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Abstract—Light green pigment mutants with a reduced chlorophyll 4 content were constructed in the
microalga Chlamydomonas reinhardtii Dangeard. A simultaneous recording of the induction curves for
prompt and delayed fluorescence and the redox state of P700 in the microsecond range with a M-PEA-2 flu-

orometer revealed decreases in the quantum yield of electron transport in PS2 ((p Do) and the performance

index (Plpg) and increases in the quantum efficiency of energy dissipation ((p Dn) and ApH-dependent non-
photochemical quenching (gg and NPQ). The light-dependence curves of the fluorescence parameters con-
firmed a decrease in the coefficient of maximum utilization of light energy (o) for the mutants. However, the
mutants showed an adequate rate of electron transport at a medium light intensity under steady-state condi-
tions. The mutations did not directly affect the oxidation reactions of the PS1 pigment (P700) and the
decrease in delayed fluorescence. Experience in using the mutants to test polluted waters of Kazakhstan con-
firmed that the mutants are promising for use in biomonitoring for mutagens.
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INTRODUCTION

Microalgae are among the main organisms for bio-
monitoring to evaluate the toxicity of water environ-
ments [1]. Fluorescence methods have been recently
employed in biotesting to monitor the state of algae |2,
3]. Fluorescence methods can be used to examine nat-
ural algal populations in biomonitoring [1]. A fluores-
cence method to measure the abundance and to detect
changes in phytoplankton in natural waters has been
developed at the Department of Biophysics at Mos-
cow State University and has been approved for use in
state ecological monitoring within the section “Quan-
titative Chemical Analysis of Waters” [4].

Fluorescence methods to estimate the activity of
the photosynthetic system can provide detailed infor-
mation on early alterations in cell metabolism mostly
at the membrane level [5, 6]. The methods can yield

Abbreviations: PS1, photosystem I; PS2, photosystem 2; DF,
delayed fluorescence; ETR, relative noncyclic electron trans-
port rate.

real-time data on the state of microalgae. Chlorophyll
contained in algal membranes serves as a natural indi-
cator of cell photosynthetic activity owing to its fluo-
rescence.

The unicellular green alga Chlamydomonas rein-
hardtii Dangeard is used as a model organism in genet-
ics and is convenient for detecting the effects of vari-
ous pollutants, including mutagens, on algal popula-
tions [1]. With Chl. reinhardtii, polluted waters can be
tested not only for toxicity, but also for mutagenic
activity.

In this work, mutant Chl. reinhardtii strains were
obtained by induced mutagenesis and tested for pho-
tosystem 1 (PS1) and 2 (PS2) activities via spectral
methods and a M-PEA-2 fluorometer (Hansa-Tech,
United Kingdom). Pigment mutants were found to be
promising for use in biotesting water ecosystems for
mutagens by detecting green revertants.
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MATERIALS AND METHODS

To obtain mutants, Chl. reinhardtii cells were
exposed to UV light with a wavelength of 254 nm
(40 erg/mm?). After exposure, the suspension was
transferred into Petri dishes with the L2-min medium.
The cultures were incubated in the light (120 LWE/m?s)
and examined 10—14 days after seeding. A total of
12 mutant subclones were chosen for further experi-
ments by colony shape and size and subjected to up to
ten consecutive cycles of further selection. Three out
of the 12 subclones were chosen in multiple selection
rounds as they preserved the features acquired as a
result of induced mutagenesis. To test the subclones,
genetic experiments were carried out using macrocol-
ony and microcolony methods [7].

The fluorescence parameters of algal cells were
measured with a Water-PAM pulse fluorometer
(Walz, Effelrich, Germany). Dark-adapted samples
were used to measure constant (F) and maximum
(Fyy) fluorescence and the maximum variable fluores-
cence yield Fy/Fy = Fyy — Fo/Fy, which is a measure
of the potential quantum efficiency of PS2. The light
dependences of various fluorescence parameters were
measured in the light, consecutively increasing the
light intensity from 0 to 800 wWE/m? s [8]. The duration
of light exposure was 50 s. At the end of each light
exposure at a certain light intensity, a saturating light

flash (0.8 s, 3000 LE/m? s) was used to record F,, and
the fluorescence yield in the light F(¢). The parameters
were used to calculate the nonphotochemical fluores-

cence quenching NPQ = (Fy; — Fy;)/ F,, , the quantum
yield of chemical transformation of absorbed light

energy in PS2 as the ratio Y= (F,, — F))/F},, and the
relative rate of noncyclic electron transport (E7TR) at a
given light intensity. The electron-transport rate was
calculated as ETR= YE.5, where E; is the light inten-
sity. The resulting ETR light dependence curves were
used to estimate the following parameters of photo-
synthesis: the coefficient of maximum utilization of
light energy (slope, o) and the maximum relative elec-
tron-transport rate in the electron-transport chain
(ETR,,,,). The coefficient o. was obtained as the coef-
ficient of linear regression based on points falling in
the light-limited region of the P/E curve. The designa-
tions and definitions of the photosynthesis parameters
follow the conventional nomenclature [8].

Induction curves for prompt and delayed fluores-
cence and the redox state of P700 were recorded
simultaneously using a Multifunction Plant Efficiency
Analyzer (M-PEA-2, Hansatech Instruments, United
Kingdom) [5, 6, 9]. Prompt and delayed fluorescence
measurements were performed with alternating peri-
ods of illumination with actinic red light (1300 uE/m?
s, a spectral maximum at 625 nm) and short dark peri-
ods sufficient for detecting delayed fluorescence
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(DF). The fluorescence-induction kinetics was mea-
sured with a time resolution of 0.01 ms. Changes in
absorption at 820 nm are thought to reflect the redox
state of P700, a PS1 reaction center [6, 10]. The inten-
sity of modulating light with a peak at 820 X 25 nm was
chosen to be 1000 WE/m? s. Modulated reflection
(MR) data were normalized to MR at # = 0.7 ms
(MR) [6]. The total duration of one measurement was
60 s. The DF dynamics reflected changes in fluores-
cence intensity on a scale of 0.1—0.9 ms in intervals
between actinic light pulses. The characteristics
and measurement protocol have been described for
the M-PEA-2 instrument in [9—11]. Prior to measure-
ments, algal samples were concentrated on a mem-
brane filter and exposed in the dark for 10 min while
keeping them wet.

The so-called JIP test was used to quantitatively
analyze the characteristics of primary photosynthetic
processes on the basis of the fluorescence induction
curves [6, 9, 12]. The following parameters of a fluo-
rescence induction kinetic curve are used in the JIP
test: intensities at 20 ms (Fy), 2 ms (F}), 30 ms (F),
and 6 s (Fy); Fp (Fy, maximum fluorescence inten-
sity); and Area (the area above the OJIP kinetic curve
and below the Fy; level).

These measurable values were used to calculate the
following parameters:

F, = Fyy — Fy is the maximum variable fluores-
cence;

Fy/Fy is the maximum quantum yield of the pri-
mary photochemical reaction in open reaction centers
of PS2, Fy,/Fy = Py = TRy/ABS;

@ E, is the quantum yield of electron transport (at
t=0): 0Ey = ETy/ABS = (TRy/ABS)(ET,/TRy) =
[1 — (Fo/FwI(1 = V), where V; = (F; — Fo)/ Fy;

¢©D, is the quantum yield of energy dissipation:
9D =1 —@Po = (Fo/Fy);

ABS/RC is the energy flux absorbed per one active
reaction center and characterizes the relative antenna
size:. ABS/RC = (TRo/RC)/(TRy/ABS) =
Mo/Vi(1/@p,) = (Mo/V)/[(Fy — Fo)/ Fwl;

Pl s is the performance index, that is, PS2 func-
tional activity related to the energy absorbed: Pl g5 =
[1 — (Fo/ Fw 1/ (Mo/ VDI (Fy — Fo)/Foll(1 — Vi) /Vil;

qg is the potential for pH-induced nonphotochem-
ical fluorescence quenching: gg = (Fyy — Fgo)/Fy;

Sy is the normalized area over the OJIP curve and
reflects the total pool of electron transporters from
time 7= 0 to time 7 (the time to maximum fluores-
cence): Sy = Area/ F.,.

Light absorption spectra were recorded using a
HITACHI double-beam spectrophotometer (Hitachi,
Japan). Fluorescence excitation spectra were recorded

using a Fluorolog-3 spectrofluorometer (Horiba Jobin
Yvon S.A.S., France) with time-correlated single pho-
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ton counting (TCSPC). Fluorescence was excited
using a pulse light-emission diode (LED) with a range
of 390—700 nm and measured at 685 nm.

All measurements were repeated at least five times;
mean values are reported.

RESULTS

The clones obtained in autotrophic conditions
were light green pigment mutants, which were desig-
nated CC-124y-1, CC-124y-2, and CC-124p-2. The
strains were similar in cultural and morphological
characteristics, were 2.0—3.5 mm in size, and pro-
duced light green colonies on a solid medium. The
cells had two flagella of the same length at the anterior
end. Chlorophyll was totally contained in a chromato-
phore. Cultures grew well in liquid and agar L-min
media in photoautotrophic conditions at an air tem-
perature of 22—30°C.

Figure 1 shows the absorption spectra of the wild-
type Chl. reinhardtii strain and the CC-124y-2 and
CC-124p-2 mutants. The CC-124y-2 strain has been
described previously [13]. The spectra were normal-
ized to the maximum absorption by chlorophyll a at
675 nm. A substantial decrease in absorption in the
region of 650 nm was observed for the CC-124y-2 and
CC-124p-2 mutants compared with the wild-type
strain, indicating that their chlorophyll 4 contents
were several times lower than the chlorophyll a con-
tent. This finding is supported by fluorescence exci-
tation spectra (Fig. 1b).

A decrease in absorption in the carotenoid region
(450—500 nm) was additionally observed in the
absorption spectra of the CC-124y-2 and CC-124p-2
mutants (Fig. 1a). Similar changes were even greater in
the fluorescence excitation spectra (Fig. 1b). The
finding indicates that the carotenoid content was sub-
stantially reduced in the CC-124y-2 and CC-124p-2
mutants.

As is well known, carotenoids do not fluoresce in
algae, but efficiently transfer their excitation energy to
chlorophyll a, which is a major source of fluorescence.
A greater decrease at 450—500 nm in the fluorescence
excitation spectra compared with the absorption spec-
tra points to a poorer association of carotenoids with
fluorescing chlorophyll a in the CC-124y-2 and CC-
124p-2 mutants.

The ratio between the fluorescence intensities
measured on exposure to photosynthesis-saturating
light (Fy) and in conditions that do not change the
state of the photosynthesizing system (a low light
intensity, Fy) makes it possible to characterize the
maximum efficiency of PS2 processes as (Fy —
Fo)/Fy = Fy/Fy [8]. The F,/F)\ ratio is a dimension-
less characteristic of photosynthesis that is similar to
the coefficient of performance. The maximum quan-

tum yield of primary photochemistry F/Fy; (¢, ) was
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Fig. 1. (a) Absorption and (b) fluorescence excitation
spectra of (/) the wild-type Chl. reinhardtii strain (CC-
124) and the (2) CC-124p-2 and (3) CC-124y-2 mutants.
The spectra were normalized to the red chlorophyll @ max-
imum at 675 nm.

high (0.728) in the wild-type Chl. reinhardtii strin and
somewhat lower in the CC-124y-2 and CC-124p-2
mutants.

Fluorescence induction curves obtained with a
high time resolution (10 ms and higher) on excitation
with intense light have recently come into use to eval-
uate the function of the photosynthetic system in
higher plants and algal cultures [ 5, 6]. Recording high-
resolution fluorescence induction curves takes only a
few seconds and is done using instruments similar to
PAM or PEA. The M-PEA-2 instrument makes it
possible not only to record chlorophyll fluorescence,
but also to simultaneously measure the modulated
reflection at 820 nm, which characterizes the redox
state of the P700 pigment of the PS1 reaction center.
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Fig. 2. Induction curves of (a) prompt fluorescence and
(b) DF and (c) changes in reflection at 820 nm as mea-
sured for (1) the Chl. reinhardtii wild-type strain and the
(2) CC-124p-2 and (3) CC-124y-2 mutants. Prompt fluo-
rescence and DF curves were normalized to Fy and
D,, respectively. The actinic red light intensity was
1300 uE/m 2. The three signals were simultaneously
measured with a M-PEA-2 instrument.
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In other words, the instrument allows the monitoring
of particular reactions in PS2 and PS1 and a simulta-
neous recording of induction changes in DF [5, 6, 9].

To characterize the changes in the photosynthetic
system of the mutants in detail, we measured the
induction curves of prompt fluorescence and DF and
the redox state of P700. The prompt fluorescence
kinetic induction curves normalized to F are shown
in Fig. 2a. The kinetic curve obtained for wild-type
cells agreed with curves reported in the literature [9,
12]. Several phases, which are known as the O—J—I—
P transitions, are seen in the induction curve obtained
for prompt fluorescence on exposure to light [9]. The
initial level O corresponds to the chlorophyll fluores-
cence intensity when PS2 reaction centers are open
(Fp) and all Q4 acceptors are oxidized. Phase O—1J is
due to light-induced reduction of the Q, acceptor, and
the following phases mostly reflect a further accumu-

lation of reduced Q,, which accumulates because its
re-oxidation decreases as Jy acceptors and the qui-
none pool are reduced.

The fluorescence induction curves for the CC-
124y-2 and CC-124p-2 mutants differed from the
curve of the wild-type strain. Variable fluorescence Fy,
(Fy = Fyy — Fp) was lower in the mutants, mostly
because the maximum fluorescence Fy was
decreased. To quantitatively analyze the characteris-
tics of primary photosynthetic processes on the basis
of the O—J—I—P kinetic curve parameters, we used
the JIP test with the parameters described in the
Materials and Methods.

The ABS/RC parameter in the CC-124y-2 and CC-
124p-2 mutants was higher than in wild-type cells
because the mutants have a lower portion of active
reaction centers relative to the absorbed light. The
quantum yield of the electron transport in PS2 (¢, )
was decreased in the mutant strains. The parameter
Swm, Which reflects the relative size of the electron
acceptor pool in PS2, in the mutants was higher than
in the wild-type strain.

The index Pl g reflects the PS2 functional activity
related to the energy absorbed. The index for wild-
type cells was higher than in the mutant strains. Lower
Pl,gg values indicate that PS2 functional activity in
the mutants was decreased, mostly because the por-
tion of active reaction centers was lower and the
quenching of excited states in the antenna to produce

heat (¢, ) was higher. A decrease in the efficiency of
excitation energy transfer from the light-absorbing
complex to the reaction center should be accompanied
by an increase in dissipation of unused light energy. In
fact, the quantum efficiency of energy dissipation
(9p,) was high in the mutants. Its high values cor-
related with an increase in ApH-dependent nonphoto-
chemical quenching gg, which is obtained from the
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decrease in fluorescence after its maximum (¢ =
(Fm — Fe)/ 1.

Simultaneous measurements of the modulated
reflection at 820 nm showed that photoinduced oxida-
tion of P700 took place in dark-adapted cells. A maxi-
mum P700" accumulation was observed at ¢ = 30 ms
(MR, after which P700 was reduced (Fig. 2b). The
fluorescent signal reflecting Q, reduction and the
P700 reduction processes were leveled almost syn-
chronously. The parallel accumulation of the reduced
forms of P700 and Q, reflects reduction of transport-
ers throughout the electron transport chain region
between the photosystems; this reduction is due to
lack of electron efflux from the acceptor part of PS1 in
conditions where ferroredoxin—NADP reductase is
inactivated by cell incubation in the dark. Another
wave of P700 oxidation was observed upon a pro-
longed exposure to light (~1—10 s) and could be
explained by electron efflux from PS1, which arises
with activation of ferredoxin—NADP reductase and
enzymes of the Calvin cycle.

Asisseen from Fig. 2c, P700 preserved the capabil -
ity of oxidation on exposure to light in the CC-124y-2
and CC-124p-2 mutants. However, the P700 reduc-
tion rate of PS2 was decreased in the mutants. The
finding agrees with the results of analyzing the induc-
tion curves of prompt fluorescence.

Millisecond DF results from the secondary charge
recombination reaction and its intensity depends on
the electrochemical proton gradient across the thyla-
koid membrane because the gradient energy decreases
the activation energy of the reverse charge recombina-
tion reaction [5, 6]. Hence, DF recording is a method
to monitor the proton gradient across the cell mem-
brane. A maximum of the DF curve in the millisecond
range (/;) coincides with phase I-J of increasing fluo-
rescence on the induction curve of prompt fluores-
cence (Fig. 2a). Peaks I, and I, are due to an accumu-
lation of certain radiative redox states responsible for
reverse charge recombination and emission of DF
quanta (i.e., emitting states) and to an increase in DF,
which arises because an electrical potential (Ay) is
generated on the membrane. The third peak /5, which
is in the second range, is associated with the photoin-
duced generation of a transmembrane proton gradient
(ApH), which also decreases the activation energy of
radiative transitions (DF emission) in the reaction
center of PS2. These regularities have been considered
in many studies [5, 6].

In the CC-124y-2 and CC-124p-2 mutants, a lower
DF intensity on the induction curve was observed at
10—50 ms (DF peaks I, and I,) and 1 s (DF peak I5).
The decreases are probably related to a substantial
decrease in noncyclic transport and, consequently,
lower photosynthetic membrane energization.

Thus, a simultaneous recording of the prompt flu-
orescence and DF induction curves and the changes in
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Fig. 3. A diagram of the JIP-test parameters based on the
induction curve of prompt fluorescence. The parameters
were obtained for the wild-type CC-124 Chl. reinhardtii
strain (circles) and the CC-124p-2 (squares) and CC-
124y-2 (triangles) mutants and normalized to the wild-
type cell parameters; the values are shown in percent.

redox states of P700 with M-PEA-2 made it possible
to monitor particular reactions with an accumulation
of reduced inter-photosystem transporters, switching
on of PS1, and the kinetics of the electrochemical pro-
ton gradient across the thylakoid membrane in the
mutants.

Measuring the light-dependence curves for fluo-
rescence parameters finds increasing application in
ecological and physiological studies of photosynthesis
[5, 8]. The quantum yield Y of the photochemical con-
version of absorbed light energy in PS2 in the light is

defined as Y= (F;, — F))/F,,. With Y known, the rel-
ative noncyclic electron transport rate (ETR) can be
obtained as a multiple of the light intensity and Y (see
Materials and Methods). Light-dependence curves of
the relative ETR of the algal strains are shown in Fig.
4a. The relative ETRs of the mutants were lower than
the control at light intensities of up to 200 WE/m? s.
However, the ETRs of the mutants were somewhat
higher than the ETR of the wild-type strain in the
actinic light intensity range 400—800 WE/m? s. The
latter finding indicates that a sufficient electron trans-
port level was preserved in the mutants at a moderate
light intensity under steady-state conditions. A light
dependence curve can be used to estimate the coeffi-
cient of maximum utilization of light energy as the
slope o of the linear region of the curve. The coeffi-
cient oo of maximum utilization of light energy was
decreased in the mutants; the finding agreed with the
changes inferred for the electron transport system
from the fluorescence-induction curves.
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Genetic toxicity testing of wastewaters from Almaty car washes and the Pavlodar Oil Refinery using the wild-type and

CC-124y-2 mutant Chl. reinhardtii strains

Experiment (sample no.),
Control (number [number of colonies per 103 colonies
Test water Frequency .
of colonies)
1 2
Wastewaters from Pigment mutants in the wild-type strain 0 0 0
Almaty car washes
Revertants in the mutant strain 0 0 0
Wastewaters from the | Pigment mutants in the wild-type strain 0 9+1 26 £ 1
Pavlodar Oil Refinery
Revertants in the mutant strain 0 28t 1 63 %2

A decrease in the quantum yield Y of PS2 photo-
chemistry in algae at a higher light intensity is associ-
ated with an increase in the dissipation of excessive
light energy as heat, as the energy cannot be utilized in
light reactions. The process is reflected in nonphoto-
chemical quenching of fluorescence on exposure to

actinic light and is calculated as NPQ = (Fy/F,,) — 1
[8]. The nonphotochemical quenching NPQ
decreased in the mutants at lower actinic light intensi-
ties (below 200 LE/m? s) and increased in the range of
400—800 WE/m?ss. It is important to note that this cor-
related with an increase in the ApH-dependent non-
photochemical quenching g (Fig. 2).

An example of using the mutants to test waters for
genetic toxicity. Our color mutants can be employed in

(a)

ETR, rel. units
(9%} N (=)
S [V} (e}

—_
(9]

400 600 800
Light intensity, uE/m2 S

biomonitoring of natural and waste waters. As an
example, the strains were used to assess the genetic
toxicity of wastewaters from an Almaty car wash and
the Pavlodar Oil Refinery (table). Cells of the wild-
type and CC-124y-2 mutant Chl. reinhardtii strains
were incubated in test water samples and then exam-
ined for the frequency of direct mutants and rever-
tants, respectively. A revertant is a mutant that
expresses partly or completely restored traits of the
original wild-type strain (e.g., a green cell color) as a
result of a suppressor or compensatory reverse muta-
tion.

Estimations were performed by a macrocolony
method, which is common in microbiology. To esti-
mate the cell viability and the mutation frequency, a
certain number of cells were seeded in Petri dishes

(b)
0.25

0.20 | L

e
o

NPQ, rel. units
(e
=)

400 600 800
Light intensity, pE/ m?s

Fig. 4. Fluorescence parameters as functions of actinic light intensity in (/) the wild-type CC-124 Chl. reinhardtii strain and the
(2) CC-124p-2 and (3) CC-124y-2 mutants. (a) Relative electron transport rate (ETR) and (b) nonphotochemical quenching

(NPQ).
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with an agar medium at 200—500 cells per dish. The
dishes were incubated in a climate chamber for 7—
10 days. The surviving colonies were then counted
(CFU/mL) and the frequency of mutants was esti-
mated by colony color [14]. Pigment mutants of the
wild-type strain and revertants of the pigment mutant
were not observed in cultures exposed to wastewaters
of Almaty car washes (table). This result indicates that
the test samples had no mutagenic activity toward
Chl. reinhardtii.

When wastewaters from the Pavlodar Oil Refinery
were tested, direct mutants and revertants were
detected by colony color, suggesting mutagenic activ-
ity for test wastewaters. Thus, the study showed that
the light green mutants with a low chlorophyll b con-
tent are promising to employ in testing the ecological
status of natural and waste waters.

DISCUSSION

The system with microalgae to assess water quality
is promising and can be further improved by develop-
ing new mutant strains or extending the range of
mutants to include, for example, strains that lack chlo-
rophyll b, have no envelope, are sensitive to light, or
have defects in the cell-repair system [14—16].

Such promising mutants with a lower chlorophyll 5
content were obtained and characterized in this work.
Studies with the M-PEA-2 instrument revealed spe-
cific changes in PS2 reactions and P700 oxidation in
the mutant strains. A simultaneous recording of the
induction curves for prompt and delayed fluorescence
and the redox state of P700 in the microsecond range
with M-PEA-2 showed decreases in the quantum

yield of electron transport in PS2 (¢, ) and perfor-
mance index (Pl gg) and increases in the quantum

efficiency of energy dissipation (¢, ) and ApH-
dependent nonphotochemical quenching (g and
NPQ).

The light-dependence curves of the fluorescence
parameters confirmed the changes in the electron
transport chain for the mutants. The coefficient of
maximum utilization of light energy (o) was decreased
in the mutants. However, the mutants showed an ade-
quate rate of electron transport at a medium light
intensity under steady-state conditions. The muta-
tions did not directly affect the oxidation reactions of
the PS1 pigment (P700) and the decrease in delayed
fluorescence.

Our results indicate that changes in the induction
curves of prompt and delayed fluorescence are among
the primary parameters that can be rapidly recorded
for algal cells after mutagenesis. These parameters can
be efficiently used to diagnose the status of test organ-
isms. The results provide a better understanding of the
mechanisms that regulate the primary processes in
PS1 and PS2 and demonstrate that various fluores-

MATORIN et al.

cence parameters can be employed in biotesting water
in natural and artificial water bodies. Our pigment
mutants that lack chlorophyll 5 are promising for use
in testing the ecological status of polluted water eco-
systems. The pigment composition as a genetic crite-
rion provides a valuable advantage when the mutants
are employed in genetic environmental monitoring to
test environments for mutagenicity.

Experience in using the mutants to test polluted
waters of Kazakhstan confirmed that the mutants are
promising for use in biomonitoring for mutagens.
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