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Abstract 
 
A simple method of a bicolor (multicolor), fast-Fourier, PAM chlorophyll fluorometry has been developed to obtain 
fluorescence induction curves. Quantum yields of PSII photochemistry were determined with blue and red simultaneously 
applied pulsed measuring lights for three subsequent 20-min periods of dark-, light-adaptation under actinic light and dark 
recovery. Measuring lights were cross-combined with blue and red actinic lights and saturation pulses. Coefficients of 
chromatic divergence were calculated as a ratio of the quantum yields obtained by red measuring light to that obtained by 
blue measuring light. Adaptation of Ficus benjamina and Hordeum vulgare leaves under blue (but not red) actinic light 
resulted in the sufficient increase of chromatic divergence. In addition, fraction of active, non(photo)inhibited, PSII centers 
was shown to be dependent on the color of measuring light. Thus, color of the light sources should be considered when 
reporting results of parameters evaluated from fluorescence induction curves. 
 
Additional key words: chromatic adaptation; greenhouse lighting; dual-wavelength PAM; multi-color PAM. 
 
Measurement of chlorophyll (Chl) fluorescence based on 
a pulse amplitude modulation (PAM) method is widely 
used in a great number of photosynthetic studies. PAM 
method implies separation of Chl fluorescence signal 
excited by the measuring flashes from continuous 
background (either under darkness or actinic or saturating 
light) signal (Schreiber 2004) by a way of their digital 
subtraction from each other or, more rarely, using analog 
hardware. 

Most of commercially available PAM fluorometers use 
short (order of microseconds) measuring flashes of a 
relatively strong peak intensity but low frequency, thus 
obtaining a low [PPFD < 0.15 µmol(photon) m–2 s–1] 
average intensity of measuring light, which, in turn, allows  

keeping reaction centers of PSII open in dark. In the case 
of open PSII centers of dark-adapted plants, the alternating 
fluorescence signal, excited by measuring light (measuring 
flashes), is referred as minimal fluorescence, F0. If a strong 
light pulse is applied, it saturates photosynthesis, turning 
all the reactions centers to the closed state. In this state the 
alternating fluorescence signal appears to be strongly 
increased and achieves its maximal level, Fm. Although 
many parameters describing photosynthetic functions can 
be evaluated from PAM fluorometry, the most often used 
parameter is the maximal quantum yield of PSII photo-
chemistry in the dark-adapted state (Kitajama and Butker 
1975; see also Schreiber 2004 and Lazár 2015), which is 
evaluated as (Fm – F0)/Fm = Fv/Fm, where Fv is a variable  
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Chl fluorescence. Operating or effective quantum yield of 
PSII photochemistry in the light-adapted state (Genty et al. 
1989; see also Schreiber 2004 and Lazár 2015) can be 
evaluated as (Fm' – Ft)/Fm' = Fq'/Fm', where Fm' is the 
maximal Chl fluorescence in the light-adapted state and Ft 
is an operating or effective Chl fluorescence in the light-
adapted state measured just before the saturating pulse. 

Most of the standard PAM fluorometers use measuring 
light of one color: blue or white or, more frequently, red 
color (e.g., Figueroa et al. 2013). However, Pfündel (2009) 
has shown that Fv/Fm measured at ambient temperature 
depends on the wavelength of the exciting light in the 
range from 450 to 690 nm. The origin of this phenomenon 
was ascribed to the different excitation spectra for Chl 
fluorescence originated from PSI and PSII (Pfündel 2009). 
It follows that the values of the quantum yields of PSII 
photochemistry determined in studies carried out with 
different measuring colors (for example, red and blue: 
FvMR/FmMR and FvMB/FmMB) by different PAM-fluorometers 
may not be quite comparable between each other.  

A color-addressed Fv/Fm evaluations are of interest in 
phytoplankton research in view of a larger diversity of 
photosynthetic pigments in algae and cyanobacteria (Jakob 
et al. 2005, Figueroa et al. 2013). Different colors of 
measuring light might be considered also with respect to a 
number of light wavelength-dependent physiological 
responses that are known to be induced by a long-time, 
selective illumination of plants by red or blue light, 
possibly related to stomata opening, phytochrom regu-
lation or other effects (Hogewoning et al. 2010, Muneer et 
al. 2014). Evidently, all these tasks imply an independent 
application of measuring lights of different colors as well 
as saturating flashes of different colors. 

MULTI-COLOR-PAM and PHYTO-PAM (Waltz, 
Effeltrich, Germany) belong among the few commercially 
manufactured multicolor PAM fluorometers. They are 
based on a LED array featuring a total of eight different 
colors, which serve for pulse-modulated measuring light, 
actinic light, far-red light, single-turnover pulses, and 
multiple turnover pulses, equivalent to saturation pulses. 
Schreiber and Klughammer (2013) used MULTI-COLOR-
PAM to study the wavelength-dependent photodamage to 

Chlorella. This device also was applied in studies on the 

wavelength-specific effective absorption cross-section of 

PSII photochemistry (Szabó et al. 2014). In addition, 
possibility for the multicolor excitation of Chl fluorescence 

has been implemented in the fast repetition rate fluorometer 

FastOcean (Chelsea Technologies Group, West Molesey, 
UK), which is used mainly for evaluation of photosynthetic 

activity of phytoplankton (Suggett et al. 2015). 
Commercially manufactured multicolor fluorometers 

cannot use bi- or multicolor measuring lights for simulta-
neous measurement with one sample, allowing only a 
sequential switching from one color of measuring light to 
another (Schreiber et al. 2012), which, however, decreases 
convenience and reliability of the analysis.  

Evidently, the possibility for simultaneous use of 

measuring lights of different colors may be very important 
to detect small, weakly pronounced color-dependent 
effects in nonuniform samples. In opposite case, extensive 
statistics would be required to compare one color to 
another in large series of measurements. In order to solve 
this problem, Hogewoning et al. (2012) used a laboratory-
built PAM fluorometer equipped with red and green 
sources of measuring flashes applied at different fre-
quencies. Fluorescence emissions induced by the flashes 
were detected selectively and simultaneously using two 
laboratory-built demodulators, one for each of the two 
excitation wavelengths. However, this highly complicated 
dual-frequency technique requires an exact mutual 
adjustment of two photodiodes and lock-in amplifiers 
(demodulators). If the experiment needs a parallel use of 

three or more sources of measuring light, the difficulties 

may be too great. 
In the present work, we have introduced a simple bi-

color (potentially multi-color) FFT method of PAM 
fluorometry based on our previously developed monocolor 
FFT PAM (Lysenko et al. 2014). Bi-color FFT PAM, in 
contrast to the monocolor PAM, allows simultaneous use 
of two or several sources of measuring light for one sample 
instead only one color of measuring light. 

We showed that the 20-min adaptation of plants under 
blue continuous actinic light leads to the sufficient increase 
of the ratio between the values of quantum yields of PSII 
photochemistry (chromatic divergence) determined with 
red and blue measuring lights. 

Ficus benjamina L. ‘Danielle’ plants, 40–50 cm in 
height, were cultivated in a greenhouse on soil mix for 
palm and fig trees under standard conditions [temperature 
of 25 ± 1°C; relative air humidity of 70%; relative soil 
moisture of 60%; light/dark regime of 16 h/8 h; PPFD of 
510 µmol(photon) m–1 s–2 of white color]. Hordeum 
vulgare L. ‘tetrastichum’, 24-d-old plants, 10–11 cm in 
height, were cultivated on peat/sand/loam (1:2:1) soil mix 
under the same moisture and light conditions. 

Bicolor FFT PAM-fluorometry was performed in 
accordance with the technical principles and practical 
approaches applied in the previously described (Lysenko 
et al. 2014) monocolor FFT method of PAM-fluorometry 
with modifications. Measuring flashes (duration about of 
1.4 ms) were simultaneously emitted by red (max = 
660 nm) LED at a frequency of 360 Hz and blue (max = 
470 nm) LED at a frequency of 370 Hz. Each LED applied 
PPFD of 0.1 mol(photon) m–2 s–1 at the adaxial sides of 
the leaves. Red (660 nm) and blue (470 nm) strong 
saturating pulses [2-s duration, 900 µmol(photon) m–2 s–1] 
were obtained with 10-W LEDs (660 nm and 470 nm) and 
applied in darkness and on the background of continuous 
actinic [660 nm or 470 nm, 120 µmol(photon) m–2 s–1] light 
at the adaxial sides of the leaves. Chl fluorescence emitted 
from the adaxial leaf side was detected through 740-nm 
interference filter (Esco Products, Oak Ridge, NJ, USA) 
by the photodiode connected with an operational amplifier 
of inverting type having a zero input impedance and then 
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the output signal was passed to the PC sound card Creative 
SBX Pro Studio (Creative Technology Ltd., Singapore). 
Real-time signal data processing was carried out to 
perform FFT using the SpectraPlus 5.0 (Informer 
Technologies, Inc., USA) program package. The following 
settings optimized for bicolor PAM were applied: FFT 
size: 65,576 samples; sampling rate: 192,000 Hz; sampling 
format: 24 bit, mono. Peak amplitudes at specified 
frequencies (marker levels 360 and 370 Hz) were 
measured in 0.34-s intervals and the obtained values were 
saved to a log *.xlsx file. 

Leaves of F. benjamina were detached at the beginning 
of day light period (10.00–11.00 h) and were immediately 
used in experiments. A sequence of light/dark periods was 
applied in accordance with the type of quenching analysis 
involving relaxation in darkness (Lazár 2015). The leaves 
were dark-adapted (first dark period) for 20 min followed 
with illumination by continuous actinic blue or red light 
for 20 min (the related Chl fluorescence levels are denoted 
with a single-prime) and recovery in darkness for 20 min 
(second dark period; the related fluorescence levels are 
denoted with a double-prime). 

Minimal Chl fluorescence levels (F0, F01'', F02'') were 
determined with blue or red measuring light. Operating 
Chl fluorescence level (Ft) was measured with blue or red 
measuring flashes on the background of blue or red 
continuous actinic light just before application of the 
saturating pulses. Maximal Chl fluorescence levels (Fm, 
Fm', Fm1'', Fm2'') were measured with blue or red measuring 
light on the background of blue or red continuous actinic 
light during blue or red saturating pulse. Maximal quantum 
yields of PSII photochemistry for the dark-adapted state 
and for the beginning and the end of the dark recovery 
were evaluated as Fv/Fm, Fv1''/Fm1'', and Fv2''/Fm2'', respec-
tively. Operating quantum yield of PSII photochemistry in 
the light-adapted state was evaluated as Fq/Fm.  Subscripts 
were added to the symbols of the measured levels to denote 
color of the measuring light, continuous actinic light, and 
saturating pulses as follows: MB or MR – measuring blue 
or red light; AB or AR – continuous blue or red actinic 
light; SB or SR – blue or red saturating pulses. 

In addition, a coefficient of chromatic divergence, , 
between values of given quantum yields obtained by red 
and blue measuring light was calculated as a ratio of the 
yield measured by red flashes to the yield measured by 
blue flashes; for example, for Fv/Fm the chromatic 
divergence was calculated as: 

 ൌ
୊୴౉౎/୊୫౉౎

୊୴౉ా/୊୫౉ా
                                                                (1) 

Timing and application of the particular light sources 
are depicted in Fig 1. 

Apart of the studies on the influence of colors of the 
measuring light on the quantum yields of PSII photo-
chemistry as described above, we evaluated the fraction of 
active, non(photo)inhibited, PSII centers, A, which also is 
expected to be color-dependent and can be easily 

calculated from quenching analysis within our measuring 
protocol as (see Lazár 2015): 

A = (Fv2''/Fm2'')/(Fv/Fm)                                                      (2) 

where the pairs Fv2''/Fm2'' and Fv/Fm were obtained for the 
same either blue or red color of all light sources (leftmost 
and rightmost values in bold at Table 1). 

Blank experiments with Chl solution in ethanol were 
performed to test the linearity of the signal and demon-
strated that Fv did not exceed noise level (data not shown). 
In addition, the method was tested for the possibility of 
simultaneous application of three colors of measuring 
flashes applied at three corresponding frequencies (blue, 
red, and green LEDs). In this (multicolor) case, the noise 
did not increase by more than 10% compared to the bicolor 
technique (data not shown). 

Testing of statistically significant difference between 
the quantum yields determined with red and blue mea-
suring light for the same saturating pulse (done by ANOVA 
test) and evaluating of mean ± SD for Fv/Fm, Fq'/Fm', 
Fv1''/Fm1'', and Fv2''/Fm2'' were performed using Microsoft 
Excel 2007. 

Fig. 1 shows that specific levels of Chl fluorescence 
induction curves in F. benjamina leaves significantly 
differed depending on what the color (red or blue) of 
different light sources (actinic light, saturating pulses, and 
measuring light) was used. After the first 20 min of dark 
adaptation (before the actinic light exposure), maximal 
quantum yield of PSII photochemistry (Fv/Fm) for red 
measuring light was slightly lower than that for blue 
measuring light under blue saturating pulse ( = 0.90), 
whereas the color of measuring light did not influence 
much the Fv/Fm under red saturating pulse ( = 0.98) 
(Fig. 1, Table 1). 

At the end of red continuous actinic light exposure, the 
operating quantum yield of PSII photochemistry (Fq/Fm) 
obtained with red measuring light still remained lower than 
that with blue measuring light independently of whether 
the blue ( = 0.75) or red ( = 0.98) saturating pulse was 
used (Fig. 1A, Table 1). An opposite behavior was ob-
served with blue continuous actinic light (Fig. 1B, 
Table 1), the application of which led to the decline of all 
values of operating quantum yields comparing to red 
actinic light, but operating quantum yields evaluated with 
blue measuring light (under blue actinic light) were 
suppressed stronger than with red measuring light. It 
resulted in the significant relative increase of operating 
quantum yield of PSII photochemistry obtained with red 
measuring light regardless whether the blue ( = 1.30) or 
red ( = 1.17) saturating pulse was used.  

Generally, the application of blue saturating pulse 
caused a higher chromatic divergence (i.e., a higher 
deviation of  from 1 to lower or higher values) of the 
operating quantum yield of PSII photochemistry in 
F. benjamina leaves ( = 0.75 for red AL and 1.30 for blue 
AL) than application of the red saturating pulse ( = 0.98  
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Fig. 1. Typical time-courses of Chl fluorescence signal of Ficus benjamina leaves during the first dark period, illumination by red (A) 
or blue (B) continuous actinic light, and during the second dark period (recovery) simultaneously measured by blue (blue curves) and 
red (red curves) measuring light. Blue or red saturation pulses were also applied. Light events: 1, 4, 7, 9 – blue saturating pulses; 2, 5, 
8, 10 – red saturating pulses; 3 – blue or red continuous light on; 6 – blue or red continuous actinic light off. F0 – minimal fluorescence 
level in dark; Ft – fluorescence level in actinic light, the particular values of which were measured just before application of saturating 
pulse; Fm and Fm' – maximal fluorescence level in dark and in actinic light; Fm1'' and Fm2'' – maximal Chl fluorescence levels measured 
in the beginning and in the end of dark recovery. The minimal Chl fluorescence levels were measured in the beginning and in the end 
of dark recovery (F01'' and F02'') just before the application of the pairs of saturating pulses, but they have not denoted in the figure. 
Subscript symbols denote color of the measuring light, actinic light and saturating pulses applied: MB – blue, MR – red measuring light; 
AB – blue, AR – red actinic light; SB – blue, SR – red saturating pulses. 
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Table 1. Maximal and operating quantum yields of PSII photochemistry in the dark- and light-adapted states, respectively, and chromatic 
divergence of the PSII quantum yields () of Ficus benjamina leaves. Effects of cross-combined application of blue and red (LEDs, 
max = 460 and 660 nm) measuring light [ML, 0.1 µmol(photon) m–2 s–1], continuous actinic light [AL, 120 µmol(photon) m–2 s–1] and 
saturating pulses [SP, 900 µmol(photon) m–2 s–1] are shown. Values represent mean ± SD (n = 12). Asterisks indicate that the pairs of 
the neighboring mean values of quantum yields, from which the  value was calculated, significantly differed (p<0.05) between each 
other. Values in bold were used for the calculation of active PSII centers A (see Eq. 2). See also Fig. 1.  
 

State Quantum yield 

Dark-adapted 
state 

Blue ML + blue SP Red ML + blue SP Blue ML + red SP Red ML + red SP 
Fv/Fm 
0.81 ± 0.02* 0.73 ± 0.02* 0.82 ± 0.02 0.80 ± 0.02 
 from Fv/Fm 
0.90 0.98 

Light-adapted 
state 

Blue AL Red AL 
Blue MF +  
blue SP 

Red ML + 
blue SP 

Blue ML +  
red SP 

Red ML +  
red SP 

Blue ML 
+ blue SP 

Red ML 
+ blue SP 

Blue ML 
+ red SP 

Red ML  
+ red SP 

Fq'/Fm' 
0.23 ± 0.01* 0.30 ± 0.01* 0.41 ± 0.01* 0.48 ± 0.01* 0.53 ± 0.01* 0.40 ± 0.01* 0.58 ± 0.02 0.57 ± 0.01 
 from Fq'/Fm' 
1.30 1.17 0.75 0.98 

Beginning of 
dark recovery 

Fv1''/Fm1'' 
0.41 ± 0.02* 0.25 ± 0.01* 0.48 ± 0.01* 0.52 ± 0.02* 0.46 ± 0.01* 0.34 ± 0.01* 0.55 ± 0.02 0.52 ± 0.0 
 from Fv1''/Fm1'' 
0.77 1.08 0.74 0.95 

End of dark 
recovery 

Fv2''/Fm2'' 
0.70 ± 0.02* 0.64 ± 0.02* 0.66 ± 0.02* 0.71 ± 0.02* 0.79 ± 0.02* 0.71 ± 0.02* 0.80 ± 0.02 0.78 ± 0.02 
 from Fv2''/Fm2'' 
0.91 1.08 0.90 0.98 

 
for red AL and 1.17 for blue AL), independently of the 
color of the actinic light was used. A similar data were 
obtained with H. vulgare (curves not shown), where, in 
particular, the chromatic divergence measured with blue 
saturating pulse has also been found higher than with red 
saturating pulse ( = 0.74 and 1.32; 0.99 and 1.20, 
respectively). 

If the order of any two neighboring (1st blue and 2nd 
red) saturating pulses was changed conversely (1st red and 
2nd blue), the mean values for Fv/Fm, Fq'/Fm', Fv1''/Fm1'', and 
Fv2''/Fm2'' were not sufficiently changed at p>0.05 and the 
corresponding statistical conclusions were not influenced 
by that.  

It is interesting, that illumination of F. benjamina and 
H. vulgare leaves by blue continuous actinic light caused 
different after-effects on the maximal quantum yields of 
PSII photochemistry during dark recovery (the second 
dark period; Fv1''/Fm1'' and Fv2''/Fm2'') depending on 
whether the blue ( < 1) or red ( > 1) saturating pulses 
were applied. In the case of application of red continuous 
actinic light, the chromatic divergence of the maximal 
quantum yields of PSII photochemistry in the recovery 
phase was always lower than 1 regardless whether the blue 
or red saturating pulses were applied. It implies from the 
above that the cross-ability of blue and red saturating 
pulses to saturate photosynthesis after previous application 
of red or blue continuous actinic light might be different. 

In F. benjamina leaves, the fraction of active, 
non(photo)inhibited, PSII centers, A, has been calculated 
to be 0.86 with blue and 0.98 with red actinic lights 
(significant difference, p<0.05) that is close to H. vulgare 
leaves where A was 0.84 and 0.97, correspondingly. Thus 
these data provided additional evidence that the color of 
actinic light might significantly affect values of the 
photosynthetic parameters measured by PAM fluorometry. 

The mechanisms of the described color-addressed 
effects of actinic blue light on the quantum yields of PSII 
photochemistry measured during actinic light illumination 
(operating yields), during the subsequent dark recovery 
and on the fraction of active PSII centers are unclear. 
However, we do not exclude that these mechanisms may 
be related to the following: 

(1) The fact that photoinhibition induced by light in the 
440–480 nm range and evaluated by the decrease in Fv/Fm 
after 30-min dark recovery is sufficiently higher than that 
by light in the 500–640 nm range (Schreiber and 
Klughammer 2013).  

(2) The described cryptochrome (blue-light sensing) 

and phytochrome-dependent (red/far-red sensing) effects 

on photosynthetic electron transfer. Despite they are known 

as long-term, slow and indirect processes (Yu et al. 2010, 
Guo et al. 2016), we can not exclude the existence of their 

unknown, short-term and directly acting components. 
(3) Different excitation spectra for Chl fluorescence 
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originated from PSI and PSII (Pfündel 2009). It implies 
their different contribution of PSI and PSII to the total 
electron transport during the applied light conditions of the 
experiment considering a known (Schreiber 2004) fact that 
PSI can contribute in F0, thus influencing the calculated 
quantum yields of PSII in dark- and light-adapted states. 

(4) Blue light-induced chloroplast movement (e.g., 
Baránková et al. 2016) which was demonstrated to affect 
Chl fluorescence parameters (e.g., Pfündel et al. 2018). 

The authors hope that the developed method would be 

useful in various studies on photosynthetic light reactions, 
where the different light colors are applied, including the 
studies performed in connection with greenhouse 
applications of red and blue LEDs used for plant growth. 
In addition, a special interest in the application of FFT 
PAM-fluorometry lies in the possibility of its unification 
with the previously developed FFT photoacoustic method 
(Lysenko and Varduny 2013) that would allow to use the 
same data signal processing hardware and software 
(amplifiers, sound cards, SpectraPlus software etc.). 
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