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Using a measurement system based on fluorescence induced by variable pulse light, photosynthesis parameters of
chlorella pyrenoidosa are obtained, employing single-turnover and multiple-turnover protocols under dark-
adapted and light-adapted conditions. Under the light-adapted condition, ¢’g;; is larger, and F',/F"

and F',/F!, (M) ATe smaller than those of the dark-adapted condition, but the corresponding parameters possess
good linear correlations. F', ), I, J(MT)? F,/F poiry, and F,/F lm(MT)’ which are measured using the multiple-
turnover protocol, are larger than those of the single-turnover protocol. The linear correlation coefficient
between F sy and Foogry is 0.984, and F,/Fnr) = L18F,/F ). The linear correlation coefficient
between F,’m(ST) and Ffm()y[T) is 0.995, and F(,,/F’,,”(I\,IT) = 1.36F’,,,/F’m(ST),
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Phytoplankton chlorophyll fluorescence is closely related to
the photosynthetic process=. When excited, the photosys-
tem II (PSII) reaction center pigment P680 is oxidized and
releases an electron. The electron then reduces the primary
electron acceptor @4 to @7, leading to the closure of the
PSIT reaction center and, consequently, an increase in
the fluorescence yield. After @), transfers an electron to
plastoquinone (PQ) and reoxidizes to @4, the reaction
center reopens, and the fluorescence yield declines. Thus,
the fluorescence yield reflects the electron transport state,
which is the essence of photosynthesis, and photosynthetic
parameters can be obtained by analyzing the chlorophyll
fluorescence yield*¥. Based on this, different photosyn-
thesis measurement techniques have been developed.
Strasser put forward JIP-test technique, in which the PSII
photochemical reaction is reflected by fluorescence induced
by continuous excitation light. While this technique is sus-
ceptible to ambient light, Schreiber proposed the pulse
amplitude modulation (PAM) technique based on the
multiple-turnover measuring protocol. In this technique,
saturation pulse light is employed to reduce all of the
PQ, and modulated measurement light is used to record
the induced fluorescence, from which the photosynthetic
parameters can be obtained. This technique is unable to
get the PSII functional absorption cross section opgr; for
the low frequency of its modulated measurement light.
Kolber? presented fast repetition rate (FRR) technology
based on the single-turnover measuring protocol. This tech-
nique reduces all the @4 in their single-turnover period
using a single pulse light, and the fluorescence yield curve
is analyzed to obtain opg;; and other photosynthetic
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parameters. Shi et al. 'Y established a phytoplankton photo-
synthetic parameter measurement system based on fluores-
cence induced by variable light pulse, which incorporates
single-turnover, relaxation, and multiple-turnover measur-
ing protocols. This system takes @), and PQ as nodes to
measure the photosynthetic process in sections, and more
photosynthetic detail parameters can be obtained. Qin
et al'Y further studied the photosynthetic parameter inver-
sion method of fast phase and relaxation fluorescence
kinetics.

The essential difference between single-turnover and
multiple-turnover measuring protocols is that the sites regu-
lated by the excitation light are different. Comparisons of
the photosynthetic parameters obtained, respectively by
single-turnover and multiple-turnover measuring protocols
have been reported. But, these studies were carried out
using two different instruments, respectively, based on the
single-turnover protocol (FRR technique) and the multiple-
turnover measuring protocol (PAM  technique)Z2
or intrusively executed with the aid of electron transfer
inhibitor  diuron(3-[3,4-dichlorophenyl]-1,1-dimethylurea:
DCMU)Y, In this Letter, we non-intrusively measured
the phytoplankton photosynthetic parameters under dark-
adapted and light-adapted conditions using the same
measurement system that incorporates single-turnover,
relaxation, and multiple-turnover measuring protocols,
and the measured parameters were compared and analyzed.
The instrument that is used is established based on fluores-
cence induced by variable pulse light.

Hereafter, subscripts ST and MT are used to represent
the parameters measured, respectively, by single-turnover
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and multiple-turnover measuring protocols. The param-
eters measured under the light-adapted condition was
marked by “’” to distinguish from those of the dark-
adapted condition.

For the single-turnover measuring protocol, all of the
@, are reduced in their single-turnover period, and all
the reaction centers are closed, leading the fluorescence
yield increases to a maximum F,,gr), and the discrete
fluorescence yield curve f,, that is sampled with a sampling
period of At can be fitted by Eqgs. (1)—(3) to invert opg;s,
Fs1), the minimal fluorescence yield F,, and the maxi-
mum PSIT photochemistry quantum yield F,/F,sr) .,

1—p
=F F,—F,)C,——— 1
fTL 0+( m 0) Tbl_C7Lp7 ()
1- 0, A,
Ch=0Chady+ Inﬁpsnm, (2)
Ay =A, a0+ Coa/opsir (3)

Following the single-turnover measuring protocol, the
relaxation measuring protocol is used to record the relax-
ation fluorescence that is caused by electron transport
from @7 to PQ. The average reoxidation time constant
74 can be obtained by fitting the relaxation fluorescence
using Eq. (4)%1:

fn = Fo + (Fm(ST) - Fo) exp(it/TQA)' (4>

The multiple-turnover measuring protocol reduces all
the PQ, and the maximum fluorescence yield F,
can be obtained by fitting the induced fluorescence yield
curve using Eqgs. (1), (2), and (5), as well as opg;y, F,, and
74, which are obtained in the single-turnover and relax-
ation measuring protocols. Consequently, the maximum
PSIT photochemistry quantum yield F,/F,nr) can be
calculated LZ:

An = (Anfl + Cnfl/GPSI]) exp(_At/TQA)‘ (5)

The principle applies to both the dark-adapted and
light-adapted conditions.

The measurement system was described in detail in
Ref. [18]. The high brightness blue LED array controlled
by a microcontroller unit (MCU) is employed as an ex-
citation light22Y. The single-turnover measuring proto-
col uses a 100 ps single light pulse with an intensity
of 30,000 pmol quanta/m?/s. The multiple-turnover meas-
uring protocol employs a series of light pulses with 5 ps
duration at 100 ps intervals, possessing an average intensity
of 2000 pmol quanta/m?/s, and the excitation stays at
200 ms. The relaxation measuring protocol is composed of
a series of light pulses with 0.3 ps duration at 60 ps intervals,
and the excitation keeps 500 ms with an average intensity of
3 pmol quanta/m?/s. The ambient light intensity for the
light-adapted condition is 35 pmol quanta/m?/s.

The measurement system was employed to measure the
photosynthetic parameters of chlorella pyrenoidosa that

were cultured in mediums with different nutrient con-
centrations. The nutrient concentration of the original
medium was marked as one, while the nutrient concentra-
tions of the 1000, 200, 100, 20, and 10 times diluted
medium were marked as 0.001, 0.005, 0.01, 0.05, and
0.1, respectively. After 21 days in the culture, the photo-
synthetic parameters of the dark-adapted and light-
adapted conditions were measured.

Under the light-adapted condition, the PSII functional
absorption cross section (6p¢;,) was larger than that of the
dark-adapted condition (6pgr7) [Fig. 1(a)], and the PSII
photochemistry quantum yield (F’, /F"L(ST)) was smaller
than that of the dark-adapted condition (F,/F,s))
[Fig. 1(b)]. The linear correlation coefficient of o/4,,
and opgr; was 0.999, and that of F’/F sT) and
F,/Fyst) was 0.992, indicating good linear correlatlon

The increase of the PSH functional absorption cross sec-
tion under the light-adapted condition is caused by the
energy transfer between PSII reaction centers, which is
described by p(0 < p < 1). Under the light-adapted con-
dition with stable ambient light, the light energy capture
and @ reoxidation reaches a balance, and the ratio of the
open and closed reaction centers reaches a stable state.
Under ambient light intensity 4,, the proportion of open
reaction centers ¢(7,) (0 < ¢(4,) < 1) can be described by

Eq. (6):

. Glpsn(io)ia
q<7/0) = B 5 (6)
pgr1(i0)io + —TQ;(Z;)
/ . OpSII
= — 7
s () 1—p+pq(i,)’ @)

where opg;,(i,) and 7 (i,) are, respectively, the PSII
functional absorption cross section and ()7 reoxidation
time constant under ambient light 7,. Equation (7) indi-
cates that o', is larger than o pg;; due to the presence of
energy transfer between PSII reaction centers p.

The decrease of F' Q,/F’m sT) is mainly affected by the
mlmmal fluorescence yleld and maximal fluorescence
yield2). The minimal fluorescence yield F, is larger than
F, [Fig. 1(c)], because the ambient light closes part of the
PSII reaction centers. Whereas, the maximal fluorescence
yield F (s7) is smaller than F,,qr) [Fig. 1(d)] because of
the increase of non-photochemical quenching. Finally, the
increase of F, and decrease of F” a(sT) Cause the decrease
of I /Fm(ST)

Under the light-adapted condition, the PSII photochem-
istry quantum yield (F7,/ F”L(MT)) was smaller than that of
the dark-adapted condition (F',/F ) [Fig. 2(a)], and
the two parameters possessed a good linear correlation
with a linear correlation coefficient of 0.996.

The maximal fluorescence yield F” AT is smaller than
F oty [Fig. 2(b)], because the non-photochemical proc-
esses are activated under the light-adapted condition?.
Meanwhile, the minimal fluorescence yield F’, is larger
than F,, as analyzed before, thus, the PSII photochemis-
try quantum yield F,/F" A(MT) is smaller than F',/ F .-
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Fig. 1. (a) PSII functional absorption cross section, (b) PSII
photochemistry quantum yield, (¢) minimal fluorescence yield,
and (d) maximal fluorescence yield measured by the single-
turnover protocol, respectively, under dark-adapted and light-
adapted conditions.
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Fig. 2. (a) PSII photochemistry quantum yield and (b) maximal
fluorescence yield measured by the multiple-turnover protocol,
respectively, under dark-adapted and light-adapted conditions.

The maximal fluorescence yield and PSII photochemis-
try quantum yield measured by the multiple-turnover
protocol were larger than those of the single-turnover
protocol, as shown in Figs. 3 (F,sr) < Fmr) and
F/m(ST) < Flm(MT)) and 4 (FU/Fm(ST) < F'U/Fm(MT) and

Fo/Fsty < Ful Flym)-

The increase of the maximal fluorescence yield in the
multiple-turnover protocol is due to the prolonged elec-
tron occupation of site Qg in Q4. During the photosyn-
thetic process, the fluorescence yield is also affected by
the electron occupation of the site Qp in @4, which is
mainly dependent on the PQ pool size and the balance be-
tween the PQ reduction rate and reoxidation rate. In the
multiple-turnover protocol, as the PQ pool becomes pro-
gressively reduced, the electron occupation of the site Qp
in ()4 is prolonged, thus leading to a larger maximal fluo-
rescence yield™Z. Meanwhile, because the minimal fluores-
cence yield used in the multiple-turnover protocol is the
same as that of the single-turnover protocol, the calcu-
lated PSII photochemistry quantum yield is larger than
that of the single-turnover protocol.

Under the dark-adapted condition, the linear correla-
tion coefficients for Fgr) and F,nm), as well as
F,/F sty and F,/F, ), were, respectively, 0.984
and 0.998, indicating good linear correlation. The linear
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Fig. 3. Maximum fluorescence yield measured by single-turnover
and multiple-turnover protocols under (a) the dark-adapted con-
dition and (b) the light-adapted condition.

relationship between F',/F,,st) and F,/F ) was de-
Fv/Fm(MT) = 1'18Fv/Fm(ST)7
basically consistent with the results reported by
Rottgers™® (F,/F,nt) = 1.21F,/F sr)). Under the
light-adapted condition, the linear correlation coeffi-
cients for Fm(ST and F’ (M) 85 well as I /Fm sT) and
F /Fm M) Were, respectively, 0.995 and 0.991, and
F,/F (M) = =1.36F,/F' (ST)" While Rottgers reported

that there was a non-linear relationship between
F/v/F/m(ST) and F;/F’m(MT), the reason for the inconsis-

scribed as which was

tency remains to be revealed. The wavelength and
intensity of the ambient light, the excitation light
source, the phytoplankton species, and other elements
should be considered.

In conclusion, based on the variable optical pulse
induced fluorescence technique, the photosynthetic
parameters of chlorella pyrenoidosa are measured by
single-turnover and multiple-turnover protocols under
dark-adapted and light-adapted conditions, and the ob-
tained parameters are analyzed and discussed. Compared
with the parameters measured under the dark-adaptation
condition, the PSII functional absorption cross section
measured under the light-adapted condition is larger be-
cause of the energy transfer between PSII reaction centers,
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Fig. 4. PSII photochemistry quantum yield measured by single-
turnover and multiple-turnover protocols under (a) the dark-
adapted condition and (b) the light-adapted condition.

and the PSII photochemistry quantum yield is smaller be-
cause the ambient light closes part of reaction centers, and
the non-photochemical quenching increases. Compared
with the parameters measured in the single-turnover
protocol, the maximum fluorescence yield measured in
the multiple-turnover protocol is larger because of the pro-
longed electron occupation of the site @Qp in @4, conse-
quently leading to a larger PSII photochemistry
quantum yield, which is calculated using the multiple-
turnover measured maximum fluorescence yield and the
minimal fluorescence yield measured in the single-
turnover protocol. The results and discussion in this
Letter provide an important reference for the analysis and
application of the photosynthetic parameters measured by
single-turnover and multiple-turnover protocols.
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