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Using the photoacoustic technique, state I - s t a t e  2 transitions were studied in an intact leaf by direct 
monitoring of modulated oxygen evolution, excited by modulated light. States 1 and 2 were characterized by 
the extent of immediate enhancement of the modulated oxygen evolution - 'Emerson enhancement '  - and 
the concomitant fluorescence quenching, resulting from the addition of continuous far-red light (greater than 
700 nm), absorbed primarily in Photosystem I (light 1). The extent of Emerson enhancement as well as the 
saturation curve of this effect by far-red light are very sensitive and quantitative indicators for the ratio of 
light excitation distributed between Photosystems I and II. The enhancement ratios at 650 nm light, a typical 
light 2, were in a range 1.4-1.8 in state 1, while values as low as 1.06 were observed in state 2. During the 
transition from state 2 to state 1, monitored in presence of modulated light 2 and background continuous 
light 1, the modulated oxygen yield increased considerably, indicating a major increase in excitation flux into 
Photosystem II. Conversely, with modulated light 2 alone in state 1, the modulated oxygen evolution yield 
was smaller than in state 2, indicating a decrease of the excitation flux in Photosystem I. In a typical 
example, of the transition to state 1, the fraction of light absorbed by Photosystem II,  t ,  increased from 0.46 
to 0.64, while that absorbed by Photosystem II,  a,  decreased from 0.43 to 0.36. State 1-s ta te  2 transitions, 
thus, reflect reciprocal changes in the cross-sections of the two photosystems for light absorption. There is no 
evidence for the operation of a 'spill-over' mechanism. The enhancement effect displayed maxima at 480 and 
650 nm, related to chlorophyll-b absorption, as well as another band at 500-550 nm. In a chlorophyll-b-less 
barley mutant, state I - s t a t e  2 transitions, as monitored by modulated oxygen evolution, were absent, and the 
resulting enhancement corresponded to state 2. These observations are consistent with the model that the 
light.harvesting c h i o r o p h y i l - a / b  complex plays a role in regulating the distribution of light to the photosys- 
tems. It is probable that this complex migrates reversibly in the thylakoid membrane in such a way that it is 
mainly associated with Photosystem II  in state 1, but is more evenly distributed in the two photosystems in 
state 2. 

Introduction 

The initial distribution of light excitation be- 
tween the two photosystems of photosynthesis de- 
pends on the relative cross-sections for absorption 
of each photosystem at any particular wavelength, 

and is usually unbalanced; in higher plants and 
green algae Photosystem II  (PS II)  absorbs more 
light than Photosystem I (PSI ) ,  over most of the 
spectral range (h ~< 680 nm) but considerably less 
at longer wavelengths (X >/690 nm). At limiting 
light intensities, noncyclic electron flow, which 
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requires the tandem operation of both photosys- 
tems is limited by the particular photosystem hav- 
ing the lower absorption cross-section (i.e., by PSI  
at X ~< 680 nm and by PS II in the far-red region). 
In response to the spectral composition of the 
prevailing illumination, there is a physiological 
adjustment, completed within a relatively short 
time (minutes), towards one of two possible states 
of light distribution: state 1, with unequal light 
distribution, as described above, and state 2, ap- 
proaching a much more equal distribution over the 
short wavelength range [1-5]. The induction of a 
state transition depends in a quantitative manner 
on the surplus of excitation in one photosystem 
relative to the other. State I results from over-exci- 
tation of PS I, by light mainly absorbed in Photo- 
system I (light 1) and state 2 results from over-ex- 
citation of PS II by short wavelength light (light 
2). State 1-state 2 transitions were first reported in 
algae on basis of measurements of slow changes in 
the quantum yields of chlorophyll fluorescence 
and oxygen evolution [1] and by low (77 K) tem- 
preature fluorescence spectroscopy [2]. 

Experiments on isolated broken chloroplasts in- 
dicate two alternative phenomenological ways in 
which the light distribution between the two pho- 
tosystems can be affected: (a) Addition of cations 
reversibly increase the apparent rate of excitation 
of PS II and decrease that of P S I  [6,7]; (b) 
phosphorylation of membrane proteins, notably 
that of the light harvesting chlorophyll-a/b pro- 
tein complex (LHC), [8,9], causes a decrease of PS 
II activity parallel to an increase in that of PS I 
[10-14]. This effect was reversed in the dark or by 
far-red light as under these conditions the mem- 
branes were dephosphorylated [47]. 

Changes in light distribution can occur by two 
different mechanistic options [6]: (a) spill-over, 
which implies, by definition, a unidirectional 
transfer of excitation energy from PS II to PS I, in 
competition with the primary photochemical act in 
PS II. It, thus, requires a close distance between 
the specific antennae of the two photosystems and 
depends on the state of the reaction centers of PS 
II, having significantly higher probability as these 
centers are photochemically 'closed'. The term 
spill-over was introduced to distinguish it from the 
'separate-package' model where no such excitation 
transfer exists [15]. (b) Change in the direct ab- 

sorption cross-section of each of the two photosys- 
terns [1], brought about by changes in pigment 
distribution. In contrast to the induction of a 
spill-over mechanism, the change in absorption 
cross-section requires that pigment antennae them- 
selves change their distribution, with no particular 
limitation on the distance between the two photo- 
systems and the state of the reaction centers. All 
the above options can be quantitated by introduc- 
ing the relative absorption cross-sections a and fl 
- the fraction of absorbed light delivered initially 
to P S I  and PS II, respectively, and the spill-over 
probability, q~. Changes in these parameters were 
previously mainly analyzed by changes in fluores- 
cence parameters and partial activities of PS I or 
PS II, [6,16-19]. 

Considerable evidence exists showing that the 
transition from low to high cation environment in 
isolated thylakoids brings about a transition from 
spill-over to separate package [6,7]. On the other 
hand, phosphorylation of isolated thylakoids 
causes, very probably, changes in the absorption 
cross-section of each of the photosystems such that 
/3 decreases and a increases [10,11,13]. The situa- 
tion in-vivo is not clear, since the mechanism 
involved in state 1 ~ state 2 transitions is not yet 
completely elucidated. There are conflicting con- 
clusions whether these transitions are mainly asso- 
ciated with reciprocal changes in a and fl, as for 
example Bonaventura and Myers suggested, for 
Chlorella pyrenoidosa [1] or whether they are asso- 
ciated with changes in the energy transfer proba- 
bility, as Ley and Butler reported for the red algae 
Porphyridium cruenturn [19,20]. Recently, evidence 
was reported showing that, at least in green 
organisms, these transitions are associated with the 
change in the phosphorylation level of thylakoid 
proteins [21,22] with possible implications that 
absorption cross-sections are affected. 

We consider fluorescence measurements as 
equivocal and not capable of yielding quantitative 
results in complex situations due to the existence 
of a large number of parameters affecting the 
fluorescence in different ways [23]. Our approach 
to the problem is to study directly the oxygen 
evolution yield in light 2, of short wavelength, its 
enhancement by far-red light 1, which allows a 
direct quantitation of the cross-section parameters. 
We use intact leaves of higher plants as a typical 



highly developed photosynthetic organism. In such 
a case, it was shown that the photoacoustic method 
is a very suitable tool [24] for studying photosyn- 
thetic activities, particularly, since it involves a 
modulation technique, similar to the modulated 
oxygen rate electrode [25]. State 1 ~ state 2 transi- 
tions in a higher plant leaf were previously char- 
acterized by observing the effect of light 1 on the 
fluorescence quenching [26], as well as by our 
previous preliminary work [27]. The present report 
is a comprehensive extension of the above work 
with a thorough study on the light distribution 
between the photosystems in states 1 and 2, and 
during the transition between them. It is shown 
that changes in the distribution of excitation en- 
ergy during state 1 ~ state 2 transitions are signifi- 
cant and are consistent with changes in the ab- 
sorption cross-sections of the two photosystems 
rather than with changes in the spill-over from PS 
II to PS I. 

Materials and Methods 

Plant material. Tobacco leaves (Nicotiana toba- 
cum L. var. Xanthi) were the standard material 
mostly used for these experiments. Occasionally, 
spinach leaves were used for comparison. Certain 
experiments were performed on barley (Hardeum 
vulgare var. Lyon) and the mutant of barley lack- 
ing chlorophyll b [28]. The plants were grown 
outdoors. Small round sections of diameter 1 cm 
were cut and used. 

Photoacoustic and fluorescence set-up. In photo- 
acoustic measurements of a leaf, absorbed mod- 
ulated light causes the release of both modulated 
heat and modulated oxygen evolution [24]. Both 
heat and oxygen diffuse from the chloroplasts to 
the cell surface and cause a layer of the inner air 
phase near the surface to expand and contract 
periodically, thus, creating an acoustic wave, which 
propagates outside the leaf. The acoustic signal is 
detected by a microphone (Knowles), whose cur- 
rent is preamplified and processed by a lock-in 
amplifier (Ortholock 9502, Brookdeal) for its in- 
phase and quadrature components. At low modu- 
lation frequency (no greater than approx. 100 Hz), 
a very large part of the photoacoustic signal arises 
from modulated photosynthetic oxygen evolution 

515 

[24,29]. By using a background light of constant 
and high intensity, in addition to the modulated 
light, photosynthesis is saturated, and the mod- 
ulated oxygen evolution is eliminated. The remain- 
ing photoacoustic signal is then directly propor- 
tional to the heat flux due to an approximately full 
radiationless conversion of the absorbed mod- 
ulated light. The last signal, after a correction due 
to the 'photochemical loss' (i.e., the fraction of the 
photon energy stored by the photochemical reac- 
tions [30]) is subtracted vectorially from the total 
signal to yield the oxygen evolution signal [29]. 
The photochemical-loss is estimated separately 
from high frequency at around 400 Hz, at which 
modulated oxygen evolution is negligible [24,29]. 

A detailed description of our photoacoustic ap- 
paratus, capable also of monitoring modulated 
fluorescence from the sample, is given in [24]. 
Modulated light was provided from a 450 W d.c. 
xenon lamp and a monochromator (Bausch and 
Lomb, 10 nm bandpass). Modulation was ob- 
tained by passing the light through rotating wheel 
chopper (Laser precision) allowing the selection of 
any convenient frequency. Background nonmod- 
ulated light was obtained from a d.c. operated 
projector equipped with an appropriate optical 
filter. This arrangement provided either back- 
ground far-red (710 nm) used as light 1, or a 
strong, photosynthetically saturating, wide band 
(400-600 nm) light. The modulated and back- 
ground lights were combined by using a triple 
branched light guide having a common end. The 
third branch was used to pass modulated fluores- 
cence from the sample into an a.c. photovoltaic 
detector (EG and G). Fluorescence emission was 
passed through a 680 nm interference filter and 
further blocked by 645 nm longpass (Schott) and 
700 nm shortpass filters (Interference-Ditric optic), 
so that none of the exciting background lights 
could interfere. The modulated fluorescence was 
processed through a second lock-in amplifier (PAR 
128). The three signals: the in-phase and quadra- 
ture components of the photoacoustic response, 
and the fluorescence amplitude, were recorded 
simultaneously as functions of the time. Light 
intensities were measured by a bolometer (Yellow 
springs Instruments), placing the detector in the 
photoacoustic cavity. 
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R e s u l t s  

The photoacoustic technique enables us to mea- 
sure the relative absorbance of the leaf, together 
with the relative quantum yield of both oxygen 
evolution and energy storage [24,30] in a single 
experimental run and with the same sample (Fig. 
1). The photoacoustic oxygen evolution signal am- 
plitude Aox is proportional to ~i, where ~ is the 
quantum yield and i the absorbed modulated light 
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F i g .  1. (a )  R e l a t i v e  q u a n t u m  y i e l d  o f  o x y g e n  e v o l u t i o n  

(Aox/Apr divided by h) from an intact tobacco leaf. (Two 
examples of two leaves are shown: in one, the yield was 
normalized to 1 at 680; the other one is relative to the first.) 
Modulation frequency, 22 Hz. (b) Relative percent absorbance 
of the leaf measured photoacousticaily as Art/l, where I is the 
incident fight intensity. (C) Quantum yield of energy storage, 
calculated as the photochemical loss (P.L.) divided by h (in 
/~m). Modulation frequency, 415 Hz. 

intensity. The photothermal signal At, r which is 
the resulting photoacoustic signal in the presence 
of saturating background light is proportional to 
hvi, where hp is the photon energy. Thus, the ratio 
(Aox/Ar,.r)(A) -1 is proportional to the quantum 
yield of oxygen evolution. Scanning the latter ratio 
vs. the wavelength gives the relative quantum yield 
spectrum (Fig. la). It has a broad maximum in the 
red region, 600-680 nm, and a smaller maximum 
in the blue region around 440 nm. Most im- 
portantly, at the far-red region 680-720 nm where 
chlorophyll absorbance is still high, a sharp drop 
is noticed. This is the well known 'red-drop' phe- 
nomenon, previously observed by other methods 
in algae and chloroplasts [31,32]. The relative per- 
cent absorbance of the leaf can be obtained from 
the ratio of the photothermal signal At, r to the 
energy flux of the incident light. The spectral 
shape shown in Fig. lb,  is typical for a leaf, a 
highly scattering sample, and shows clearly the 
absorption of chlorophyll with the Soret band at 
440 nm more intense than the red absorption peak 
at 680 nm. This spectrum is similar in its gross 
features to previously published ones, obtained 
conventionally [33]. 

The photoacoustic method also provides a 
unique possibility of measuring the energy stored 
in photochemical intermediates formed in the pho- 
tosynthetic process [30]. At sufficiently high modu- 
lation frequency, the oxygen signal disappears, 
and the ratio (A* - A ) / A *  (where A and A* are 
the signal amplitudes with and without back- 
ground light) indicates the photochemical loss, L 
[24,29], is proportional to ¢'zaE/hp, where AE is 
the energy gain by products of the photosynthetic 
reaction per reaction unit, and ~' is the quantum 
yield. Thus, the quantum yield is proportional to 
L/A.  This quantum yield of energy storage is not 
necessarily equal, or parallel, to the quantum yield 
of oxygen evolution; the later reflects that part of 
the photosynthetic reaction which is due to non- 
cyclic electron transport only, while the former 
may indicate the additional participation of a cyclic 
electron transport. The quantum yield of energy 
storage is shown in Fig. lc, with the red drop also 
noticed here. It also shows the two peaks in the 
red and the blue, with higher efficiency in the red 
region 580-680 nm, compared to the blue region 
around 440 nm. 



Fig. 2 illustrates the increase in the modulated 
yield of oxygen evolution, excited by light 2 (in 
this particular case, broad band 400-600 nm), by 
the addition of nonmodulated light 1 (710 nm) 
background. This is a demonstration of Emerson 
enhancement [34]. This and the simultaneous flu- 
orescence quenching (Refs. 22, 26 and 27; cf. also 
later) are indications of the imbalance of photon 
delivery to the two photosystems in light 2, due to 
excess excitation in PS II. Explanation of this 
effect, in relation to the way the experiment is 
performed here, is as follows: initially, the reaction 
centers of PS II are partially closed, as the net rate 
through the two photosystems is limited by the 
smaller light absorption in PS I. With excess light 
1, however, PS II reaction centers become open by 
oxidation of PS II electron acceptor by PS I, which 
results in maximal modulated oxygen evolution 
yield and minimal fluorescence (cf. Appendix). 
The enhancement ratio E was calculated as the 
ratio of the yields of Oxygen evolution in presence 
and absence of the far-red background light. 

The saturation curves of both Emerson en- 
hancement-and fluorescence quenching (i.e., their 
dependence on the intensity ! of the background 
light-l) appear to be very similar, as shown in Fig. 
3. The data in this particular experiment were 
obtained in state 2 (cf. later). Low intensities of 
far-red light are sufficient to saturate the enhance- 
ment effect, indicating that initially there is only a 
slight imbalance between the photosystems in favor 
of PS II. This is consistent with the low value of 

710nm 710 nm 
4.5 w lm ¢ 0.26 wlm ~ 

12 u 

Fig. 2. Emerson enhancement of modulated oxygen evolution 
caused by addition of far-red (710 nm) constant background 
light at two intensities, as indicated. Oxygen evolution (moni- 
tored by photoacoustic signal at 22 Hz) was measured with 
modulated light 2 (broad band 400-600 nm, 5.5 W / m  2) after 
adaptation to state 2. 
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Fig. 3. Intensity dependence of the enhancement of the oxygen 
~olu t ion  (O O) and the fluorescence quenching 
(O e)  induced by far-red light, measured at state 2. 
Modulated light, 400-600 nm, 5.5 W / m  2, was used for both 
adaptation and measurement. 

the enhancement ratio for this case (cf. later). The 
saturation curve for enhancement is expected to 
depend on the ratio of the intensities of the two 
lights used (cf. Appendix). This is exemplified by 
Fig. 4. Thus, in the linear region of the saturation 
curve, an increase of modulated light-2 intensity 
requires proportionally higher intensity of light-1 
background to achieve the same enhancement. This 
result is typical for an effect rooted in an imbal- 
ance between the two lights, and was noticed 
previously [35]. In this, and the following experi- 
ments, light intensities are expressed in terms of 
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Fig. 4. Emerson enhancement in state 1 as function of the ratio 
of the intensities of light 1 (1) to light 2 (i). Two light 
intensities of modulated light 2 (650 nm) were used: 5.2 (O) and 
2.2 (O)  W / m  2. The lines are theoretical calculations corre- 
sponding to the separate-package ( ) and spill-over (- - - 
- - -) models (cf. text). 
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(relative) absorbed fluxes, by comparing the corre- 
sponding photothermal photoacoustic signals at 
any wavelength. The absorbed intensity of the 
far-red background light is estimated separately, in 
a similar way, from the photothermal effect in- 
duced by the same light when it is modulated. 

The enhancement saturation curves shown in 
fig. 4 were obtained for state 1 and will be dis- 
cussed here in detail, in terms of the analysis 
presented in the Appendix. The fractions of light 
distributed to P S I  and PS II are denoted by a and 
fl, respectively. From the maximal enhancement 
ratio (1.40), the value of fl is calculated to be 0.58, 
assuming no spill-over, and et + fl = 1. We mea- 
sured separately the photothermal signal and the 
ratio of the oxygen and photothermal signals for 
the far-red light (710 nm) when it was modulated, 
allowing us to estimate the absorbed intensity and 
the quantum yield of oxygen evolution for this 
particular far-red wavelength. From the quantum 
yield obtained at 710 nm (0.6 of the value ob- 
served at 640 nm) it is concluded that f l ' =  0.28 
and e t '=  0.72. The calculated initial slope of the 
enhancement saturation curve should be accord- 
ingly: (0 .72 /0 .42)  - (0 .28 /0 .58)  = 1.23. The 
experimental value is 1.15, in a very reasonable 
agreement. If a spill-over model is assumed, with 
the same data as above, fl = 0.68 and the predicted 
slope is 0.72 - (0.32 x 0.28/0.68) = 0.59. Thus, the 
saturation curve of Fig. 4 is in a quantitative 
agreement with the separate package model, rather 
than with the spill-over model. It  turns out that 
the enhancement saturation curve is a sensitive 
indicator for the selection of the right model. Fig. 
4 shows the theoretically calculated enhancement 
saturation curves, for both models. 

The quantum yield spectrum of P S I  for the 
enhancement effect is shown in Fig. 5. In this 
experiment, oxygen evolution yield was monitored 
with 640 nm modulated light. An enhancement 
saturation curve was obtained at each different 
wavelength of the background light, as in Figs. 3 
and 4. The relative quantum yield was calculated 
as the slope of the enhancement saturation curve 
in the linear region. This spectrum has a maximum 
at 700-720 nm and is zero at light-2 region 
(650-680 nm, data not shown) as expected. It, 
thus, corresponds to light 1 spectral region, where 
the red-drop occurs. The loss of the far-red ef- 
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Fig. 5. Relative quantum yield spectrum of the Emerson en- 
hancement effect, calculated from the initial slope of the far-red 
saturation curves, as in Figs, 3 and 4. Modulated light was 640 
nm, 7.4 W/m 2. Modulation frequency, 22 Hz. The spectrum 
refers to absorbed quanta obtained from the photothermal 
contribution to the photoaeoustic signal [29]. 

ficiency at X >~ 720 nm could be due partly to a 
loss in quantum efficiency (resulting perhaps from 
the requirement of an 'uphil l '  excitation transfer 
to the reaction center). Otherwise, it could indicate 
that at these longer wavelengths some far-red light 
is distributed also to PS II, although the distribu- 
tion to P S I  still dominates. Such a decrease in the 
far edge of the far-red region was noted previously 
for algal systems [34] and in the quantum yield of 
electron transfer from a donor system to N A D P  in 
isolated chloroplasts [32]. However, the pro- 
nounced decrease in Fig. 5 could perhaps also 
involve some artifacts due to an irrelevant back- 
ground photoacoustic signal which could cause an 
apparent increase in the absorbed light intensity, 
at wavelengths of very weak absorption. 

State 1-state 2 transitions 
Prolonged illumination (approx. 10 min) with 

modulated light 2 results in adaptation of the leaf 
to state 2 (Fig. 6, here light 2 was 650 nm). State 2 
is characterized by a rather small enhancement 
ratio, E, of 1.065, and a correspondingly very 
small decrease in the fluorescence yield. With the 
addition of nonmodulated 710 nm background 
light for a long period, a gradual slow increase in 
the oxygen evolution yield and a concomitant de- 
crease in the fluorescence occur. This adaptation 
process corresponds to the transition from state 2 
to state 1, and usually takes several minutes. Upon 
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Fig. 6. State 1-state 2 transitions in an intact leaf, monitored by slow changes in the far-red induced Emerson enhancement ( ) 
and fluorescence quenching ( . . . . . .  ). Modulated light, 650 nm, 5.2 W / m  2. Far-red light, 710 nm, 20 W / m  2. Modulation frequency 
22 Hz. The photoacoustic signal in the presence of saturating background light (S.L.) of 400-600 nm, 400 W / m  2, represents the zero 
level for oxygen evolution. In turning off the S.L., the oxygen signal increased to a steady-state level. Using zero suppression with the 
lock-in amplifier, as indicated by the vertical dashed line, the signal was amplified by a factor of 10 and the adaptation experiment 
was started. 

removal of far-red light, an immediate large in- 
crease in the fluorescence and a large decrease in 
the oxygen photoacoustic signals are observed. 
This phenomenon is immediately reversed upon a 
momentary addition of the far-red light, indicating 
a large Emerson enhancement ratio (1.76 in this 
particular example), concomitant with a large fluo- 
rescence quenching. Such state 1-state 2 transition 
cycles could be repeated several times. 

In the analysis of Fig. 6, we will compare the 
light distribution ratios in states 1 and 2. From 
this figure, it is clear that the transition from state 
2 to state 1, in the presence of excess far-red 
background light, is characterized by a consider- 
able increase in the level of modulated oxygen 
evolution. According to the Appendix, this level is 
proportional to fl, the fraction of excitation chan- 
neled into PS II from the modulated light. This 

effect demonstrates that fl is changing during the 
transition and allows calculation of the ratio fl( 
state 1)/fl(state 2), which in this particular experi- 
ment is equal to 1.38. This change in fl demon- 
strates a mechanism in which the cross-section of 
the two photosystems for light absorption is 
changing considerably. From the value of the 
enhancement ratio in state 1 (1.76), assuming no 
spill-over, it is calculated that fl is equal to 0.64 
(a  = 0.36) in state 1. From the above ratio of fl in 
the two states, it follows that in state 2, fl = 0.46. 
From the enhancement ratio (equal to fl/a) it 
follows that a in state 2 is equal to 0.43. If 
spill-over is assumed to occur in state 2, a is 
calculated to be somewhat smaller (0.40). In both 
cases, there is some loss of excitation in state 2 
(11-14%) judged from the sum a + O. In conclu- 
sion, state 1 represents a situation where the initial 
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distribution of light into the two photosystems is 
considerably far from balance. In the transition to 
state 2, PS II loses part of its absorption cross-sec- 
tion while P S I  gains part from what has been lost 
by PS II. Thus, a near balance of the absorption 
cross-sections is achieved. Whether or not there is 
a spill-over mechanism in states 1 or 2 is actually a 
separate question. As shown in the Appendix, 
even when the spill-over mechanism operates, an 
initially unbalanced distribution of excitation in 
the two photosystems will result in a significant 
Emerson enhancement. According to the satura- 
tion curve of the enhancement, we arrived at the 
conclusion that there is no spill-over in state 1. In 
state 2, since the absorption cross-sections are 
nearly equal there is no functional need for spill- 
over. 

In the various experiments with state transi- 
tions, the enhancement ratios in state 1 varied 
from 1.2 to 1.8. This was apparently dependent on 
the ratio of light 1 and 2 during the adaptation 
process. We did not use 'pure '  light 1 to affect the 
transition to state 1 since under conditions of low 
intensities, additional effects take place, e.g., adap- 
tation to a 'low-light' state (cf. Ref. 27). In order 
to obtain a noticeable enhancement in state 1, the 
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Fig. 7. Emerson enhancement  spectrum as .function of light 2 
wavelength, in state 1 and with saturating light 1 (710 nm, 18 
W / m 2 ) .  It was ascertained that state 1 was obtained at each 
new light 2 wavelength by using 10 min preillumination with 
excess light 1. Modulation frequency, 22 Hz. 

TABLE l 

Emerson enhancement  ratio (E )  of oxygen evolution and the 
extent of fluorescence quenching ( A F / F )  induced by light 1 
background in consecutive states 2 and 1 in intact leaves of 
barley wild type (w.t.) and in chlorophyll-b-less barley mutant .  

Species Adaptat ion E A F / F  
condition 

Barley w.t. state 2 1.13 0.025 
state 1 1.22 0.100 

Barley mutant  state 2 1.10 0.020 
state 2 1.10 0.020 

ratio of the two lights in causing the transition 
should be at least 2 : 1 richer in light 1. 

Emerson enhancement spectrum 
The maximum enhancement, obtained with 

excess far-red light depends on the ratio of distri- 
butions of the modulated light 2 (cf. Appendix) 
and, hence, is wavelength-dependent. A demon- 
stration of such enhancement spectrum, obtained 
with saturating far-red light, is shown in Fig. 7. 
The enhancement spectrum shows peaks at 
480-485 and 650-655 nm, probably due to the 
dominant absorption of chlorophyll b, which is 
present mainly in PS II. There is a crossover (i.e., 
transition to light 1 region) at 680-685 nm. The 
absorbance of the two photosystems is also nearly 
equal at the blue absorption peak of chlorophyll a, 
440 nm, thus yielding only a small Emerson 
enhancement ratio. Interestingly, at the green 
spectral region, around 550 nm, there is an addi- 
tional increased absorption of PS II relative to PS 
I, leading to large enhancement in this particular 
region. The increased enhancement at 550 nm is 
probably again related to a higher relative ab- 
sorbance of chlorophyll b relative to chlorophyll a, 
although neither of them shows any prominent 
absorption in this region. A similar enhancement 
spectrum was obtained with spinach leaves (data 
not shown). The enhancement spectrum shown in 
Fig. 7 was obtained in state 1. A qualitatively 
similar spectrum was achieved in state 2, although 
with considerably reduced values (data not shown). 
Similar spectral regions of increased PS II activity 
were noted by Joliot [36]. 



State transitions in barley and its chlorophyll-b-less 
mutant 

It was of interest to experiment with a chlorina 
mutant of barley which lacks chlorophyll b and is 
specifically deficient in functional LHC [37]. We 
measured state 1-state 2 transitions in normal 
barley, and compared them to the barley mutant 
(Table I). In a normal barley leaf, as in the other 
species tested, the enhancement in oxygen evolu- 
tion and fluorescence quenching were minimal (E  
= 1.13) in state 2 and maximum ( E =  1.22) in 
state 1. In the barley mutant, however, there was 
only one state, similar to state 2 (E  = 1.10), and 
no special adaptation to additional excess far-red 
light was present. We also repeated parallel mea- 
surements using fluorescence with essentially the 
same conclusions. Far-red light induced fluores- 
cence quenching was identical, either after pro- 
longed irradiation with 650 nm, or following pro- 
longed illumination with 710 nm. Similar fluores- 
cence results were reported previously by Chow et 
al. [26]. An analysis of low temperature fluores- 
cence induction of thylakoids isolated from this 
barley mutant [38] indicated no changes in any of 
the parameters a, fl or ~k due to either cation 
addition or depletion or due to phosphorylation of 
membrane proteins, other than LHC. 

Discussion 

Photoacoustic measurements on leaves are rapid 
and sensitive, and give an insight into photochemi- 
cal energy storage and oxygen evolution [24]. We 
have used the technique to investigate light distri- 
bution between the two photosystems. Similar ob- 
servations mainly by measurements of Emerson 
enhancement and quantum yields of partial reac- 
tions, were reported long ago on algal systems and 
isolated chloroplasts, but there are very few experi- 
ments reported using leaves, due to the previous 
lack of fast and sensitive methods for measuring 
gross photosynthesis. Detection of state 1-state 2 
in an intact leaf by fluorimetry [26], does not give 
quantitative information about photosynthetic ef- 
ficiency. There is a single report on the change of 
steady-state oxygen evolution yield in an intact 
leaf, measured by the conventional Clark type 
oxygen electrode, caused by changing illumination 
conditions, which was also correlated with transi- 
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tions from granular to more homogenous chloro- 
plasts [39]. 

In this work, it is demonstrated that changes in 
absorption cross-sections of each of the photosys- 
terns is the major event leading to the state 1-state 
2 transitions in the intact leaf. We have shown that 
Emerson enhancement in state 1 may reach levels 
as high as 1.8. In this case, light 2 was 650 nm and 
the calculated distribution ratios were 0.64 and 
0.36 for PS II and PS I, respectively. On the other 
hand, in a typical state 2, or in the chlorophyll-b- 
less barley mutant, the typical enhancement ratio 
was about 1.05, implying nearly equal distribution 
ratios (0.51 and 0.49, respectively, for light 2 of 
650 nm). The difference between the two states is 
consistent with significant reciprocal changes in 
the antennae of the two photosystems, involving 
migration of pigments from PS II to PS I, during 
the transition from state 1 to state 2, and vice 
versa. With regard to the present literature and 
according to the model of Andersson [40] and 
Andersson and Anderson [41], there is indeed a 
significant spatial separation between the two pho- 
tosystems; PS II, is mainly located in the ap- 
pressed regions of the membranes and PS I, is 
located in the nonappressed regions and in the 
stroma lamellae. Our results, together with all the 
above studies, indicate at least two requirements 
needed to observe transition to state 1: the pres- 
ence of functional LHC and its capability of being 
phosphorylated [22]. LHC is considered mobile, 
reversibly migrating between the two photosys- 
tems. A possible molecular mechanism for the 
movement of the LHC, was described by Barber 
[42]. This model suggests the separation of phos- 
phorylated LHC from PS II, at least to some 
extent, and its diffusion to the nonappressed re- 
gions, where it may become associated with PS I. 
This model is supported by freeze-fracture elec- 
tron-microscopic observations of corresponding 
changes in the distribution of particles, believed to 
be images of the LHC, between grana and stroma 
lamellae regions, as a result of the LHC phos- 
phorylation [43]. Similar conclusion was derived 
from the distribution of label of 32p in grana and 
stroma in phosphorylated vs. nonphosphorylated 
membranes [44]. 

Possible exceptions to the above model are red 
and blue-green algae, which also exhibit phenom- 
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ena similar to state 1 ~ state 2 transitions 
[3,4,19,20]. These organisms do not contain LHC 
and the phosphorylation mechanism in general 
was questioned in them [4,5,45]. In the red algae 
Porphyridium cruentum, Ley and Butler [19,20] 
specifically reported that states 1 and 2 differed by 
spill-over only. Indeed, these organisms must have 
different mechanisms for regulation of light distri- 
bution. They contain large complexes, phycobili- 
somes, attached to the outer surface of the 
thylakoid membrane  as their major accessory an- 
tennae pigments. On the other hand, it was claimed 
that in a mutant  of a green alga Scenedesmus 
obliquus, which lacks LHC, state 1-s ta te  2 transi- 
tions still did occur [5]. Inspection of the data, 
however, particularly the fluorescence induction 
curves, leads one to believe that also in this case 
there is a change towards more spill-over in state 
2, rather than a change in absorption cross-sec- 
tions. Thus, in this alga the adaptation to different 
light regimes is of a different nature than in an 
intact leaf. Also, in this regard, it must be stressed 
that fluorescence phenomena are complicated and 
influenced by factors other than light distribution. 
Therefore, the 'states' ,  as studied above which 
were mainly defined by fluorescence parameters, 
may represent also other types of phenomena. For 
algal suspension the best method to study state 
transitions, should be by following oxygen evolu- 
tion (e.g., by using the modulated oxygen electrode 
[25]) measurements of Emerson enhancement. 

The function served by the state transitions is 
not entirely resolved. Given the fact that only PS I 
contains far-red absorbing pigments, it is advanta- 
geous to have an even distribution of shorter wave- 
length light when this light is present in abun- 
dance, compared to the far-red light. Conversely, 
it is an advantage to have a distribution of short- 
wavelength light much in favor of PS II when 
there is ample ambient far-red light compared to 
short-wavelength light. The last situation may pre- 
vail inside a deep foliage [46]. With this teleologi- 
cal reasoning, one still must explain why far-red 
pigments form an indispensible part  of PS I, and 
whether they serve a particular role which is im- 
portant  to the special functional properties of this 
photosystem, or if they just remained through 
evolution. 

Appendix 

Calculation of the Emerson enhancement effect 
Let a and fl be the fractions of the absorbed 

modulated light, distributed initially to Photosys- 
tems I and II, respectively. We assume optimal 
photochemical efficiency of an 'open '  reaction 
center, for each of the photosystems. The mod- 
ulated rate of oxygen evolution is equal to fBi, 
where f is a loss factor due to the partial closure of 
PS II reaction centers (cf. Ref. 42) and i is the 
intensity of modulated light 2. For light 2, fl > a 
and f <  1. In the separate package model, the 
required balance of the nonmodulated part of the 
electron transport rate through the photosystems 
imposes: ffli  = ai, hence f =  a / f l  and the mod- 
ulated rate is equal to ai. In the spill-over model, 
excitation is funneled to P S I  in competition to the 
partial closure of PS II  reaction centers, a process 
balanced when the excitation is distributed evenly. 
The modulated rate is then equal to (a + f l ) i /2 .  
This result is also consistent with a spill-over exci- 
tation transfer rate given by ( 1 - f ) f l i ,  since the 
equation of balanced rates: f f l i = a i + ( 1 - f ) f l i  
imposes f =  (a + f l ) /2 f l .  With excess continuous 
far-red light, PS II is operating optimally, f =  1 
and the modulated rate is equal to/3i.  The maxi- 
mal enhancement ratio is, therefore, f l / a  for the 
separate-package case, and 2 f l / ( a  + fl) for the 
spill-over case. In the main text we assumed also 
a + fl = 1 for state 1. In state 2, however, there 
was some loss in the sum of the absorption cross- 
sections, and a + fl < 1. 

Of equal importance is the initial slope of the 
Emerson enhancement saturation curve, or equiva- 
lently the minimum intensity of light 1 sufficient 
to bring about the maximum enhancement effect. 
This is calculated as follows: in the separate- 
package model, the balanced nonmodulated rate 
requires: f ( f l i  + f l ' I )  = ai + a'I, where i is again 
the average intensity of modulated light 2 and I is 
the continuous intensity of light 1. The prime 
refers to the distribution parameters of light 1. 
Hence: f =  (ai + a ' I ) / ( f l i  + f l ' I )  (as long as this 
ratio is less than 1, otherwise f =  1), the modulated 
rate is f l i(ai + a ' I ) / ( f l i  + f l ' I )  and the enhance- 
ment ratio is: 

E ~ a i + a ' l  ,~ ~i + ~'~ (1) 



(as long as the second factor remains smaller than 
1). From this equation, the linear part of E, for 
small I / i ,  is approximated by: 

7 (2) 

In the spill-over model, the balanced nonmod- 
ulated rate equation is: f ( f l i  + f l 'I)  = ai + a'I + (1 
- f ) ( f l i  + fl 'I) ,  hence: f =  (a + fl) i  + (a'  + f l ' ) I /  
2(fl i  + f l 'I)  with the modulated rate equal to tiff, 
the enhancement ratio is calculated to be: 

2fl (a+f l ) i+(a'+f l ' ) l  
E =  a + f l "  2(fli + ,8'1) (3) 

(as long as the second term remains smaller than 
1). The linear part of E, for small I, is approxi- 
mated by: 

f l a ' -  aft" I 
e = a +  P ( "  + B - - ' - - - - ) " 7  (4) 
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