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The  difference  between  the  photosynthetic  properties  of  elite and  landrace  Chinese  rice  cultivars  was
studied,  using  chlorophyll  a fluorescence  induction  (mostly  a monitor  of  Photosystem  II  activity)  and
I820 transmission  signal  (mostly  a monitor  of  Photosystem  I activity)  to  identify  potential  photosynthetic
features  differentiating  these  two groups,  which  show  different  degrees  of  artificial  selection  and  grain
yields.  A  higher  fluorescence  (related  to  PSII)  IP  rise  phase  and  a lower  P700+ (related  to  PSI)  accumula-
tion  were  observed  in  the  elite cultivars  as compared  to the  landraces.  Using  these  data,  together  with
simulation  data  from  a kinetic  model  of  fluorescence  induction,  we  show  that  the  high IP rise  phase  and
the  low  P700+ accumulation  can  be a  result  of transient  block  on  electron  transfer  and  traffic  jam on the
electron  acceptor  side  of  PSI  under  a high  [NADPH]/[NADP+] ratio.  Considering  that  the ferredoxin  NADP+

reductase  (FNR)  transcript  levels  of  XS134  (a representative  elite  cultivars)  remains  unaffected  during  the

ryza sativa
20 nm transmission

first  few  minutes  of light/dark  transition  compared  to  Q4145  (a representative  landrace  cultivars),  which
shows  a  strong  decline  during  the  same  time  range,  we  propose  that  the  FNR  of elite cultivars  may  take
more time  to  be  inactivated  in  darkness.  During  this  time  the FNR  enzyme  can  continue  to  reduce  NADP+

molecules,  leading  to initially  high  [NADPH]/[NADP+] ratio  during OJIP transient.  These  data  suggested  a
potential  artificial  selection  of  FNR  during  the breeding  process  of these  examined  elite  rice cultivars.

© 2015  Published  by  Elsevier  GmbH.
Abbreviations: Chl, chlorophyll; DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-
-benzo-quinone; DCMU, 3,4-dichlorophenyl-1,1-dimethylurea; Fo , basal (initial,
inimal) level of chlorophyll a fluorescence; Fm , maximal level of chlorophyll a flu-

rescence; FNR, ferredoxin NADP+ reductase; Fv , variable chlorophyll a fluorescence
=Fm minus Fo); I820 nm,  transmission signal at 820 nm;  LED, light emitting diode;
JIP transient, chlorophyll a fluorescence induction where O is for Fo , P is for peak

equivalent to Fm in saturating light) and J and I are inflections between O and P;
C, plastcyanin; PQ, plastoquinone; PQH2, plastoquinol; PS, photosystem; qRT-PCR,
eal-time quantitative reverse transcription polymerase chain reaction; RC, reaction
entre.
∗ Corresponding author. Tel.: +86 21 5492 0490; fax: +86 21 5492 0451.

E-mail addresses: zhuxinguang@picb.ac.cn, xinguang.zhu@gmail.com
X.-G. Zhu).
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Introduction

Photosynthesis is one of the most powerful and life-giving
biological processes occurring on our Earth (Blankenship, 2014).
Oxygenic photosynthesis is carried out on a large scale by plants,
algae and cyanobacteria, where light energy is converted into
stable-rich chemical compounds, with concomitant uptake of CO2
and release of O2 (Eaton-Rye et al., 2012). This process, as well
as anoxygenic photosynthesis (Hunter et al., 2009) carried out by
photosynthetic bacteria, is responsible for all life on Earth. The pho-

tosynthetic apparatus of higher plants includes, in addition to the
enzymes involved in CO2 assimilation, four membrane bound pro-
tein complexes (Ke, 2001; Wydrzynski et al., 2005; Golbeck, 2006;
Shevela et al., 2013): (1) photosystem II (PSII), water-plastoquinone

dx.doi.org/10.1016/j.jplph.2014.12.019
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xido-reductase, which catalyzes light driven oxidation of water
nd reduction of plastoquinone (PQ); (2) photosystem I (PSI),
lastocyanin- ferredoxin oxido-reductase, which catalyzes the final
tage of light reactions, i.e., reduction of ferredoxin and oxidation
f plastcyanin (PC); ferredoxin is reduced via ferredoxin NADP+

eductase (FNR), and by NADPH, formed from NADP+, which, in
urn, is reduced by PSI; (3) Cytochrome (cyt) b6f, which catalyzes
he transfer of electrons from plastoquinol (PQH2) to PC.; and (4)
TP Synthase that uses proton motive force (pmf), which is made
p of proton gradient �pH and � , to produce ATP from ADP
nd inorganic phosphate. Photochemical events of photosynthe-
is are initiated by the capture of incident photons by pigments
n antenna complexes. Then, absorbed energy is efficiently trans-
erred to photochemical reaction centres (RC), leading, ultimately,
o the transfer of electrons through an electron transport chain from
ater to NADP+, and the production of pmf.

Improvement of photosynthetic capacity of food crops has been
onsidered to be a real challenge for plant scientists and crop breed-
rs (Long et al., 2006; Murchie et al., 2008; Zhu et al., 2008; Evans,
013), in order to cope with the enormous demand for food in
he world. Several biotechnological approaches have been applied,
sing many targets affecting photosynthetic activity (Reynolds
t al., 2000; Leegood, 2002; Long et al., 2006; Feng et al., 2007; Zhu
t al., 2010; Ort et al., 2011; Gowik and Westhoff, 2011; Raines,
011; Parry et al., 2013). Many current efforts to identify options
o increase photosynthesis follow a rationale design approach, i.e.,
rst identifying potential targets to engineer the plant, based on
he current knowledge of photosynthesis, and then applying tar-
eted engineering of these options, and finally examination of their
onsequences. Besides this approach, mining natural variations of
hotosynthesis is also regarded as a promising approach to identify

 new genes or alleles for crop improvement. Mining variations can
lso be used to identify potential factors under natural or artificial
election. Here, we report a case study of variations and correla-
ions of some photosynthetic parameters in two different groups of
hinese rice (Oryza sativa)  cultivars, which show different degrees
f artificial selection and also grain yield. The first group repre-
ents the elite cultivars, which exhibits high crop yield (Bao et al.,
006; Deng et al., 2007; Zhou and Yao, 2012), which has been
nder a strong artificial selection by plant breeders for high perfor-
ance and is commercially used in China (For further details, see

.g., http://www.ricedata.cn/variety/.) Moreover, several cultivars
f elite rice, such as: 9311, Minghui 63 (MH63) and Zhonghua 11
ZH11) have been used as recurrent parent to produce super hybrid
ice (Jiang et al., 2004; Zhang et al., 2012). On the other hand, the
econd group represents traditional Chinese rice varieties, devel-
ped between 1928 and 1996 (called here landraces), which mostly
hows low crop yields, and is relatively less used these days.

In this study, Chl a fluorescence induction (OJIP, where O is for
inimum fluorescence, P is for peak, and J and I are inflections),
hich reflects a progressive reduction of the PQ pool located on

he acceptor side of PSII, and transmission changes at 820 nm (I820),
epresenting the redox level of the RC of PSI, were used to char-
cterize these two groups. The OJIP fluorescence induction curve
as been used extensively in photosynthesis physiology research
Govindjee, 1995), mainly due to the ease of measuring the OJIP
ignal. However, OJIP signal is influenced by a large number of bio-
hysical processes. Hence, it has remained a major challenge to
ully interpret the physical mechanism underlying each of individ-
al phases of the OJIP curve, even though a number of theoretical
tudies are available that have explored this issue (Zhu et al., 2005;
azar, 2009; Xin et al., 2013). In this study, we first explored the rela-

ionship between these parameters between landraces and elite
ultivars of rice, and showed that there is a distinct increase in the
P phase in the OJIP curve of the chosen elite cultivars. Then, with a
inetic model of fluorescence induction, we evaluated the potential
ysiology 177 (2015) 128–138 129

mechanisms underlying simultaneous changes in the IP phase rise
and P700+ accumulation and propose that variations in FNR can be
a potential mechanism underlying these changes. Finally, we  pro-
vided evidence showing that the expression level of FNR differed
between elite and landraces, suggesting that FNR might be a gene
under artificial selection during the breeding process.

Materials and methods

Plant material

For our measurements, two  groups of Chinese rice (Oryza sativa)
were used. The first group (elite group) was composed of ten
accessions, namely, HE2219, KY131, WCC2, MH63, XS134, DHX-Z,
DHX-W, ZH11, WY-4 and 9311. The second group (landraces) was
also composed of ten accessions, namely, Ao Chiu 2 Hao (A4010),
Chun 118-33 (E4050), Kin Shan Zim (H4080), Pan Ju (J4088), Shui
Ya Jien (M4112), 4484 (Q4144), 4595 (Q4145), You-I B (Q4146),
Chunjiangzao No. 1 (Q4147), and Wong Chim (X4203). (For further
details, see e.g., http://www.ricedata.cn/variety/.)

Growth conditions

Rice seeds from the elite and landrace groups were grown for
∼30 days in a soil seed bed located in Beijing (China) (39◦55′N,
116◦25′E). Then, from early June 2013, seedlings were transplanted
into plastic pots (12 L volume) containing commercial peat soil
(Pindstrup Substrate no. 4), and then grown under outdoor con-
ditions. Measurements were started from early July 2013. During
this period, the average lower temperature range was ∼24–26 ◦C,
and the average higher temperature range was ∼30–31 ◦C, whereas
the humidity range was  ∼61–75%.

Chlorophyll (Chl) a fluorescence induction (OJIP) and transmission
changes at 820 nm (I820)

For a background on the use of Chl a fluorescence, see chapters
in Papagergiou and Govindjee (2004), and for a basic background
on detailed experimental technique, see Kalaji et al. (2014). OJIP
and I820 measurements were recorded simultaneously using the
Multifunctional Plant Efficiency Analyzer (M-PEA) (Hansatech, King
Lynn, Norfolk, UK). In this instrument, wavelengths of light (from
Light Emitting Diodes, LEDs) are: 625 ± 10 nm for the actinic light;
820 ± 25 nm for the modulated light; and 735 ± 15 nm for the far-
red light. Plants were kept overnight at 24 ◦C in darkness. Then,
after a 10-min dark adaptation, the attached uppermost fully
expanded leaves were exposed for 0.5 s to saturating orange–red
(625 nm)  actinic light (5000 �mol  photons m−2 s−1) and modulated
light (820 nm)  provided by the LED. Measurements were repeated
three to four times for each accession. The ratio of variable fluo-
rescence Fv (the difference between the maximal fluorescence, Fm,
fluorescence at the P level, and F0, fluorescence at the O level) to
Fm, i.e., Fv/Fm, was  used to evaluate the maximum quantum yield
of PSII. For the measurements shown later in Fig. 7,  plants were
kept overnight at 24 ◦C in darkness. Then, the attached leaves were
light-adapted for 10 min  in white light (600 �mol  photons m−2 s−1)
provided by an external lamp projector. After that, Chl a fluores-
cence induction was recorded, as described above, first without,
and then after 1, 3, 7, and 10 min  dark-adaptation.

RNA isolation and real-time RT-PCR analysis
Total RNA was  extracted from mature rice leaves at differ-
ent dark-time point (0, 1, 3, and 10 min) using Purelink RNA
Mini Kit (Invitrogen, Carlsbad, CA) according to manufacturer’s
instructions. Concentration of each RNA sample was measured

http://www.ricedata.cn/variety/
http://www.ricedata.cn/variety/
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Fig. 1. (A) Chlorophyll (Chl) a fluorescence induction curves, measured on rice
leaves of elite and landrace groups, are shown on a log time scale. Leaves were
dark-adapted for 10 min, and then excited with orange–red (625 nm)  actinic light
(5000 �mol  photons m−2 s−1) for 0.5 s. A solid line is for the elite group (average of
ten  accessions with three to four replications for each accession), and a dashed line
is  for the landrace group (average of ten accessions with three to four replications for
each accession). (B) The OJIP transient was doubly normalized between F0 (at the O
level) and F (at the P level), and the data is shown as relative variable fluorescence
30 S. Hamdani et al. / Journal of P

sing NanoDrop 2000 spectrophotometer (NanoDrop Technolo-
ies). RNA samples were reverse transcribed into cDNA using
uperScript® III Reverse Transcriptase (Invitrogen, USA) according
o manufacturer’s instructions. The real-time RT-PCR was  carried
ut with LightCycle480 System (Roche Applied Science, Indianapo-
is, USA). The primers for the FNR gene (Os06g0107700) and
ctine1 (KC140126.1) were designed using the IDT’s website (inte-
rated DNA technologies, USA). The primer sequences were as
ollows:

FNR Forward: 5′-GAGAACTTCCGGGTCGATTATG-3′ and Reverse:
′-CACAGCTCTTCCTTGTACTCTG-3′.

Actine1 Forward: 5′-CCTGACGGAGCGTGGTTAC-3′ and Reverse:
′-CCAGGGCGATGTAGGAAAGC-3′.

PCR reactions were performed in 96-well white plates with
 volume of 20 �l containing 1 �l of cDNA template (∼100 ng),
.25 �M for each primer, and 2 �l of 10× SYBR Green I PCR Master
ix  (Roche Applied Science, Indianapolis, USA). The reactions were

ubjected to a heating step at 95 ◦C for 5 min, followed by 40 cycles
f denaturation at 95 ◦C for 10 s, annealing at 58 ◦C for 20 s and elon-
ation at 72 ◦C for 20 s. Transcript levels were normalized to that of
ctin1 (internal control gene). Each PCR reaction was performed in
riplicate and the calculated error bars represent the standard devi-
tion from three to four PCR results. Statistical analyses involved
he 2−��CT method (Livak and Schmittgen, 2001).

he model

We  extended an earlier Chl a fluorescence induction kinetic
odel that was developed in 2013 (Xin et al., 2013) to incor-

orate the P700 (reaction centre of PSI) as well as the NADP(H)
ool (Fig. S1). Electron transfer from the PQH2 pool through PC
o P700 was simplified in this model to be just one reaction.
lectron transfer from P700 to NADP+ was also simplified to be
lso one reaction. Reduction of NADP+ is catalyzed by FNR, which
epends on the substrate concentration. Thus we have assumed
hat the electron transfer rate from P700 to NADP+ depends on the
ADP+ concentration. The rate of this reaction was calculated as

ollows:

 = K

[
NADP+]

[
NADP+]

+ [NADPH]′
,

here K is the rate constant for electron transfer from P700 to
ADP+, [NADP+] is NADP+ concentration, and [NADPH] is NADPH
oncentration. The rate constant of electron transfer from P700 to
ADP+ was estimated at 500 s−1 (see e.g., a review by Govindjee and
jörn, 2012). All parameters used in this current model are listed

n the paper of Xin et al. (2013) (For further details see Fig. S1 and
able S1).

ata analysis

For quantitative analysis, OJIP traces (Stirbet and Govindjee,
011, 2012) were fitted with the sum of three first-order kinetics
y nonlinear regression using sigma plot (SSI, Richmond, CA, USA):

(t) = F0 + AO−J (1 − e−KO−J t) + AJ−I (1 − e−KJ−I t)

+ AI−P (1 − e−KI−P t) ,
here F(t) is fluorescence at time t, F0 is initial minimum fluores-
ence, AO–J, AJ–I and AI–P are the amplitudes, and KO–J, KJ–I and KI–P

re the rate constants of the OJ, JI and IP steps of the fluorescence
ransient.
M

V(t) = (Ft − F0)/(FM − F0) on a log time scale. (Inset) The IP phase was normalized at
the  P level.

Results

Chlorophyll (Chl) a fluorescence induction (the OJIP curve)

To analyze photosynthetic activity in both elite and landrace
groups, we measured Chl a fluorescence induction (OJIP) and
plotted it on a log time scale. Fluorescence intensity measures
the concentration of reduced QA [QA

−], which reflects a progres-
sive reduction of the PQ pool located on the acceptor side of
PSII. Three main phases are observed: OJ, JI, and IP (Pospisil and
Dau, 2000; Zhu et al., 2005; Boisvert et al., 2006; Stirbet and
Govindjee, 2011, 2012). The OJIP trace in landrace group shows
a typical shape of Chl a fluorescence induction curve, as is observed
in higher plants at room temperature, with clearly distinguish-
ing phases, as mentioned above. However, the I step in high
yielding elite cultivars, as compared to the landraces, is hardly
discernible, but the P level is higher (Fig. 1A and Fig. S2). This
behavior of the IP phase is similar to that observed in samples
treated with DBMIB (2,5-dibromo-3-methyl-6-isopropyl-p-benzo-
quinone), which prevents reoxidation of PQH2 by cyt b6f (Bukhov
et al., 2003; Schansker et al., 2005; Lazar, 2009). However, the maxi-
mum fluorescence (F ) at the P level remains constant upon DBMIB
m

treatment, contrary to our result here which shows a higher P level
in the elite cultivars (Fig. 1A). Fig. 1B shows the same curves as in
Fig. 1A, but normalized at both O and P levels. A more quantitative
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Table S2). This result suggests a subtle but significant modification
in the electron transfer process in the elite group.

Table 1
Quantitative analysis of OJIP traces in both elite and landrace groups. Half-times
(t1/2) corresponding to OJ, JI and IP phases were deduced from the equation:
F(t) = F0 + AO–J (1 − e−KO–J t) + AJ–I (1 − e−KJ–I t) + AI–P (1 − e−KI–P t). Also shown are Fv/Fm

values. Results are averages ± SD (n = 30–40).
ig. 2. Rate constant (K) and amplitude (A) of OJ, JI and IP Chl a fluorescence rise ph
ccessions with three to four replications for each accession. P values from a t test o
rom  the OJIP fluorescence traces. See Materials and methods for further details.

iew is presented in the inset of Fig. 1B that shows a comparison
f the variation of the kinetics of IP phase between the elite and
andrace groups.

In order to quantitatively estimate the contribution of each
tep of OJIP trace, we simulated this trace by the sum of three
xponential components that represent the OJ, JI and IP phases.
hree parameters were deduced from this simulation, i.e., the rate
onstant (K), the amplitude (A), and the half-time (t1/2) of these
hree steps. Among the parameters measured, only KI–P and t1/2

I–P

how a significant difference between elite and landrace groups,
1/2

I–P being ∼25% smaller, and KI–P being ∼54% larger in the elite
roup, as compared to the landraces (Fig. 2 and Table 1). However,

he AI–P is slightly increased in the elite cultivars. As mentioned
bove, the KI–P is higher in the elite cultivars compared to the
andraces (0.02 ± 0.0032 versus 0.013 ± 0.0016 ms−1), meaning
hat the elite group is able to reach the Fm faster than the other
f elite and landrace groups ((A)–(F)). Each group represents the average ± SD of ten
lite and landrace groups are indicated in the graphs. All parameters were deduced

group. However, no significant variation in the maximum quantum
yield of PSII, as evaluated from Fv/Fm, is observed (Table 1 and
t1/2
O–J (ms) t1/2

J–I (ms) t1/2
I–P (ms)

* Fv/Fm

Elite 0.34 ± 0.019 8.69 ± 0.7 39.4 ± 7.6 0.84 ± 0.005
Landraces 0.35 ± 0.016 8.14 ± 0.7 52.8 ± 6.6 0.83 ± 0.006

* P-value = 0.015.
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Fig. 3. (A) Transmission changes at 820 nm (I820) measured after a 0.5-s pulse of
orange–red (625 nm)  actinic light (5000 �mol  photons m−2 s−1) in rice leaves. A solid
line is for the elite group (average of ten accessions with three to four replications for
each accession), and a dashed line is for the landrace group (average of ten accessions
with three to four replications for each accession). The vertical solid line indicates
the possible start and end of the P700 oxidation and the P700+ reduction phases,
respectively. (B) P700+ reduction rate calculated from the slope of the P700+ reduc-
tion phase, shown in (A), the upper panel. Data in each group are the average ± SD
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transient block in the electron transfer process under high [NADPH]
f ten accessions with three to four replicates for each accession. A P value from a t
est of the elite and landrace groups was 0.005.

ransmission changes at 820 nm (I820)

To gain further information about the electron transfer process
t the two ends of the electron transport chain, I820, which mainly
easures oxidation and reduction of RC of PSI, P700, was  recorded

imultaneously with Chl a fluorescence induction. Fig. 3 shows
ransmission change kinetics at 820 nm during 0.5 s of orange–red
625 nm)  actinic light illumination (5000 �mol  photons m−2 s−1).
hanges in I820 reflect modification not only in the redox state of
he RC of PSI, P700, as mentioned above, but also of PC. Oxida-
ion of P700 and PC is known to cause a decrease in transmission
or increase in absorption) in the 800–850 nm range (Harbinson
nd Woodward, 1987; Harbinson and Hedley, 1989; Klughammer
nd Schreiber, 1994). On the other hand, reversal of the transmis-
ion decrease is mainly induced by the arrival of electrons from
SII (Schansker et al., 2003). In our experimental data, two major
eatures are observed in the kinetics of transmission change at
20 nm between elite and landrace groups. We  have observed a
esser accumulation of P700+ and a slower reduction rate in elite
ultivars compared to landraces (Fig. 3A and Fig. S3). A quanti-
ative view is presented in Fig. 3B, which shows that the P700+
ysiology 177 (2015) 128–138

reduction rate of elite cultivars is almost half of that recorded in
landraces.

Correlations

According to our experimental data, photosynthetic parameters
are significantly different in elite cultivars as compared to those in
landraces. These differences can be summarized with two major
points: (1) higher and faster IP phase; and (2) lower P700+ reduction
rate, observed in elite as compared to landraces (Figs. 1–3). In order
to further investigate the relationship between these parameters,
a series of correlation analysis was  done (Fig. 4). A relatively high
negative correlation is observed between the P700+ reduction rate
and KI–P (Fig. 4A), meaning that the higher and faster IP phase is
closely related to the lower P700+ reduction rate observed in elite
group. Finally, a moderate negative correlation between Fv/Fm and
P700+ reduction rate is observed (Fig. 4B). However, Fv/Fm and KI–P

are strongly correlated with each other (Fig. 4C).

Simulations

To gain deeper insight into the mechanisms underlying the
variations in the elite cultivars in the parameters related to the pho-
tosynthetic light reactions, we  used an updated version of a model
of Chl a fluorescence induction kinetics (Xin et al., 2013). Fig. 5A
shows our results on parallel measurement on the OJIP transient
and the I820 with the M-PEA instrument on both the elite and lan-
drace groups. To simulate our experimental data, we  considered
two possible scenarios: (1) high [NADPH]/[NADP+] ratio; and (2) a
small NADP pool size. The simulated OJIP curve of the control shows
J, I and P steps at positions that are very close to the experimen-
tal data. However, the I820 curve is shifted to shorter times (Fig. 5B
and C). Further, a good qualitative agreement is found when the
theoretical OJIP curves, in both high [NADPH] and small NADP pool
size conditions, are compared with our experimental data (Fig. 5B
and C). Such behavior suggests that the IP rise recorded in the elite
cultivars can be related to limitation on the acceptor side of PSI
(a “traffic jam” Munday and Govindjee, 1969), leading to a tran-
sient block in electron transfer on the electron acceptor side of PSII.
However, less convincing simulation is found when the theoret-
ical I820 curves are compared with related experimental data. In
fact, the significant variation in the minimum of I820 (reflecting the
maximum P700+ accumulation) and the rate of P700+ reduction,
measured in experimental data, are missing in the simulation data,
especially for the small NADP pool size condition (Fig. 5C). This
poor fit can be understood by the difficulties encountered in care-
fully simulating the I820 signal, which needs further studies on the
factors that control this signal.

As seen in our simulation data, the best fit is found under high
[NADPH] conditions (Fig. 5B). This situation suggests that all the
electron acceptors of PSI must be reduced, which in turn causes a
transient block in electron transfer through the two  photosystems,
as already mentioned above. To gain further insight on the redox
changes in all the PQ components (QA; QB; and PQ), we predict,
as implied above, that the relative concentration of [QA

−], [QB
2−],

[QA
−QB

2−] and [PQH2] must be high under high [NADPH] condi-
tions (Fig. 6). The main point deduced from this simulation data
is that all PQ components are in much more reduced state during
the IP phase, compared to the controls (Fig. 6A–D). This increase of
redox components is proportional to the increase of IP phase of elite
cultivars. Such a result supports our hypothesis, which envisions a
conditions. This blockage can be explained by an increase of the
reduced state of all PQ components during the IP phase (Stirbet
and Govindjee, 2011, 2012).



S. Hamdani et al. / Journal of Plant Physiology 177 (2015) 128–138 133

Fig. 4. Relationship between photosynthetic parameters deduced from Chl a fluo-
rescence induction and transmission changes at 820 nm.  (A) Negative correlation
between P700+ reduction rate and KI–P . (B) Negative correlation between Fv/Fm and
P700+ reduction rate. (C) Positive correlation between Fv/Fm and KI–P . Each point
represents the average of three to four replicates. The regression lines represent
all twenty accessions (10 elite + 10 landraces). The regression coefficients (R2) and
e
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l

Fig. 5. Comparison of the simulated OJIP fluorescence and I820 transmission curves
with the experimental data (A) under high NADPH concentration (B) or small NADP
pool size conditions (C). Results shown in Figs. 2B and 4A were plotted together on
the same time scale and presented in the panel A. A solid lines show the elite group
(average of ten accessions with three to four replications for each accession), high
[NADPH], and small NADP pool size, respectively. Dashed lines show the landrace
group (average of ten accessions with three to four replications for each accession),
and the control, respectively.
quations are shown in individual panels.

orrelation between FNR dark inactivation and IP phase

To explain the possible cause for the increase in
NADPH]/[NADP+] ratio, suggested for the elite group, we  esti-
ated the FNR activity during light/dark transitions. For this
urpose, we randomly selected one cultivar from each group
XS134: represents the elite group and Q4145: represents the
andrace group). Then, we measured the dark recovery of the IP
phase, which correlates with the FNR inactivation in darkness
(Schansker et al., 2006). Fig. 7 shows the dark recovery kinetics
of the IP phase following a 10-min of light-adaptation. During
the first 3 min, about 30% of the IP phase recovery is observed
in XS134 cultivar, and the maximum is reached after 10 min  of
dark. This indicates that the inactivation of FNR in this cultivar
is probably around 30% after 3 min  and it takes 10 min  for it to
become completely inactivated (Fig. 7A). However, about 80% of
the FNR inactivation is observed after only 3 min dark in Q4145
cultivar (Fig. 7B). This result suggests that the turnover rate of
FNR in darkness is different between these two cultivars. For the
XS134 cultivar, the FNR enzyme remains activated during the first
few minutes of light/dark transitions. However, a strong decline

of the FNR activity during the same time range is observed in the
Q4145 cultivar.
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ig. 6. The predicted influence of a higher [NADPH] conditions on the concentrati
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eal-time RT-PCR

In order to estimate the FNR activity of XS134 and Q4145
ultivars in darkness, we  measured changes in transcript lev-
ls of the FNR gene (Os06g0107700) using the real-time RT-PCR
ethod. Fig. 8 shows variations of the relative mRNA levels

etween these two cultivars at different dark-time point. During
he first 3 min, the mRNA accumulation of FNR of XS134 culti-
ar remains almost unaffected by transition from light to dark,
ut shows around twofold decrease after 10 min  dark. However,
round twofold down-regulation of the relative expression level
s observed in Q4145 cultivar after 3 min  dark, and around 1.5
old after 10 min  dark (Fig. 8A). Moreover, the relative expres-
ion level of FNR gene is almost 1.5- to 2.5 fold higher in XS134
ompared to Q4145 at 1 and 3 min  dark, respectively. However,
t decreases slightly after 10 min  dark (Fig. 8B). This result illus-
rates clearly a correlation between the dark recovery of the IP
hase and the FNR expression level. In fact, during the first 3 min
f light/dark transitions, a low IP phase and high FNR expression
evel are observed in XS134 cultivar (Figs. 7A and 8A), suggesting
hat the FNR enzyme remains activated during this time. In con-
rast, the Q4145 cultivar shows a high IP phase in parallel with
ow FNR expression level during the same time range (Figs. 7B and
A).

iscussion
In this paper we have explored variations of Chl a fluorescence
elated parameters and transmission changes at 820 nm (I820) in
hinese elite and landraces rice cultivars. Higher IP phase, during
hl a fluorescence transient, was accompanied by an increase in the
 reduced QA , reduced QB and the PQ pool: (A) [QA−], (B) [QA−QB2−], (C) [QB2−], and
nents were plotted together on the same time scale. Solid lines represent the high

minimum of I820 signal (representing P700 oxidation) as recorded
in elite cultivars compared to landraces (Fig. 5A). Here, we  will first
discuss the variations, observed in the OJIP curves, as well as in the
I820 signal. Then, we  will discuss the possible role of changes in FNR
in determining these variations. On the basis of these discussions,
we have proposed in this paper that FNR might have been under
artificial selection during rice breeding process.

Variations of the OJIP curves and the I820 signal in elite and
landraces cultivars

For an understanding of the parallel measurements of the OJIP
curves and the I820 signal, see Schansker et al. (2003), Strasser
et al. (2010) and Oukarroum et al. (2013). Several theories and
hypotheses have attempted to explain the origin of the variable
Chl a fluorescence during the OJIP transient, measured under con-
tinuous saturating light in dark adapted sample (Govindjee, 1995;
Lazar, 1999; Samson et al., 1999). It is generally accepted that the
OJ rise represents the photochemical phase, and depends mainly
on photo-reduction of QA in the active PSII centres (Stirbet and
Govindjee, 2011, 2012). However, the processes involved during
the thermal phase (i.e., J-I-P) are highly controversial, especially
for the origin of the IP rise. Several explanations have been given
to explain the process underlying the IP phase (Munday and
Govindjee, 1969; Schreiber and Vidaver, 1976; Vernotte et al., 1979;
Satoh, 1981; Hsu and Leu, 2003). It was  thought that the IP phase
occurs when the oxidized PQ pool, which acts as a quencher of flu-

orescence, is reduced and, thus, the fluorescence rises (Samson and
Bruce, 1996; Prasil et al., 1996). Moreover, Schreiber and Vidaver
(1976) have suggested that energy redistribution between PSII
and PSI maybe the reason for the IP phase; this implies that the
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Fig. 7. Dark recovery of the IP phase of Chl a fluorescence, measured on rice
leaves of XS134, an elite cultivar (A) and Q4145, a landrace cultivar (B) is shown
on  a log time scale. Attached leaves were light-adapted for 10 min  to white light
(600  �mol  photons m−2 s−1), and then excited with orange–red (625 nm) actinic
light (5000 �mol  photons m−2 s−1) for 0.5 s at different dark-times (0, 1, 3, 7 and
10  min). The IP curves were normalized to FI (fluorescence at I level) and each curve
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Fig. 8. Transcript levels of FNR gene (Os06g0107700) of XS134 and Q4145 cultivars
measured by real-time RT-PCR at different dark-time. The FNR transcript levels were
normalized to that of actin1 (internal control). (A) Changes in the FNR transcript lev-
els  of XS134 and Q4145 cultivars during the transition from light (0 min) to dark (1,
3  and 10 min), normalized to that of 0 min of each cultivar. (B) Comparison between
epresents the average of three replications.

o-called state 2 (low fluorescent state) goes to state 1 (high fluo-
escent state). In addition, Ceppi et al. (2012) suggested that the IP
mplitude is correlated with changes in the PSI content of a leaf.
urther, Schreiber et al. (1989) suggested that the IP phase corre-
ponds to PSI fluorescence. However, our simulation data strongly
upport the theory of Duysens and Sweers (1963), in its modified
ersion (Stirbet and Govindjee, 2011, 2012), suggesting that the IP
hase is mainly related to the progressive photo-reduction of QA
uring the thermal J–I–P phase (Fig. 6A). Furthermore, the theory
uggesting that a transient block in the electron acceptor side of
SI and, thus, a traffic jam of electrons on the electron transport
hain is responsible for the IP rise phase (Munday and Govindjee,
969; Schreiber and Vidaver, 1974; Satoh, 1981) and is in agree-
ent with our simulation data. In fact, Figs. 5 and 6 show that the

P rise and the increase of the relative concentration of reduced
Q components occur under high [NADPH] conditions. This con-
ition leads to a transient block on electron flow around PSI and

 traffic jam of electrons formed in the electron transport chain,
s a consequence of reduction of PSI acceptors during continuous
llumination. Another argument in favor of the theory, mentioned
bove, has been proposed by Munday and Govindjee (1969), and
xtended by Schansker et al. (2005), suggesting that methyl vio-

ogen (MV) is able to bypass the transient block on the acceptor
ide of PSI leading to the disappearance of the IP phase. Based on
ur experimental and theoretical data, we suggest that the higher
NADPH]/[NADP+] ratio might be a possible reason for the slightly
the  FNR expression levels of XS134 and Q4145 cultivars at different dark-time (1, 3
and  10 min). The relative expression level was normalized to that of Q4145. Error
bars represent the standard deviation from three to four independent experiments.

higher IP rise observed in the elite cultivars, as a consequence of the
transient block on electron transfer in the electron acceptor side of
PSI (Fig. 1).

We  have observed an increase in the minimum of I820 signal,
which was  accompanied by a significant delay in P700+ reduction
in the elite cultivars as compared to the landraces (Fig. 3). It is
known that the I820 signal is mainly affected by the rate of electron
flow from PSII to PSI (Schansker et al., 2003; Lazar, 2009). In other
words, a decrease in the rate of electron donation from PSII to PSI
is associated with decrease in the minimum of I820 signal. In fact,
in the presence of DCMU (3,4-dichlorophenyl)-1,1-dimethylurea),
which binds to the QB binding site on D1 protein of PSII causing a
block on electron transfer from PSII to cyt b6f, a strong decrease
in the minimum of I820 signal has been observed, especially under
long-time incubation with this inhibitor (Schansker et al., 2003). In
addition, a similar effect was  observed upon treatment with DBMIB
(2,5-dibromo-3-methyl-6-isopropyl benzoquinone), which pre-
vents oxidation of reduced PQ molecules by cyt b6f, leading to a lack

of ability to reduce oxidized PC and P700 (Schansker et al., 2005;
Lazar, 2009). Contrary to the effect mentioned above, our experi-
mental data showed an increase in the minimum of I820 signal in
the elite cultivars, as compared to those in landraces. The logical
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nterpretation of this result should exclude a possible limitation
n electron flow from PSII to PSI in the elite cultivars. However, a
imitation on the acceptor side of PSI seems to be a plausible reason
or it. It appears that the reversal of the transmission decrease of
820 signal in the time range between the I and P levels of Chl a
uorescence can be caused by a limitation on the acceptor side of
SI due to inactive FNR or to inactivity of the Calvin–Benson cycle
Carrillo et al., 1980; Satoh, 1981; Schreiber et al., 1988; Harbinson
nd Foyer, 1991; Foyer et al., 1992). Under these circumstances,
ll the redox components of the electron transport chain at the
nd of PSI become gradually reduced, with a long delay in their
e-oxidation (Schansker et al., 2003). In addition, this transient
lockage can promote a recombination reaction between FeS
roups (FAFB)− and P700+, which occurs with a halftime of about
3 ms  (Jordan et al., 1998). Also, the cyclic electron transfer around
SI can contribute to the re-reduction of the oxidized P700 during
he first 200–300 ms  of fluorescence induction (Joliot and Joliot,
002). Assuming that the elite cultivars initially have a higher
NADPH]/[NADP+] ratio compared to the landraces, limitation on
he acceptor side of PSI, caused by quick reduction of the electron
ransfer chain at the end of PSI, becomes more pronounced. The
ransient block on electron flow beyond P700 may  cause less charge
eparation in PSI leading to an increase in the minimum of I820 sig-
al. Such behavior has been observed when samples were excited
ith low light intensity (Lazar, 2009). Furthermore, significant cor-

elation between the IP phase and P700+ reduction rate, and their
onnection with Fv/Fm individually, suggests that these features
re interdependent upon each other. Hence, the slight increase of
v/Fm observed in elite cultivars compared to landraces may  be
elated to high IP phase and low P700+ reduction rate (Fig. 4 and
able 1). Yet, the mechanisms underlying these correlations remain
nclear.

ariations in FNR: A possible mechanism underlying the observed
ariations of OJIP curves and I820 signal

Our working hypothesis is that the difference in the FNR acti-
ation/deactivation dynamics in darkness might be a possible
echanism underlying our observed differences between elite and

andrace groups. Our idea was based on earlier work (Satoh and
atoh, 1980; Satoh, 1982; Carrillo and Vallejos, 1987; Schansker
t al., 2006) which showed that FNR enzyme was related to the
ransient block on electron transfer on the acceptor side of PSI. It
as been demonstrated earlier (Schansker et al., 2006) that the

nactivation of FNR in darkness is plant species dependent. For
xample, it takes ∼15 min  in pea leaves for full inactivation, and
t may  take around 1 h in Pinus halepensis (Schansker et al., 2008).
herefore, the variations observed in the elite cultivars might orig-
nate from variations in the turnover rate of FNR enzyme during
ight/dark transitions, as compared to landraces. In other words,
he FNR of the elite cultivars may  take more time to be inactivated
n darkness compared to those in landraces. During this time, the
NR enzyme can continue to reduce NADP+ molecules, leading to
nitially high [NADPH]/[NADP+] ratios during the OJIP induction.
nder this circumstance, the NADP decreases in amount. Thus, the
hole electron transport chain at the end of PSI becomes quickly

educed, causing less charge separation at P700, as shown in Fig. 3A.
hen, this transient block on electron transfer on the acceptor side
f PSI is probably shifted toward PSII, leading to an increase in the
elative concentration of the reduced PQ located on the electron
cceptor side of PSII (Fig. 6), parallel with an increase of IP phase
Figs. Fig. 1 and 5A). To confirm our hypothesis, simulation of Chl a

uorescence induction and I820 signal were performed under high
NADPH] and small NADP pool size conditions. Fig. 5B shows that
he simulation data are in agreement with the experimental results,
specially under high [NADPH]. It is important to note that this
ysiology 177 (2015) 128–138

modeling analysis inherently assumes that during OJIP transient,
certain levels of FNR activity is available, as suggested by Lazar
(2009), and reaches its maximum after fluorescence has reached
the P level (Schansker et al., 2003; Ilík et al., 2006). We  assume that
during OJIP transient, FNR does reduce NADP+, which is available
for electron transfer. A higher [NADPH]/[NADP+] ratio will lead to a
greater limitation on the acceptor side of PSI, and therefore a higher
IP phase. However, beyond the P level, the Calvin–Benson cycle
becomes gradually activated, thus consuming NADPH and gener-
ating NADP+, which in turn removes the acceptor side limitation
of PSI, and hence induces a gradual decay of the fluorescence level
during the slow decreasing phase (PSMT). Therefore, lack of NADP+

regeneration, during OJIP transient, may be a potential reason for a
higher IP phase, rather than inactive FNR. However, more research
is needed to quantify the dynamics of FNR activity during dark/light
transitions.

Furthermore, we estimated the turnover rate of FNR in dark-
ness by analyzing the correlation between the dark recovery of the
IP phase and the FNR expression level in two representative cul-
tivars XS134 and Q4145 (Figs. 7 and 8). Our result shows that the
FNR expression level of XS134, which represents the elite group,
remained unchanged during the first few minutes of light/dark
transitions, leading to low IP phase recovery. Assuming that the
activation state of FNR enzyme follows changes in the transcript
level, our results suggest that this enzyme can lead to an increase
of the [NADPH]/[NADP+] ratio in darkness in the elite group. Besides
the potential contribution of FNR to variations in [NADPH]/[NADP+]
ratio, we cannot exclude other possibilities that influence this
ratio in a leaf. For example, rates of reactions related to NADPH
generation, i.e., the pentose phosphate pathway, and NADPH con-
sumption, i.e., the Calvin–Benson cycle, and amino acid synthesis
under dark might differ between different rice accessions and hence
influence the [NADPH]/[NADP+] ratio in darkness.

Conclusions

In the present work, we  have compared two  photosynthetic
parameters of two groups of Chinese rice, using simultaneous mea-
surements of Chl a fluorescence induction and I820 transmission
signal. We  have shown that the elite cultivars exhibit a higher IP
phase and a lower P700+ accumulation compared to the landraces
(Figs. Fig. 1, Fig. 3 and 5A). We suggest that such behavior originates
from a transient block in electron transfer and a traffic jam on the
electron acceptor side of PSI. An increase of [NADPH]/[NADP+] ratio
during light/dark transitions can be a possible mechanism gener-
ating these changes. The above proposal is in full agreement with
our simulation data that shows an increase of the IP phase and a
lowering of P700+ accumulation under high [NADPH] conditions
(Fig. 5B). A natural variation of the FNR activity during light/dark
transitions is suggested to be a potential cause for the behavior
observed in the elite cultivars (Figs. 7 and 8). Considering that the
elite rice cultivars have undergone a strong artificial selection, we
suggest a potential artificial selection of FNR during the breeding
process.

One caveat we need to mention here is that, in this research,
we have only used ten elite cultivars and ten landraces. Therefore,
whether all current elite rice cultivars would show the changes
observed in this work regarding the IP phase and the I820 signal is
not yet known. However, the selection of elite and landraces does
not influence the conclusion regarding the potential mechanism of

simultaneous change of IP phase and I820 signal reported in this
study. More work, using a larger sample size of elite and landrace
accessions, is needed to test whether FNR might have been under
artificial selection during the rice breeding process.
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