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The non-linearity of photosynthetic light curves and the real reasons leading to the ap-
pearance of the “red drop of quantum efficiency” and “enhancement” (Emerson’s second)
effects are presented. On the contrary to the generally accepted interpretation that these
effects are induced from the participation of the two different photochemical systems, it is
shown that they are simply a direct consequence of the initial non-linearity of the photo-

synthetic light curves.
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The Spectral Dependence of Photosynthesis
with Non-Linear Light Curves and the Origin of
the “Red Drop” Effect

Emerson and Lewis (1943) demonstrated for
the first time that the action spectrum of pho-
tosynthesis, after the main absorption maximum
(680 nm) in the red region of the spectrum of
green algae, was situated noticeably below the
absorption spectrum and, as a consequence, the
quantum efficiency (yield) spectrum of oxygen
evolution decreased to zero very sharply (effect
of “red drop”). Later Emerson (1957) discovered
that the photosynthetic process in this spectral
region might be raised with the addition of short-
wave irradiation to the non-effective far red light.
The explanation of this phenomenon, known as
the effect of “enhancement”, was given by the
idea of the functioning of two photochemical
(pigment) systems in the light-dependent reac-
tions of photosynthesis in green plants. Hill and
Bendall (1960) realized this idea by means of the
so-called Z-scheme. Almost five decades followed
during which this hypothesis was developed. Indi-
vidual electron carriers as well as their sequence
along the complex electron-transport chain were
established. Nevertheless, as we have pointed
out (Zeinalov, 1977a, b), the “red drop” and the
“enhancement” effect could be ensued from the
non-linearity of the light curves of photosynthesis
at low light intensities and the so-called principle
of non-additiveness of the action of light in this
process (see Zeinalov, 2009, Fig. 3). We shall now
demonstrate a corollary from this non-linearity of

the light curves on the action spectra of photo-
synthesis and particularly on the reduction of the
quantum efficiency in the spectrum regions where
pigment absorption is lower.

Despite the fact that in the experiments of
many founder investigators the non-linearity of
the registered light curves of photosynthesis is
significantly more pronounced in comparison
with the non-linearity arising as a consequence
of the operation of Kok’s model, we will use the
expression (3) presented in Zeinalov (2009) for
convenience. Therefore, as was noted there, the
reader should agree with the statement that the
results obtained in the following part show the
minimum effect, which could be observed in the
real experiments.

Let us look at Fig. 1, presenting the theoreti-
cally calculated data using the model of Kok et al.
(1970) for a suspension with low (0.1) absorbance.
Curve a represents the shape of the irradiance de-
pendence of photosynthesis (oxygen evolution)
under low irradiances, inducing at maximum in-
tensity (1.0 a.u.) a light reaction with a rate con-
stant of 1.0s™!, while the slowest forward rate
limiting dark reactions has a rate constant of
about 20 s™. Curve b represents the absorbance
spectrum, while curves ¢ and d are the calculat-
ed action (oxygen evolution rate vs. the incident
quanta number) and quantum efficiency (oxygen
evolution rate vs. the absorbed quanta number)
spectra, respectively. All spectral curves are nor-
malized at 680 nm. It could be seen that the ac-
tion spectrum (curve c) is situated noticeably be-
low the absorption spectrum in both slopes of the
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Fig. 1. Theoretically calculated curves according to the
model of Kok et al. (1970), using the following values
for the parameters included in the model: forward rate
constant, 20 s™'; back (deactivation) reaction constants:
for S, state — k, = 0s™', for S, state — k, = 0.05s™', for
S, state — k; = 0.5s™. The values of double hits and
misses are neglected. Curve a, irradiance dependence of
photosynthesis under low irradiances (0-1s™). Curve
b, normalized absorption spectrum in a suspension of
Scenedesmus acutus with low (0.1) absorbance. Curve c,
calculated action spectrum of oxygen evolution. Curve
d, theoretically calculated quantum efficiency spectrum.
The values of curve ¢ (action spectrum) are calculated
using the value of absorbance at any given wavelength
proportional to the “absorbed light energy”. All cal-
culations are performed using relevant computer pro-
grams.

maximum, which leads to a dramatic decrease in
the values of the quantum efficiency spectrum in
this regions. This supports the statement that the
non-linearity of the irradiance curves leads to a
decrease of the quantum efficiency as well as the
appearance not only of the “red drop®, but also
of a “blue drop” effect on the short wavelength
sides of the absorption maxima. Obviously, if all
absorbed quanta are used effectively in the photo-
chemical process and the irradiance dependence
of photosynthesis is a linear function, the action
spectra should coincide with the absorption spec-
tra and the quantum efficiency spectra should be
a straight horizontal line without any declines.
The presented, theoretically obtained results
in Fig. 1 show the appearance of Emerson’s red
drop effect (the drop of quantum efficiency after
the red absorption maximum at 680 nm) as a logi-
cal consequence of the non-linear dependence of
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photosynthesis on the irradiance intensity under
very low irradiances. Thus, the explanation of this
effect does not need the assumption that there
exist two photochemical systems and that for ef-
fective functioning of the entire photosynthetic
machinery the “balanced” excitement of these
different photosystems is required.

It could be shown that, even if the number of
quanta absorbed is the same at different wave-
lengths, for which the extinction coefficients differ
substantially, the quantum efficiency for light with
a lower extinction coefficient is lower compared
with light with a higher extinction coefficient. We
should add that, if the action spectrum is estimat-
ed by equalizing the intensity of photosynthesis
(the rate of oxygen evolution) at different wave-
lengths, and if it is calculated as a reciprocal value
from the light intensity, the above conclusion re-
mains valid.

Figs. 2a and b illustrate the importance of the
decomposition of the suspension layer into sub-
layers with low optical densities in the process of
theoretical calculation of the action spectra and
the spectral dependence of the quantum efficien-
cy. Regardless of the fact that the absorbance of
the layer considered in this two figures is signifi-
cantly low (1.0), it is evident that the calculations
performed without decomposition (Fig. 2a) are in-
correct. No decrease in the quantum efficiency in
the middle part of the spectrum (between 500 and
600 nm) was observed and the decrease in the far-
red region was obviously not well expressed. The
results with decomposition of the entire suspen-
sion layer into 20 sublayers presented in Fig. 2b
reflect the real situation more adequately. The
data in this figure show not only the decrease in
the values of quantum efficiency after the maxi-
mum at 680 nm, the so-called Emerson’s red drop
effect, but also the decrease in the middle part of
the spectrum.

In Fig. 2c the irradiance intensity was increased
up to 20s* (a.u.). Even under such high irradi-
ance, the decrease in the quantum efficiency both
in the middle part of the spectrum and in the far-
red region was well expressed. This means that
using suspensions with low absorbance (1.0) we
could not estimate the correct values for action
spectra and quantum efficiency spectra without
compensation of the initial non-linear part of the
light curves.

The results presented in Figs. 2b and c give some
idea about the variations in the quantum efficien-
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Fig. 2. (a) Theoretically calculated curves according to the model of Kok ez al. (1970) without decomposition of the
suspension layer: Curve A, normalized absorption spectrum in a suspension of Scenedesmus acutus with 1.0 absorb-
ance at 680 nm; curve B, calculated action spectrum of oxygen evolution at 5.0 s™ (a.u.) irradiance intensity; curve
C, theoretically calculated quantum efficiency spectrum. (b) All parameters are as in (a) except for the procedure of
calculation. The entire layer is divided into 20 sublayers, each one with 0.05 absorbance. The oxygen evolution and
quantum efficiency spectra are calculated as a sum of the effects of light produced separately in different sublayers.
(c) All parameters are as in (b) except that the action spectrum is calculated at 20.0 s (a.u.) irradiance intensity.
(d) All parameters are as in (c) except that the absorbance is increased to 5.0 at 680 nm.

cy values at different wavelengths and reflect the
theoretically calculated action and quantum effi-
ciency spectra in suspensions with not very high
absorbance and under low or moderate irradianc-
es. The calculations presented in Fig. 2d show that
in the case of a suspension with high absorbance
(5.0) and moderate irradiance [20.0s™ (a.u.)] the
decrease in the action spectrum, as well as in the
quantum efficiency spectrum in the middle part
of the spectrum were noticeably reduced.
Nevertheless, the results presented in Fig. 2
show that the quantum efficiency decrease was
visible not only in the long-wavelength slope of
the main absorption maximum in the red region
of the spectrum (effect of “red drop”, Emerson
and Lewis, 1943), but also in the middle spectral
region between the two absorption maxima. This
fact has not been satisfactorily explained in the
literature. It is known from detailed investigations
of Emerson and Lewis (1943), Haxo and Blinks
(1950), and Litvin and Xe (1966) that between
500 nm and 670 nm the curves of action spectra of

photosynthesis fall down considerably below the
absorption spectrum curves, i.e., the quantum effi-
ciency in this part of the spectrum decreases. This
decrease in the quantum efficiency, which begins
at 580 nm in the Emerson and Lewis experiments
as a result of the high absorbance of the algal sus-
pension used (compare the results presented in
Fig. 2c with d), cannot be explained by the as-
sumed non-efficient radiant energy absorption
by carotenoids, because significant absorption by
these pigments can be expected only up to 540 nm.
In the experiments of Haxo and Blinks and Litvin
and Xe (where suspensions with low absorbance
are used) the decrease in the photosynthetic
quantum efficiency on the short-wavelength side
of the main absorption maximum in the red re-
gion begins already at 650 to 670 nm. The general
explanation of this effect, i.e. the imbalance of
absorbed radiant energy distribution between the
two photosystems, is very problematic. In other
words, we must assume that a perfect balance of
radiant quanta distribution between the two pho-
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tosystems exists only in the absorption maxima of
suspensions, which is very difficult to consider in
terms of the quantum mechanics interpretation of
electron transitions in chlorophyll molecules.

The “Enhancement” Effect As a Direct Conse-
quence of the Non-Linearity of Photosynthetic
Light Curves

In 1957 Emerson, investigating the decrease
in the quantum yield (the “red drop” effect)
above 680-690 nm in the green unicellular alga
Chlorella, discovered a new phenomenon with
fundamental significance for the future develop-
ment of the theory of photosynthesis. This was
the so-called “enhancement” effect, later known
as “Emerson’s second” effect. The first effect of
Emerson was the CO, burst at the beginning of
the induction time of photosynthesis. The essence
of the enhancement effect is the increase of the
low quantum yield in the photosynthetic oxygen
evolution in the far-red region of the spectrum
(690-720 nm) after simultaneous irradiation with
short wavelength light. From the results presented
by Zeinalov (2009), it could be expected that the
enhancement effect is most likely a consequence
of the non-linearity of the light curves. Therefore,
it is important to understand that Emerson’s en-
hancement effect is explained entirely by the non-
additive action of radiation in photosynthesis or
its complete explanation requires the postulation
of two consecutively functioning different photo-
chemical systems.

The results presented in Fig. 3 were obtained
using the theoretically calculated light curve ac-
cording to the model of Kok er al. (1970) [see
Fig. 3 in Zeinalov (2009)]. All calculations were
performed after decomposition of the entire sus-
pension layer into 20 sublayers. It was assumed
that in the “experiments” two light beams were
used — a continuous one with constant intensity
(equal numbers of incident quanta) at differ-
ent wavelengths (400-750 nm) and a modulated
background light beam with fixed wavelength (for
instance at 700 nm). In other words, the minima
of the sinusoid B, reflects the action spectrum
of photosynthesis without background irradia-
tion while the curve connecting the maxima of
the same sinusoid (curve B,) represents the ac-
tion spectrum with modulated background light.
In the same way, curve C, connecting the minima
of the sinusoid C shows the quantum efficiency
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Fig.3. (a) Curve A, absorbance spectrum of a Scenedes-
mus acutus suspension with 1.0 optical density at
680 nm. Curves B, and B,, theoretically calculated ac-
tion spectra of photosynthesis produced by continuous
irradiation without background irradiation and with
supplementary modulated background irradiation,
respectively, and the changes in the size of ampli-
tudes — the enhancement spectrum of oxygen evolu-
tion. Curves C; and C,, quantum efficiency spectrum
without background and with background irradiation,
and the changes in the amplitude size (C,—C,) — the
enhancement spectrum of the quantum efficiency. The
continuous (measuring) light beam has 5.0s" (a.u.)
intensity and the second background (modulated)
light beam with 2.0s™ (a.u.) intensity is supposed to
have 700 nm wavelength as it is accepted that the
absorbance for this beam is 0.2. Curves B, and C,
are normalized to the absorbance spectrum at 436 nm.
The comparison of the amplitudes of oxygen produc-
tion (curve B) between 750 nm and 780 nm, obtained
without continuous irradiation, and the amplitudes of
the same curve in the other parts of the spectrum give
an impression of the enhancement effect in oxygen
evolution. (b) The same calculation as in (a) except
that the absorbance is increased to 5.0, the continuous
irradiation is 20.0 s (a.u.) and the modulated light
beam is with 10s™ (a.u.) intensity.
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spectrum of photosynthesis without background
irradiation and curve C, (connecting the maxima
of this sinusoid) coincides with the quantum ef-
ficiency spectrum with background irradiation.
The data presented in Fig. 3a were obtained con-
sidering a suspension with low “optical density”
(1.0) and under continuous irradiation with 5.0 s™
(a.u.) and with 2.0s™ (a.u.) for modulated light
beam. The data show a significant decrease in the
oxygen evolution rates in the far-red region (after
700 nm) and in the middle part of the spectrum.
As a consequence of these drops in the oxygen
evolution rates, a very well expressed decrease
in the quantum efficiency was observed in these
parts of the spectrum (curve C,). The addition of
the second modulated light beam led to a signifi-
cant increase in the oxygen evolution rate and in
the quantum efficiency spectrum in these regions
(curve C,).

Experimental results obtained for the first time
by Emerson et al. (1957) and repeated later by
Govindjee (1963) are presented in Fig. 4a. As it
is known, up to now the results presented in this
figure are considered to be unexplainable with-
out using the Z-scheme. In 1957, without power-
ful computing devices, this assumption was eas-
ily accepted. However, let us consider the results
presented in Fig. 3b obtained by theoretical cal-
culations using an ideal suspension with higher
absorbance (5.0), and higher modulated (back-
ground) light (20s™), as used in all experiments
on the enhancement effect. Comparison of the
curves of the quantum vyield (open circles, C,)
shown in Fig. 4b (which is a part of the calcu-
lated Fig. 3b) with the dashed line (closed circles)
in Fig. 4a confirmed our main conclusion that the
“red drop” and “enhancement” phenomena are
a consequence of the non-linearity of the light
curves'.

The postulation of the existence of two dif-
ferent pigment systems participating in the elec-
tron transport reactions of photosynthesis, one of
which absorbs short-wave light (below 680 nm)
and the other long-wave light above 680-690 nm,
leads to very clearly expressed contradictions: 1)
How can we explain that the light absorbed above

! It should be noted that the theoretically calculated en-
hancement spectrum of quantum efficiency (Fig. 4b)
describing almost exactly the experimentally obtained
spectrum (Fig. 4a) is not obtained up to now using the
postulate of the two photosystems (Z-scheme).
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Fig. 4. (a) Experimentally obtained results by Emerson
et al. (1957) and repeated by Govindjee (1963, 2000)
for “red drop” and “enhancement” effects of Emerson.
Solid line (with solid squares), quantum yield without
complementary light; solid line (open squares), quan-
tum yield with supplementary light (without correction
for absorbance); dashed line (solid circles), quantum
yield with supplementary light after correction for ab-
sorption. (b) Theoretically calculated dots of quantum
efficiency without supplementary light (C,) and with
supplementary light after correction for absorption
(C,). The difference between the two curves shows the
increase of quantum efficiency (Emerson enhancement
effect). Curve C, is analogous to the curve with sup-
plementary light corrected for absorption in Fig. 4a.
The graph is a part (between 660 and 730 nm) from
Fig. 3b.
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700-750 nm (Pettai, 2005a, b) could evolve oxy-
gen, a process performed only by photosystem 11
(PSII)? The supporters of the “Z-scheme” and the
two photosystems affirm that the short-wave PSII
is in a state to absorb light up to 780 nm. Nev-
ertheless, in this spectral region light is absorbed
predominantly by PSI and in this way some of the
absorbed quanta cannot be used effectively, thus
leading to the “red drop”. Obviously, all these as-
sertions are not based on any experimental proof.
2) Another interesting experimental result is the
increase in the quantum yield with supplemen-
tary light in the region of the PSII absorption
[between 660 and 680 nm; see Fig. 4a or Govind-
jee (1963, Fig. 1)]. According to Govindjee and
Govindjee (1965), this effect is explained with
the so-called “spurious enhancement”, arising
from the non-linearity of the light curves. How-
ever, if the non-linearity of the light curves leads
to such an increase in the quantum efficiency in
the spectral regions with high absorbance (in the
absorbance maximum at 680 nm), the effect will
be much more pronounced in the regions with
low absorbance, i.e. between 690 nm and 750 nm,
which is actually registered. 3) On the other hand,
why does the use of higher light intensities not
lead to the positive enhancement effect? En-
hancement effects have been obtained (see Table
IT in Govindjee and Rabinowitch, 1960) in all ex-
periments, not only in the one which is cited, un-
der low, even very low light intensity conditions.
As shown, under such conditions the light curves
are non-linear or “S”-shaped, so the non-additive
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behaviour of the light action cannot be excluded
without compensation of the initial non-linear
part! The correct explanation of this phenomenon
should be based on the non-linearity of the light
curves.

The increase of the amplitudes in oxygen evo-
lution induced by one modulated light beam on
the background of the second continuous beam
with the same (650 nm) wavelength in Scenedes-
mus obliquus is shown in Fig. 5. The results show
that the value of enhancement [the ratio of the
amplitude size of modulated oxygen evolution,
obtained under the action of the two light beams
(Vi,+1,— V) and the amplitude obtained under
the action of the modulated beam only (V) was
higher than seven.

The following experimentally obtained results
give additional confirmation of the statement that
the enhancement effect is a consequence of the
non-linearity of the photosynthetic light curves.
A suspension of Chlorella pyrenoidosa was irra-
diated with two light beams (Fig. 6), one of which
was modulated at 700 nm (1 s light/1 s dark), and
the second one was continuous background light
with different wavelengths between 600 nm and
700 nm. The amplitude of the modulated oxy-
gen evolution rate induced by the 700-nm beam
changed after applying background radiation of
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Fig. 6. The amplitudes of the modulated (0.5 Hz) oxy-
gen evolution rate in Chlorella pyrenoidosa induced by
(a) a 700-nm beam without background radiation and
(b) after compensation of the initial non-linear part of
the light curve with background radiation of different
wavelengths between 600 and 700 nm.
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different wavelengths, whose intensity was chosen
in such a way to yield an equal oxygen evolution
rate in the linear part of the light curve. The in-
tensity of the 700-nm modulated beam was kept
constant. The amplitude of the modulated oxygen
evolution rate remained constant (in the limit of
experimental errors) in all investigated spectral
regions (600 to 700 nm). If Emerson’s second ef-
fect exists as a separate phenomenon, we should
not obtain any enhancement in the case of ad-
dition of a 700-nm light beam. The equal degree
of enhancement at 700 nm and other wavelengths
shows that Emerson’s second effect is only a par-
ticular case of the principle of the non-additive
action of radiation in photosynthesis (Zeinalov,
1977a) and that it does not exist even as a second-
order effect. Comparison of the enhancement
values obtained in our experiments (approx. 5 to
10 times, in some experiments reaching 20!) with
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those in Emerson’s second effect investigations
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for the beams with different wavelengths but also
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ment was confirmed by Warner and Berry (1987)
and by Milin and Sivash (1990).

Based on the analysis of the obtained results,
it is evident that the presently accepted interpre-
tation of the “red drop” and “enhancement” ef-
fects, with the misbalanced excitation of the two
different photosystems at the red region of the
spectrum, is wrong. The theoretically obtained re-
sults, presented in this work, should be accepted
as the only possible and adequate interpretation
of these effects.
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