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Abstract—High-resolution chlorophyll fluorescence light induction curves (OJIP transients) are widely used
to assess the primary photosynthetic responses of phototrophic cells. Chlorophyll fluorescence measuring
methods coupled with microscopy techniques provide a promising opportunity to measure OJIP transients
on individual algae cells, allowing scientists to investigate stress adaptation mechanisms related to reorgani-
zation of the microalgae population or the phytoplankton community. In this work, the authors first charac-
terized the OJIP transients measured on individual algae cells using the original microfluorimeter and com-
pared them with OJIP transients recorded in microalgae suspensions. Based on the results of the study, a
method is proposed for analyzing OJIP curves of individual microalgae cells and ways to further improve

microfluorimeters.
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INTRODUCTION

Photosynthetic activity is one of the key indicators
of the state of phototrophic cells, which is widely used
in studying the cell responses to the influence of unfa-
vorable environmental factors. Typically, methods are
used to measure the rate of oxygen photoproduction
and/or carbon dioxide uptake to assess the photosyn-
thetic activity of laboratory cultures of microalgae or
phytoplankton communities [1—3]. These methods
are quite labor-intensive, especially in field condi-
tions, and require additional determination of biomass
or chlorophyll content (Chl). Therefore, as an alterna-
tive to direct methods, optical methods for measuring
the fast chlorophyll fluorescence (CF) signal have
become widespread [4, 5]. This approach is based on
the ability of Chl to emit light quanta (fluorescence)
during illumination. In this case, the yield of CF is
associated with the efficiency of using light energy in
the primary reactions of photosynthesis associated
with the reduction of NADP* and the synthesis of
ATP to supply energy to the Calvin cycle.

Pulse amplitude modulation (PAM) and methods
for recording kinetic curves of light induction and dark
relaxation of high-resolution fast CF are presently
among the most popular methods for measuring CF
[6—8]. Among the latter, the most common method
for recording the CF light induction curve is the so-
called OJIP curve, which mainly reflects the process

of reduction of the photosynthetic electron transport
chain (ETC) under high intensity light [9]. When
recording an OJIP curve, photosynthetic photon flux
density (PPFD) of photosynthetically active radiation
usually does not exceed 10 000 umol photons m—2 s~

A typical OJIP curve reflects the increase in CF
yield from the minimum value Fgy (point O on the
curve) in the dark-adapted state, when the photosyn-
thetic ETC is in an oxidized state, to the maximum
level Fy,; (peak P), when electron carriers acquire a
completely reduced state. The presence of three
phases of fluorescence yield growth—OJ (from ~5—40
to 2—3 ms), JI (from 2—3 to 20—30 ms), and IP (from
20—30to 100—300 ms)—reflects three consecutive
process of induction of photosynthetic electron trans-
port. The OJ phase (the so-called photochemical
phase) depends on the intensity of the exciting light
and is characterized by the reduction of the acceptor
side of photosystem 2 (PSII): quinone acceptors Q4
and Qg [10]. It is believed that the increase in CF yield
subsequent to the J point is due to additional reduction
of the acceptor side of PSII, the plastoquinone pool
(PQ pool), an increase in the energization of thylakoid
membranes, and conformational changes of PSII [8,
11, 12].

Recently, methods for measuring CF have become
widespread, making it possible to assess the state of
individual cells of phototrophic cells. This makes it
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possible to actively study the mechanisms of adapta-
tion of the microalgae population to the effects of
stress factors due to the reorganization of the popula-
tion structure. This adaptation mechanism is based on
the high genetic variability of single-celled organisms,
which allows them to survive even in extreme condi-
tions. Previously, it was proposed to use the PAM
method in combination with a microscope to assess
the photosynthetic activity of individual algal cells
[13]. Methods for recording OJIP curves on individual
cells have been developed to a much lesser extent.

Recently, a microfluorimeter has been developed
at the Department of Biophysics, Faculty of Biology,
Moscow State University; it makes it possible to
record OJIP curves on individual microalgae cells
[14]. The analysis of OJIP curves proposed by the
authors is based on determining the value of the max-
imum variable CF (Fy) and the basic indicators of the
primary reactions of photosynthesis: the maximum
quantum yield of the photochemical conversion of
light energy into PSII (Fy/F,;) and the efficiency of
the photochemical conversion of light energy in PSII
under actinic light (Fy./Fy;). These indicators make it
possible to determine the share of PSII centers in the
cell capable of photochemical energy conversion.
Using the developed method, cells of the green
microalgae Chlorella sorokiniana were identified,
which retain high photochemical activity and viability
in the presence of a strong toxicant that causes death
of up to 98% of cells [15].

The multiphase OJIP curve allows one to deter-
mine other important parameters of photosynthetic
electron transport (in particular, the efficiency of elec-
tron transfer from PSII to the PQ pool) in addition to
the parameters of the photochemical activity of PSII
[16]. In this work, we characterized OJIP curves
obtained on individual cells of green and diatom
microalgae for the first time and proposed to estimate
the quantum yield of electron transport in PSII for a
more complete analysis of the primary reactions of
photosynthesis.

MATERIALS AND METHODS

Cultivation of microalgae. Green algae (Scened-
esmus quadricauda, Chlamydomonas reinhardtii) and
diatoms (Gomphonema parvulum, Sellaphora sp.)
were used. Diatoms and S. quadricauda were grown on
BG11 medium [17]. When growing diatoms, Na,SiO;
9H,0 at a concentration of 0.030 g L~! and vitamins
B1 and B12 (5 x 10~7 g L) were added to the stan-
dard BG11 medium. C. reinhardtii were grown on HS
mineral medium [18]. Microalgae cultures were grown
in 100-mL Erlenmeyer flasks on a shaker with a stir-
ring rate of 120 rpm. min~! and a temperature of 25°C.
The illumination regime regime was 10 h of light
(PPFD 100 umol photons m~2 s~!) and 14 h of dark-
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ness. The cultures were grown for 3 days, and the final
Chl concentration was ~3 ug mL~".

Cultivation of C. reinhardtii on a sulfur-free
medium. In order to create conditions for cell sulfur
starvation, C. reinhardtii culture was grown on com-
plete HS medium, and then was placed on sulfur-free
HS medium, in which sulfate was replaced by an equi-
molar amount of chloride. The protocol for transfer-
ring cells to sulfur-free medium consisted of sedimen-
tation of the culture by centrifugation (3000g, 5 min)
and subsequent resuspension in sulfur-free HS
medium. This procedure was repeated three times.
Control cells were pelleted and resuspended in com-
plete HS medium three times. After this, 10 mL of cul-
ture with a Chl concentration of 3—4 ug mL~' was
placed in 100-mL Erlenmeyer flasks and incubated
under the same conditions that were used when grow-
ing other cell cultures.

Registration and analysis of OJIP curves. OJIP
curves in the microalgae suspensions were recorded
using a Portable Fluorimeter Spectral and Fluores-
cence Kinetic System (PSFKS) [15], developed at the
Department of Biophysics, Faculty of Biology, Mos-
cow State University (Moscow, Russia) and in the
Laboratory of Integrated Environmental Research at
Pskov State University (Pskov, Russia). The excitation
source for CF was blue light with a maximum at 445
nm and a PPFD of 7500 umol photons m~2s~!. Before
measurements, cells were kept in the dark for 3 min. The
induction curve was recorded for each sample with ten
technical replicates and subsequent averaging.

Registration of OJIP curves on individual microal-
gae cells was carried out using a microfluorimeter
developed at the Department of Biophysics, Faculty
of Biology, Moscow State University, as described
previously [14, 15]. Before measurements, 0.3% alco-
hol was added to the microalgae suspension culture to
immobilize the cells; they were adapted to the dark for
3 min and then placed into the Goryaev counting
chamber. Ten induction curves were recorded per each
cell. We used the parameters of the JIP test [16] to ana-
lyze the OJIP curves (Table 1).

RESULTS

Normalized OJIP curves obtained in suspensions
and on individual cells of green microalgae S. quadri-
cauda (Fig. 1a), C. reinhardtii (Fig. 1b), and diatoms
G. parvulum (Fig. 1¢), and Sellaphora sp. (Fig. 1d) are
presented. The shape of the curves in suspensions and
on cells generally corresponds to the OJIP curve typi-
cal for microalgae, revealing the main stages of growth
in CF yield. The curves were normalized for easier
comparison to the value of the maximum variable CF
(Fy). The main difference of the curves obtained on
individual cells as compared to those in cell suspen-
sions was a faster initial increase in CF yield (OJ
phase). This was achieved due to the absence of a lag
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Table 1. List of fluorescence parameters and equations used in the JIP test and explanations for them [16]

Fluorescence parameters measured

Fo

Fj

Fy

Fp (=Fy)
Fy=Fu—Fo

Vy = (F;—Fo)/Fy

Vi = (F, - F;/Fy

TR, /ABS = Fy/Fy = (Fy — Fo)/Fy
1-Vj =1 — ((F; — Fy/Fy)

ETo/ABS = (Fy/Fy) * (1-Vj)

CF intensity at 50 us
CF intensity at 2 ms
CF intensity at 20 ms
CF output
JIP test parameters
Maximum variable CF
Relative amplitude of O—J phase
Relative amplitude of J—I phase
Maximum quantum yield of photochemical energy conversion in PSII
Efficiency of electron transfer from PSII to PQ pool

Maximum quantum yield of electron transport in PSII

phase preceding the rapid increase in CF. Moreover, The data calculated using the OJIP curves shown in
the inflection point I and, accordingly, the IP phase Fig. I were used to obtain the values of Fy/Fy;, (1-Vj),
did not visually appear on the OJIP curves of individ- and ETo/ABS (Table 2). The results obtained on indi-
ual diatom cells. It should be noted that the IP phase vidual cells of four microalgae cultures were character-
was also suppressed in the OJIP curves of individual ized by underestimated F,/F,, values (by 10—15%)

green algae cells.
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Fig. 1. OJIP curves measured in cell suspensions (red) and individual cells (black) of green microalgae (a) S. quadricauda and (b)
C. reinhardtii; and diatoms (c) G. parvulum and (d) Sellaphora sp. The curves are normalized to the maximum value of the CF

variable (OJIP amplitude).
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Table 2. JIP test parameters calculated based on fluorescence data obtained from OJIP curves (see Fig. 1)
Individual cells Cell suspensions
Culture Fv/ FM l—Vj ETo / ABS Fv/ FM l—Vj ETO/ ABS
S. quadricauda 0.66 = 0.08 0.37 £ 0.10 0.25 £ 0.08 0.73 £ 0.05 0.37 £ 0.02 0.29 £ 0.02
C. reinhardtii 0.65 + 0.06 0.43+0.05 0.28 £ 0.05 0.77 £ 0.01 0.43 £ 0.01 0.33 £ 0.01
C. reinhardtii (-S)* 0.51 £0.05 0.37 £ 0.04 0.19 £ 0.09 0.64 +0.02 0.36 £ 0.01 0.23+£0.01
G. parvulum 0.65 %+ 0.09 0.43 £0.06 0.27 £ 0.04 0.76 £0.01 0.34 £ 0.01 0.26 £ 0.01
Sellaphora sp. 0.67 £ 0.07 0.44 £0.06 0.29 £ 0.04 0.76 £ 0.01 0.37 £0.03 0.27 £0.03

(-S) C. reinhardtii culture was incubated for 24 h on sulfur-free medium.

same time, the value of the 1—Vj parameter was
approximately 20% higher in individual diatom cells
compared to suspensions. The ETo/ABS in individual
cells of green microalgae was 0.25 (S. quadricauda)
and 0.29 (C. reinhardtii) and was 0.29 (5. quadricauda)
and 0.33 (C. reinhardtii) in suspensions. In individual
cells of diatoms, ETo/ABS was 0.27 (G. parvulum) and
0.29 (Sellaphora sp.). Similar values were obtained for sus-
pensions: 0.26 (G. parvulum) and 0.27 (Sellaphora sp.).

The effect of 24-h incubation of the C. reinhardtii
culture on sulfur-free medium on CF parameters was
also estimated (Table 2). Stress exposure induced a
decrease in the CF parameters Fy, /Fy; and 1-Vj by 17
and 16%, respectively, when measured in suspensions,
and by 22 and 15%, respectively, when measured on
individual cells. The quantum yield of electron trans-
port in PSII (ETo/ABS) was reduced by 32 and 30%
when measured in cell suspensions and on individual
cells, respectively.

Registration of OJIP curves in a representative
sample of individual cells (at least 100 cells per each
culture) made it possible to obtain the distribution of
Fy/Fy\ and 1—Vj values in the populations of the con-
trol and sulfur-starved C. reinhardtii cultures (Fig. 2).
In the control, approximately 70% of the cells were
characterized by high F/F), ranging from 0.6 to 0.7,
the remaining cells had values in the range of 0.5—0.6.
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The distribution of 1—Vj in the control culture was
similar: most of the cells (approximately 75%) were
characterized by high values (0.4—0.5), while the
remaining cells showed 0.3—0.4. Sulfur deficiency in
the medium induced the appearance of additional cell
fractions with low values of these parameters. Thus,
the size of the cell fraction with high Fy/Fy values
(0.6—0.7) decreased from 70% in the control to 20% in
sulfur-depleted cells, and the one with F,,/F,, values of
0.5—0.6 increased from 30 to 36%. The sizes of new
cell fractions with low Fy,/F,, values were 34% (range
of 0.4—0.5) and 10% (0.3—0.4). The effect of sulfur
deficiency on the distribution of the 1—Vj parameter
was less pronounced compared to its effect on Fy/Fy,.
Thus, approximately 60% of starving cells maintained
1—Vj values > 0.4, 33% of cells had values from 0.3 to
0.4, and 10% of cells showed 0.2—0.3.

DISCUSSION

To date, there is no description in the literature of
OJIP curves obtained from individual algal cells. Our
comparison of OJIP curves in individual cells and in
cell suspensions of green and diatom microalgae
revealed a number of features in the shape of the
curves in individual cells, which were determined pri-
marily by differences in the intensity of the exciting
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Fig. 2. Distribution of CF parameters Fy/F) (black) and 1—V;j (red) in the control culture of (a) C. reinhardtii and after 24 h of
incubation (b) without sulfur. Parameters are calculated based on fluorescence data obtained from OJIP curves recorded on indi-
vidual cells using a microfluorimeter. The sample for each culture was at least 100 cells.
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light in the two fluorimeters used. Thus, measure-
ments in suspensions were carried out at the maximum
possible light intensity for the PSFKS device (PPFD
7500 umol photons m~2s~!), while PPFD was twice as
high (15000 umol photons m—2s~') in the microfluo-
rimeter. Such high light intensity is necessary to
increase the overall CF vyield and to consequently
reduce the noise resulting from the low signal from an
individual cell.

The high intensity of the exciting light in the
microfluorometer was the most likely reason for the
underestimation of the yield of the CF variable when
measuring on individual cells and for the underestima-
tion of the Fy/Fy; by 10—15% compared to the results
of measurements in cell suspensions (Table 2). This
effect may be due to the rapid development of non-
photochemical quenching as a result of high energiza-
tion of thylakoid membranes, leading to a decrease in
CF vyield, especially during the last IP phase. Indeed,
the IP phase was suppressed in the OJIP curves of
individual cells of green microalgae, and it did not
appear at all in diatom microalgae (Fig. 1). The possi-
bility that nonphotochemical quenching may be the
cause of IP phase suppression is supported by the fact
that some diatom microalgae with strong nonphoto-
chemical quenching have virtually no IP phase when
measured in cell suspensions. However, it appears
after treatment of the culture with the ionophore vali-
nomycin [19].

It is known that the rate of CF growth during the
OJ phase depends on the intensity of the exciting light
[9]. When recording OJIP curves on individual cells, a
rapid increase in CF began only 7—8 s after the start
of illumination, and the OJ phase had an exponential
shape, while a rapid increase in CF was observed 40—
50 ps after the start of illumination when measured in
suspensions. In this case, the OJ phase was character-
ized by a sigmoid shape (Fig. 1). This observation con-
firms the assumption of a significant influence of the
excitation light intensity on the shape of OJIP curves
in individual cells.

In hydrobiological and environmental studies, flu-
orescence methods are usually used to determine the
basic characteristic of photosynthesis, i.e., the maxi-
mum quantum yield of photochemical energy conver-
sion to PSII (Fy/Fy) [4, 5, 20, 21]. This characteristic
reflects the very first stage of conversion of the exciton
energy in the PSII antenna into the energy of sepa-

rated charges P6+80 Q.- The next most important step in
photosynthesis is the transfer of an electron from PSII
to the PQ pool. This process depends on the func-
tional state of the oxygen-evolving complex and the
acceptor side of PSII, which is influenced by stress
factors [22, 23]. It should be noted that inhibition of
the acceptor side of PSII (for example, by diuron)
leads to a complete blocking of photosynthetic elec-
tron transport and photosynthesis in general, while the
Fy/Fy\ remains practically unchanged. In this regard,
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situations are possible wherein the observed values of
Fy/Fy in phytoplankton do not reveal inhibition of
photosynthesis: in particular, when natural water bod-
ies are polluted with herbicides.

Previously, Strasser proposed a method for analyz-
ing OJIP curves (JIP test) based on a model assuming
that the shape of the curve reflects the three-stage pro-
cess of reducing Q4 in PSII [16]. Currently, the pro-
posed model is very popular, although it is subject to
fair criticism since it does not take into account the
influence of the electrochemical potential on the
thylakoid membrane and conformational changes in
PSII on the CF yield [11, 12]. Nevertheless, the key
parameters of the JIP test are empirically confirmed.
One of these parameters is 1—Vj, which reflects the
efficiency of electron transfer from Q, to the PQ pool.
This parameter is characterized by high sensitivity to
influences affecting electron transport on the donor
and acceptor sides of PSII [16]. Parameters 1—Vj and
Fy/Fy allow us to determine the quantum yield of
electron transport in PSII (ETo/ABS), which charac-
terizes the conversion of an exciton in the PSII
antenna into an electron transferred to the PQ pool.
ETo/ABS values ranged from 0.25 to 0.29 when mea-
sured in individual cells and from 0.26 to 0.33 when
measured in suspensions (Table 2), indicating some
differences in the efficiency of primary photosynthetic
reactions among different microalgae cultures and a
slight underestimation of this parameter when mea-
sured on individual cells.

The mechanisms of adaptation of microalgae to
stress include multiple processes of reorganization of
metabolic processes, cell ultrastructure, and popula-
tion structure [24, 25]. Usually, to study adaptation
processes, physiological and other cell characteristics
averaged over a culture are assessed, without taking
into account their variations in the population. How-
ever, the heterogeneity of the population in terms of
physiological characteristics can ensure its recovery after
a decrease in stress pressure. Analysis of OJIP curves of
individual microalgae cells can be used to study the dis-
tribution of key indicators of photosynthetic activity in a
microalgae population under stress conditions [ 15].

Nutrient deficiency deficiency is the most pressing
stress for natural phytoplankton. The effect of sulfur
deficiency on the functional state of the photosyn-
thetic apparatus and OJIP curves has been well studied
in connection with the ability of some microalgae to
produce hydrogen [26, 27]. This stress induces multi-
ple changes in the photosynthetic apparatus: in partic-
ular, a decrease in the number of photochemically
active PSII centers, disruption of linear electron trans-
port in the chloroplast, and rapid inactivation of the
Calvin cycle. In this work, we studied the effect of sul-
fur deficiency on the distribution of Fy/F,; and 1-Vj
in the C. reinhardtii culture. Stressful conditions led to
an increase in population heterogeneity in these
parameters, reflecting the division of the population
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into fractions of tolerant and stress-sensitive cells. The
parameters Fy/F,; and 1—Vj were characterized by a
similar distribution in the control, but differences
appeared under conditions of sulfur deficiency (Fig. 2).
Thus, the parameter 1—Vj was characterized by higher
stability under stress conditions compared to Fy/Fy
since a significant proportion remained in the popula-
tion cells with high values of 1—Vj similar to control.
This result indicates that the decrease in the activity of
primary photosynthetic reactions under conditions of
sulfur deficiency occurred mainly as a result of a
decrease in the content of photochemically active
PSII centers in the cell, while the decrease in the effi-
ciency of electron transport on the acceptor side of
photochemically active PSII centers was insignificant.

CONCLUSIONS

Measuring the OJIP curves of individual phyto-
plankton cells opens up the prospect of studying the
mechanisms of reorganization of the community
structure of phototrophic cells to ensure survival under
stress conditions. To analyze OJIP curves recorded on
individual cells, we propose to use empirically verified
CF parameters (Fy/Fy and 1-Vj), which allow us to
estimate the quantum yield of electron transport in
PSII. Further improvement of the technical qualities
of the microfluorimeter presented in the work, pri-
marily by increasing the sensitivity of the CF detector
and reducing the intensity of the exciting light, will
make it possible to more accurately assess the activity
of the primary reactions of photosynthesis.
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