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Abstract: Non-additive enhancement of the photosynthesis excited by
simultaneous illumination with far-red light and light of shorter
wavelengths is called as “second Emerson effect”. Its action spectra are
well-known as a photosynthetic yield’s dependence on light wavelength
in red (630-690 nm) spectral region at a constant-wavelength far-red
illumination near 700-715 nm. However, the opposite dependence of the
photosynthetic yield’s of shorter constant-wavelength light (red or blue)
on light wavelength in far-red (690-760 nm) spectral region was never
studied. In this study the action spectrum of second Emerson effect was
studied wusing a fast-Fourier dual-wavelength Pulse Amplitude
Modulation (PAM) fluorometry. Chlorophyll fluorescence in ailanthus

(Ailanthus altissima Mill.) leaves was excited with blue modulated light.
Far-red induced decrease of fluorescence (fluorescence shift-FRIFS) was
studied in response to illumination of leaves with a background light from
690 to 760 nm (10 nm step), calculating FRIFS = (F(-Fs)/F,, where F,-
fluorescence measured without and Fs-with far-red light. Maximum
FRIFS was observed at 720 nm (11.8%), but it still remained considerable
at 740, 750 nm and a low FRIFS values were revealed at 690 and even at
760 nm. Measurements carried out with blue saturating flashes during and
after far-red illumination showed the increase of quantum yield of
Photosystem II (PSII), calculated as Fv/Fm at 720 nm background light.
FRIFS had lower values under excitation with red modulating light. It is
concluded that FRIFS is a result of a photochemical quenching caused by
an additional selective far-red excitation of PSI in conditions when PSII is
preferably excited by blue light thus leading the PSI to limit non-cyclic
electron flow. The contradiction between the known absorption spectra of
PSI-light harvesting complex I and the observed action spectrum of
second Emerson effect (FRIFS spectrum) is discussed.
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Introduction

Red drop effect and second Emerson effect are
related to the basic phenomenology of photosynthesis.
In their pioneer research Emerson and Lewis (1943)
studied action spectra of photosynthetic oxygen
evolution in the green alga Chlorella pyrenoidosa and
demonstrated that oxygen quantum yield began to
decline rapidly from 680 nm of exciting light and
completely eliminated near 700 nm. This phenomenon
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was called by Emerson as “Red drop”. 14 years later,
Emerson, Chalmers and Cederstrand (Emerson et al.,
1957) showed that the oxygen yield of photosynthesis
in far-red region could be strongly increased by using
the supplementary red light at 650 nm. Thus, the
quantum yield of 720 nm light applied alone achieves
only approximately 50% from that at the simultaneous
presence of 720 and 650 nm light. In other words the
quantum yield of photosynthesis obtained by
simultaneous illuminating with red and far-red light is
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higher than the sum of the quantum yields obtained by
illuminating with separately applied light sources
from these spectral regions. Now the non-additive
enhancement of the photosynthesis excited by
simultaneous illumination with far-red light and light
of shorter wavelengths is known as a second Emerson
effect. Currently it is well known that far-red light at
wavelengths>700 nm selectively excites Photosystem
I (PSI), whereas the light at a shorter wavelengths
drives both photosystems-PSI and PSII (Delosme,
2003; Joliot et al., 2006). When illuminating higher
plants, far-red light (>700 nm, if applying alone) is
able to excite Cyclic electron transport around PSI
(CET-PSI) in C4-plants or excite PSI in C3 and C4
plants if this photosystem operates in series with PSII
in the process of a non-cyclic electron transport: In
the last case a supplementary light source in the
spectral region of 440 to 680 nm is necessary.

Far-red light sources are widely used in
photoacoustic ~ studies of biochemical processes
involving CET-PSI (Joliot et al., 2006; Hou and Sakmar,
2010). Besides, far-red light can be used in dual-
wavelength excitation experiments to test PSI and PSII
coupling within a single linear electron transport chain
(Lysenko, 2012). Thus we showed that only a Cyclic
Electron Transport (CET-PSII or/and CET-PSI) occurs
in the stomata cells thylakoids of albino leaf sectors of
variegated Ficus benjamina plants under excitation by
blue light whereas a non-cyclic electron transport is
absent. Such a conclusion was based, among other facts,
on the absence of any changes of chlorophyll
fluorescence excited at 470 nm in response to the
applying of the supplementary far-red light (Lysenko,
2012). In contrast, normal green tissues possessing a
non-cyclic electron transport, show a clear increase of
photochemical fluorescence quenching in this case, that
was first discovered by Govindjee and Rabinowitch
(1960) and confirmed in our work (Lysenko, 2012). The
general assumption here is that the illumination of leaves
with a far-red light drives PSI, which is coupled with
PSII in a single electron transport chain and as a result,
facilitates electron sink from PSII, that increases
quantum yield of PSII and consequently increases
photochemical fluorescence quenching (Govindjee and
Rabinowitch, 1960; Lysenko, 2012).

Despite the above mentioned findings related to
far-red light, the PSI action spectra of higher plants in
far-red region is still unknown whether it could be
obtained from photoacoustics or from dual-
wavelength excitation experiments. At that time the
conventional wavelength of far-red light used in such
studies usually ranged from 695 to 710 nm (Joét et al.,
2002; Herbert er al., 1990; Malkin and Canaani,
1994). Among a few exceptions, Schreiber et al.
(1997) described a successful use of 730 nm LEDs
build in PAM-spectrometer for selective excitation of
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PSI. Nevertheless, exploration with the 695-710 nm
region seems to be rather a tradition, devolved from
the pioneer studies on PSI or arising out of the
conviction that the photosynthetic long-wave action
spectra, as well as action spectra of photosynthesis-
related effects, couldn’t be extended beyond the
absorption spectra of antennae complexes. Indeed, the
above mentioned Emerson’s work (Emerson et al.,
1957), describing a significant level of photosynthesis
at 718 nm, could not be easily explained since even
the absorption spectrum (at a room temperature) of the
most long-wave photosynthetic component of the
thylakoid membrane-supercomplex of the Light-
Harvesting antennae of photosystem I (LHC 1) and
PSI core complex-does not extend beyond the 720 nm
limit, where being within 1-2% of the absorbance at
the peak maximum (Oort et al., 2008).

In the present work using a dual-wavelength pulse
amplitude modulation fluorometry we show that the
photosynthetic activity of far-red light (measured as a
level of a second Emerson effect) still remains
significant at 740, 750 nm and a trace photosynthetic
effects can be revealed even for 760 nm light.

Objects and Methods
Plant Material

Fully developed sun leaves were taken from 10-to
15-year-old trees of ailanthus (Adilanthus altissima
(Mill.); tree of heaven) at the Botanical Garden of the
Southern Federal University (Rostov-on-Don). The
opting for the sun leaves was due to their more high-
amplitude fluorescence kinetics (Lichtenthaler er al.,
2007; Lysenko et al., 2014).

All of the studied trees grew in the same soil,
relief, water and lighting conditions. Throughout the
entire period of the experiment (5 sunny days) all the
leaves at the time of cutting (10.00-10.30) received
PPFD approximately 1700 pmol photons m > s™'. The
leaves were used in the experiment no later than 10
minutes after detaching.

Fast Fourier, Dual-Wavelength Pulse Amplitude
Modulation (PAM) Fluorometry

The measurements of chlorophyll fluorescence
kinetics was performed in accordance with the generally
accepted method of PAM fluorometry which involves
excitation of fluorescence in the sample with a low
intensity amplitude-modulating light (measuring light),
whereupon the excited amplitude-modulated
fluorescence (F, if the other light sources are not
applied) is detected and the output signal is amplified at
a selected frequency. In accordance with the
conventional procedure (Schreiber, 2004) we evaluated
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the quantum yield of photosystem II as (Fm-F0)/Fm or
Fm/Fv where Fv is a variable fluorescence (Schreiber,
2004). PAM-fluorometry was used in our modification
based on a real-time, fast-Fourier spectrometry to select
the measured signal, instead of traditional usage of
lock-in amplifier. An analogous modification was
previously being applied to process the photoacoustic
signals, that allows to use of extremely low measuring
light at an acceptable level of signal-to-noise ratio
(Matishov et al., 2010; Lysenko, 2012; Lysenko and
Varduny, 2013). Besides saturating flashes, we also
used far-red light pulses of moderate intensity to assess
the resulting changes in the amplitude of the signal
from F to the lower values (Fs). The difference (Fy-Fs)
and far-red induced fluorescence shift (FRIFS = (F,-
Fs)/Fy)-was calculated to evaluate action spectra of
second Emerson effect in a far-red region. Quantum
yield of photosystem II under far-red light was
calculated as (Fm-Fs)/Fm.

The following light sources were applied at the
adaxial leaf surface in the experiments:

e  Modulated (300 Hz) blue light (Amax = 470 nm,
0.1 umol photons m~ s™'") emitted by blue LED
100-s far-red light pulses from with Amax from
690 to 760 nm with half-bandwidth of 3 nm (30
pumol photons m? s'), obtained by the
monochromator equipped with a 300 Wt halogen
lamp, focusing mirror-lens system and IR
absorbing (> 1000 nm) liquid filter
Blue saturating 2-s flashes (5 Wt LED, Amax =
470 nm, 4000 pumol photons m =2 s™")

Chlorophyll fluorescence was registered by a
photodiode through an interference filter 690 nm. The
signal from the photodiode was passed through a low-
noise amplifier and then to the PC sound card. Real-
time signal data processing was carried out to perform
Fast Fourier Transform (FFT) using the SpectralLab
program package. The following settings were
applied: FFT size, 131,072 samples; sampling rate,
96,000 Hz; sampling format, 16 bit; spectral line
resolution, 0.73 Hz. Peak amplitude at a specified
frequency (300 Hz) was measured in 1 s intervals and
the obtained values were saved to a log file.

Photon fluxes were adjusted with USB4000-FL
spectrometer (Ocean Optics, USA).

Results and Discussion

Far-red light pulses at all studied wavelengths
applied to the ailanthus leaves resulted in a
statistically = significant decrease of the base
fluorescence level (F,) excited by modulated blue
light and, therefore, to a noticeable values of FRIFS,
that is shown in the Fig. l1a for 720, 740 and 760 nm
wavelengths and in the Fig 1b for 690 nm. As shown
in Fig. 2, FRIFS have a clear maximum at 720 nm (at
least being measured at the studied wavelengths). A
low decreasing of Fy (low FRIFS) was detected at 690
nm where it is coexists with a positive sharp peak of
fluorescence level in response to the far-red light
switching on and a negative peak-to the far-red light
switching off (Fig. 1b).
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Fig. 1. Far-red induced fluorescence decrease (fluorescence shift-FRIFS) measured in Ailanthus altissima leaves at 720, 740 and
760 nm as FO-Fs (A) and at 690 nm background light(30 umol photons m™= s™') (B). Typical curves. The fluorescence was
excited by a weak (0.1 umol photons m™ s™') blue modulating light. FO is a base level of fluorescence, Fs-fluorescence
level decreased under background far-red illumination. T4-switching the non-modulated light on and off
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Fig. 2. Action spectrum of second Emerson effect measured as a far-red induced 690 nm Fluorescence Shift (FRIFS) in
Ailanthus altissima leaves. The fluorescence was excited by weak (0.1 pmol photons m™ s™') blue modulating light.
Non-modulated far red light of moderate illuminance (30 pmol photons m™ s™') was applied as 100-s pulses (Fig. 1).
Error bars = SD; n = 10. Spectrum’s maximum value-FRIFS720 was significantly different from FRIFS 710 (p<0.05)
and FRIFS730 (p<0.01) according to Student’s t test
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Fig. 3. Measurement of changes in quantum yield of PSII (@pg) caused by far-red illuminance (FRIFS). Quantum yield
without applying the far-red light (saturating flash SF2): @ pgy = (Fpax-FO0)/F . Quantum yield at the far-red light
(saturating flash SF1): @'pgyp = (Fax-Fs)/Fmax. Relative far-red induced increase of PSII quantum yield v pgip = (@ psi-
@ ps1))/ D@ psp = 12.0£1.1% (X+SD, n = 10). NML-non-modulated far-red light at 720 nm (30 pmol photons m™= s™").
The fluorescence was excited by weak blue modulating light (Amax = 470 nm, 0.1 pmol photons m™2 s™'). 2-s
saturating flashes were applied at 470 nm, 4000 umol photons m™? s™'). @ pgy and @ pgy; were significantly different

according to Student’s t test (p<0.05).

Considering that the positive fluorescence kinetics
(Kautsky effect) is characteristic of Photosystem II
(PSII) only (Henriques, 2009), it can be concluded that
the 690 nm light is capable to weak excitation of PSII
in the given experimental conditions. The negative
sharp peak could not be easily explained here, but this
is the object of a separate research.

An unexpectedly high value of FRIFS was
revealed at 740 nm (FRIFS4) and a small FRIFS was
registered even at 760 nm. From the one hand, this
data is in clear contradiction with the known
absorption spectra of antennae complexes (as
mentioned in the Introduction) (Oort et al., 2008;
Jennings et al., 2004), from the other hand PSI-LHCI
can be still excited at their long-wavelength absorbing
tail of 710 to 740 nm. It is unclear, however, why, for
example, FRIFS7,0>FRIFS;, or FRIFS;, whereas
PSI-LHCI absorption at 720 (as well as fluorescence
excited by 720 nm light (Oort et al., 2008) is less then
at 700 or 710 nm. Considering this contradiction we
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couldn’t exclude possibility of existing of some
unknown components of intact PSI-LHCI complexes,
which have longer wavelength characteristics, but
which are lost or damaged in the process of separation
of PSI-LHCI. It is an interesting fact in this
connection that an initial fall of oxygen evolution at
680-700 in sunflower leaves is replaced by an
unexpected increase with a maximum at 750 nm so
that a detectable O, evolution is remained till 780 nm
(Pettai et al., 2005).

The involvement of PSI in the FRIFS phenomenon
as a factor limiting the non-cyclic electron transport is
clearly confirmed by the fact, that in our experiments
FRIFS has a lower value when the fluorescence was
excited by red modulated light instead blue light
(FRIFS = 2.5% under 640 nm light and 11.8% under
470 nm light-both at 0.1 pmol photons m > s™"). It should
be noticed here, that blue light at 470 nm preferentially
excites PSII, whereas 620-640 nm light excites both
photosystems nearly equally (Hogewoning et al., 2012).
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In the first case (blue light excitation) a higher limitation
of non-cyclic electron transport is expected. In the
second case (red light excitation), when both the
photosystems are driven approximately equally, PSI
weakly limits the total electron transport through the
linear electron transport chain and, consequently, the
additional selective excitation of PSI leads to a lower
increase of PSII quantum yield resulting in a lower
decrease of the fluorescence level.

FRIFS cannot be explained with any potentially
possible processes of a far-red light induced non-
photochemical quenching so far as FRIFS is closely
related to the increasing quantum yield of PSII,
meaning that the far-red light excites PSI utilizing
energy of 700-740 nm quanta in photochemical
reactions. Thus the far-red light increases the Fv/Fm
values by 12%, when measured under saturating
flashes during and after far-red illuminance (Fig. 3).
Therefore FRIFS seems to be closely related with the
photochemical quenching.

Conclusion

The data obtained supports the general idea that the
specific far-red excitation of PSI can regulate the
functioning of PSII (Shikanai, 2014) and demonstrates
the FRIFS as a quantitative parameter reflecting the far-
red induced up-regulation of PSII in the case when the
both photosystems are coupled in a single linear electron
transport chain. Probably such a regulation is based on
the stimulation of electron sink from PSII.

This study shows that the 715-740 nm spectral
region is of a considerable interest to investigate in
the field of photosynthetic light reactions in higher
plants. Particularly, a perspective study can be
undertaken to evaluate the action spectrum of PSI in
the far-red region using photoacoustic methods, which
are traditionally applied for the selective excitation of
PSI only with 705-715 nm light whereas the longer
wavelengths have not been studied.

In addition the results of our work suggest the
potential possibility of usage the 730-nm LEDs for
regulating photosynthesis in biotechnology of
cultivated plants via selective PSI excitation. It is of
interest considering recent studies (Yang et al., 2014;
Olle and Virsile, 2013) devoted to the application of
these LEDs under greenhouse conditions and
considering that they are the most commercially
available LEDs in the 700-750 nm far-red region.
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