-
ments, but even more reduced rates of net CO, fixation Py, both on a chlorophyll
and on a needle area basis, as well as reduced rates of transpiration and stomatal
conductivity (e.g., Lichtenthaler et al. 1989). Moreover, needles of damaged
spruces (damage class 3—4) could no longer regulate and fully close their stomata,
which caused a fast desiccation and dropping down of needles.

At that time the state of Baden-Wiirttemberg started and supported the interdis-
ciplinary  European research  project ~PEF  (Projekt  Europdisches
Forschungszentrum), where various research groups studied different aspects of
the forest decline in the Black Forest at the same locations, with the Schollkopf
(altitude 840 m) near the town of Freudenstadt being the most important location.
Within this program we analyzed the performance and pigment composition of the
photosynthetic apparatus of different needle ages of healthy and damaged spruce
trees (e.g., Lichtenthaler et al. 1985, 1989; Zimmer-Rinderle and Lichtenthaler
1995). The results of all those investigations (major parts were later published in the
book by Bittlingmeier et al. 1995) demonstrated that the large-scale forest decline
was caused by a combination of natural environmental stress with air pollution
stress (e.g., SO,, NO,, ozone), whereby the latter considerably enhanced the natural
stress, led to potassium and magnesium deficiency of the soil and trees, caused
bleaching of photosynthetic pigments, and reduced the vitality of trees predomi-
nantly by an early decline of the photosynthetic function and a progressing damage
to the photosynthetic apparatus.



Fifty-Five Years of Research on Photosynthesis, Chloroplasts, and Stress. . . 19

6 Mode of Action of Herbicides in Photosynthesis,
Chloroplasts, and the Apicoplast

Besides the Calvin—Benson cycle of CO, assimilation and the pigment apparatus
catalyzing the photosynthetic light and associated electron transport reactions,
chloroplasts possess various other biosynthetic pathways that are potential targets
for herbicides and natural antibiotics and inhibitors. The goal of our research was to
apply inhibitors and herbicides in order to find out more about the photosynthetic
electron transport reactions, to learn more about the special metabolic pathways of
chloroplasts, and also to detect the mode of action of new herbicides.

Thus, we clarified that the herbicide bentazon blocks the photosynthetic electron
transport by specifically binding to the Qg protein of the photosystem 2 reaction
center (Pfister et al. 1974). In addition, we developed isolated chloroplasts and
etioplasts as test systems for inhibitors against de novo fatty acid biosynthesis and
proved that the herbicides diclofop and other aryloxy-phenoxy-propionic acids as
well as sethoxydim, cycloxydim, and other cyclohexane-1,3-diones, all of them
specific graminicides, inhibit the plastidic fatty acid biosynthesis by specifically
blocking the acetyl-CoA carboxylase (Kobek et al. 1988a, b; Lichtenthaler 1989).
They also block the development and replication of chloroplasts (Lichtenthaler and
Meier 1984). Moreover, we detected that the two natural antibiotics cerulenin and
thiolactomycin are also inhibitors of de novo fatty acid biosynthesis in chloroplasts
(Feld et al. 1989; Golz et al. 1994) where they block the p-ketoacyl-ACP synthases
KAS T (cerulenin, thiolactomycin) and KAS III (thiolactomycin). We also showed
that ethyl-adenylates inhibit the acetyl-CoA synthetase and acetylmethyl-
phosphinates the plastidic pyruvate dehydrogenase complex as shown in Fig. 4
(Golz et al. 1994). Such inhibitors are essential tools for the clarification of the
metabolite flow from either acetate or pyruvate into de novo fatty acid biosynthesis
and into isoprenoids or branched-chain plastidic amino acids. Later we demon-
strated that 6-ketoclomazone is a specific inhibitor of the DOXP synthase (1-deoxy-
D-xylulose-5-phosphate synthase) and fosmidomycin a specific inhibitor of the
DOXP reductase (1-deoxy-p-xylulose-5-phosphate reductase), i.e., the first and
the second enzyme of the plastidic DOXP/MEP pathway of isoprenoid biosynthe-
sis, inhibitors that essentially helped to establish this newly detected
non-mevalonate pathway of isoprenoid biosynthesis (see Lichtenthaler 2000a).
This plastidic DOXP/MEP pathway for isoprenoid biosynthesis is named after its
first and second intermediates: 1-deoxy-p-xylulose-5-phosphate (DOXP) and 2-C-
methyl-p-erythritol-4-phosphate (MEP). Details of the DOXP/MEP pathway are
found below in paragraph 8.

Another observation of particular interest was the finding by several authors that
the malaria inducing parasite Plasmodium falciparum had a nongreen, plastid-type
cell organelle, the apicoplast that, during evolution, was taken up from either a green
or ared alga. Since the malaria parasite is dependent on the metabolic activities of its
apicoplast we cooperated with physicians and proved that the apicoplast possesses the
DOXP/MEP pathway of isoprenoid biosynthesis which can be blocked by the
herbicide fosmidomycin. In fact, in our joint efforts we could show that malaria-
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Fig. 4 Scheme of de novo fatty acid biosynthesis in chloroplasts starting from acetate and
pyruvate. The enzymes and their specific inhibition by active ingredients and herbicides are
indicated (Based on Lichtenthaler 1989, 2000c). ACC acetyl-CoA carboxylase, ACP acyl carrier
protein, ACS acetyl-CoA synthetase, KAS I and KAS 111 p-ketoacyl-ACP synthase, Malonyl-ACP
malonyl-acid carrier protein, pPDHC plastidic Pyruvate Dehydrogenase Complex

infected mice were cured by fosmidomycin treatment (Jomaa et al. 1999). Since the
DOXP/MEP pathway of isopentenyl diphosphate (IPP) biosynthesis also occurs in
pathogenic eubacteria, such as Mycobacterium tuberculosis and Helicobacter pylori
[for a complete list see Lichtenthaler (2000a)], plants with their easy-to-handle
DOXP/MEP pathway are very suitable test systems for new drugs against pathogenic
bacteria and the malaria parasite (Lichtenthaler et al. 2000b).

7 Chlorophyll Fluorescence and Fluorescence Imaging
of Photosynthetic Activity and Plant Stress

Essential progress in our understanding of photosynthetic processes came from the
application of chlorophyll fluorescence induction kinetics which several decades
later were further promoted by the introduction of laser-induced fluorescence
imaging of plant leaves and their photosynthetic activity.

7.1 Chlorophyll Fluorescence

Already in 1931 Hans Kautsky (Fig. 5) had measured in pre-darkened green leaves
that upon illumination there is a red Chl fluorescence that initially rises within a few
seconds to a maximum and then slowly decreases within a few minutes to a
considerably lower steady level (Kautsky and Hirsch 1931). In more than
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Fig. 5 Hans Kautsky in
Marburg, around 1950

14 subsequent papers [reviewed in Lichtenthaler (1992)] he analyzed and charac-
terized this Chl fluorescence induction kinetics and its dependence on chemicals
and environmental factors. Back then already Kautsky had concluded that the
photosynthetic light process consisted of two light reactions, one that reduces a
substance (e.g., an electron acceptor) and a second light reaction that oxidizes this
reduced substance. Therefore, it was Kautsky who first detected that the photosyn-
thetic apparatus consisted of two photosystems cooperating with each other. This
knowledge became evident in the photosynthetic community only in the early
1960s when other groups, in particular those of Duysens, Govindjee, and Butler,
repeated and advanced Kautsky’s Chl fluorescence measurements [for references
see Lichtenthaler (1992)]. This was the beginning of the evaluation of the two
photosystems and the photosynthetic electron transport chain and the search for its
components, whereby plastoquinone-9 was detected by Crane in 1959 and
phylloquinone K; independently of each other by Crane and by Lichtenthaler in
1962 as mentioned above (see paragraph 2). In subsequent years Chl fluorescence
induction kinetics developed to a routine method of photosynthesis research,
various Chl fluorescence parameters, ratios, and coefficients were established,
e.g., the ratio Fv/Fm and the photochemical and non-photochemical quenching
coefficients gp and ¢n. Much of this research on the role of Chl fluorescence in the
detection of stress conditions in plants was summarized in the comprehensive
review by Lichtenthaler and Rinderle (1988b). Further information is found in the
articles by various authors in the two books on Chl fluorescence by Lichtenthaler
(1988a) and Papageorgiou and Govindjee (2004). An exact guide of how to
measure and correctly apply these Chl fluorescence parameters and ratios was
given more recently by Lichtenthaler et al. (2005a).

We also showed that one should be very cautious with the interpretation of such Chl
fluorescence parameters when they are solely measured at the upper, i.e., the adaxial,
leaf-side. In fact, the values of the Chl fluorescence ratios and quenching coefficients
obtained in that way only reflect the responses and reactivity or inhibition of the
chloroplasts of the upper leaf-half. The chloroplasts of the lower leaf-half, which are



