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Abstract In this study, the JIP test was exploited to assess
drought-tolerance of transgenic rice overexpressing
OsNACI10. Two types of promoters, RCc3 (root-specific)
and GOS2 (constitutive), were used to drive the transcription
factor OsNACI0, a gene involved in diverse functions
including stress responses. Three-month-old plants were
exposed to drought for 1 week and their fluorescence
kinetics was evaluated. Our results showed that drought-
treated non-transgenic plants (NT) have higher fluorescence
intensity at the J phase (2 ms) compared to transgenic plants,
indicating a decline in electron transport beyond the reduced
plastoquinone (QA ). As manifested by negative L bands,
transgenic plants also showed higher energetic connectivity
and stability over NT plants under drought conditions. Also,
the pool size of the end electron acceptor at the photosystem I
was reduced more in NT than in transgenic plants under
drought conditions. Furthermore, the transgenic plants had
higher Pli,, a combined parameter that reflects all the
driving forces considered in JIP test, than NT plants under
drought conditions. In particular, the Pl of the
RCc3:0sNACI0 plants was higher than that of NT plants,
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which was in good agreement with their differences in grain
yield. Thus, the JIP test proved to be practical for evaluating
drought-tolerance of transgenic plants.

Keywords Chlorophyll a fluorescence - JIP test -
Transgenic rice - Drought stress - OsNACI0

Introduction

Transcription factors in plants often stimulate gene
expressions through binding to specific DNA sequences
that are responsive to stress. Whenever plants are exposed
to stress these factors regulate stress-related functional
genes that protect the plants from excessive and further
damage subsequently conferring tolerance to stress. Doz-
ens of transcription factors are involved in the plant
response to drought stress (Vincour and Altman 2005;
Bartels and Sunkar 2005; Oh et al. 2009). In the field of
stress-response biology, these functional genes are acti-
vated by overexpressing specific transcription factor genes.
Several studies have reported that overexpression of stress-
related genes could improve drought tolerance in rice to
some extent (Garg et al. 2002; Ito et al. 2006; Xu et al.
1996; Nakashima et al. 2007). In a study done by Jeong
et al. (2010), overexpression of OsNACI0 in the roots of
rice plants improved its drought-stress tolerance during
both the vegetative and reproductive stages. OsNACI10 is a
member of the NAM-ATAF-CUC (NAC) protein family of
transcription factors that contain a highly conserved
N-terminal NAC-domain and diverse C-terminal region
(Jeong et al. 2009).

Drought stress has multiple effects on plants. Most
commonly, plants react by a rapid closure of stomata which
reduces the CO, diffusion rate into the leaf. This leads to a
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reduced CO, concentration that ultimately limits photo-
synthetic activity by direct inhibition of the photosynthetic
enzyme Rubisco (Haup-Herting and Fock 2000) or ATP
synthase (Tezara et al. 1999). Drought stress also inhibits
photosynthesis through alterations in the proportion of
photochemical and energy-dependent quenching as a result
of inhibition of the enzymatic sites that consume ATP and
NADPH (Ismaelov et al. 1998). In brief, plants react to
stress by means of adaptive mechanisms that allow the
photochemical and biochemical system to cope with stress
(Yordanov et al. 2000). Either directly or indirectly, stress
affects the photosystems of the plants and as a consequence
alters the Chl a fluorescence kinetics.

Chl a fluorescence kinetics has been widely used to
assay the responses of the plants under different types of
stress. The effects of stress are manifested in the behavior
of the fluorescence transients (Baker et al. 1983; Rohacek
and Bartak 1999; Sayed 2003). This method is non-
invasive, highly sensitive, fast and easily conducted
(Baker and Oxborough 2004). Fluorescence kinetics
reflects the photosynthetic efficiency of plants and provide
wealth of information on the relationship between struc-
ture and function of photosystem II (PS II) reaction center
(RC) and core complexes (Govindjee 1995; Krause and
Weis 1991). The analysis called JIP test developed by
Strasser et al. (1995) translates the fluorescence mea-
surements of the transients (O-J-I-P) into several phe-
nomenological and biophysical expressions that quantify
PS 1I function. Each letter designates a distinct inflection
in the curve and this allows the quantification of the
structural and functional parameters that ultimately
reflects the activity of the whole photosynthetic machin-
ery (Strasser et al. 2004).

The principle of the test is based on the “Theory of
Energy Fluxes in Biomembranes” (Strasser 1981) and on
the basic concept that the fluorescence yield of PS II is
determined by the state of the RC, i.e. open or closed. This
follows the dogma that, when Q4 in a RC is reduced
(Qa ), the RC is closed and the chlorophyll fluorescence of
the antenna is high, whereas when Q, is in the oxidized
state, the RC is open and the fluorescence of the antenna is
quenched, i.e. oxidized Q4 quenches fluorescence. The
closing of RCs can be induced by actinic light on dark-
adapted plants. Under strong actinic light (e.g.,
3,000 pmol photons m~2 s™1), the fluorescence intensity
Fp (P for the peak) is equal to the maximum fluorescence
Fy when all Qp is reduced (all RCs are closed). The
sequential events reflected in the fluorescence rise proceed
with different rates and, concomitantly, the rise is poly-
phasic designated by the letters O-J-I-P (Strasser et al.
2004). In this paper, the Chl a fluorescence transients using
the JIP test was used to assess drought-tolerance of trans-
genic plants overexpressing OsNACI10.
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Materials and methods
Plant materials

The transgenic plants analyzed here were the T¢ generation
of plants produced and used previously (Jeong et al. 2010;
Jang et al. 1999).

Measurement of the fast chlorophyll a transients

Chlorophyll a fluorescence transients were measured using
the Handy-PEA fluorimeter (Plant Efficiency Analyzer;
Hansatech Instruments, King’s Lynn, Norfolk, UK) during
night time (2100-0300 hours) to ensure sufficient dark
adaptation. Two plants were chosen for each of the three
independent Ts homozygous lines. The tallest and the
visually healthy-looking leaves were selected for each
plant and measured at their apex, middle and base parts.
The readings were averaged using the Handy PEA Soft-
ware (version 1.31).

The Handy-PEA fluorimeter was set using the following
program: the initial fluorescence was set as O (50 ps),
J (2 ms) and I (30 ms) are intermediates, and P as the peak
(500 ms—1 s). The transients were induced by red light at
650 nm of 3,500 pmol photons m 2 s~ provided by the 3
light-emitting diodes, focused on a spot of 5 mm in
diameter and recorded for 1 s with 12-bit resolution. Data
acquisition was set at every 10 ps (from 10 ps to 0.3 ms),
every 0.1 ms (from 0.2 to 3 ms), every 1 ms (from 3 to
30 ms), every 10 ms (from 30 to 300 ms) and every
100 ms (from 300 ms to 1 s). The Biolyzer 4HP software
(v4.0.30.03.02) was used to analyze the O—J-I-P transients
and OriginPro 8 SRO v9.0724 (B724) was used for the
graphs of the transients. The fluorescence O—J-I-P tran-
sients were analyzed according to the equations of the JIP
test (for review, see Strasser et al. 2004; Yusuf et al. 2010).

Results and discussion

Chlorophyll a fluorescence transients and their averaged
values of the dark-adapted plants are shown in Fig. 1a, b,
respectively. The transients exhibited the typical polypha-
sic rise O-J-I-P having the same variable fluorescence
(Fpm — Fo = Fy), indicating that the photosynthetic sys-
tems of plants were functioning. Double normalization at
Fo and Fp (Vop) revealed changes in the shape of the
transients between the two end points shown in Fig. lc.
After the onset of illumination of the dark-adapted plants, a
rapid increase in the fluorescence at the OJ intermediate
steps (2 ms) were observed in plants exposed to drought as
shown in Fig. 1d. Note that the non-transgenic (NT) plants
had the highest intensity as compared to GOS2:OsNACI0
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Fig. 1 Polyphasic fluorescence OJIP of chlorophyll a exhibited by
dark adapted transgenic (RCc3:0OsNACI0 and GOS2:0sNACI0) and
non-transgenic (NT) plants. a Raw fluorescence with brackets
showing transients of plants under drought conditions (filled symbols)

and RCc3:0sNACI0 plants. Under normal conditions,
however, the GOS2:0sNACI0 plants had the highest
intensity followed by the RCc3:0sNAC10 with NT plants
at the bottom. The change in the fluorescence intensity of
each plant is interpreted as differences in the reduction of
Qa to Q47, i.e. a single turnover event in the OJ phase.
Specifically, high fluorescence intensity occurs due to the
decrease in electron transport beyond Q,~ (Haldiman and
Strasser 1999) which results from the accumulation of a
fraction of reduced Q,~ (Munday and Govindjee 1969;
Strasser et al. 1995; Lazar et al. 1997). This behavior is a
typical response of a plant since the PS II is drought tol-
erant compared to photosystem I (PS I) and the effects of
drought stress is only usually observed in the lowered
efficiency of electron transport towards the PS I. At this
point, the JIP test was able to discriminate plants grown
under normal conditions from those grown under drought
conditions and also reflected the degree of effect on the
electron transport when the plants are exposed to drought.

To further elucidate the differences between samples,
subsequent normalizations and subtractions were carried
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plants under normal conditions (unfilled symbols). b Averaged
fluorescence transients for each plant. ¢ Double normalization at F
to Fp phase; Vop = (Fy — Fo)/(Fp — Fo). d Differences in fluores-
cence intensity at the J phase (2 ms) of the Vop

out. Starting within the OJ phase, differences in the plants
fluorescence trace were compared through normalization
between Fo (50 ps) and Fyx (300 ps) The comparison of
the traces of two samples revealed a negative peak on its
difference kinetics at about 150 ps (AVgk at 150 ps) called
the L-band (in alphabetical order I, J, K, L). As shown in
Fig. 2, all plants had a negative value confirming the
presence of energetic connectivity (or grouping) between
the antennas of PS II units (Strasser 1978). Under drought
stress, the negative band of RCc3:OsNACIO and
GOS2:0sNACI10 plants were more pronounced than NT
plants. Many studies indicated that higher energetic con-
nectivity in the photosynthetic machinery leads to a better
utilization of the excitation energy and a higher stability of
the system (Strasser et al. 2007; Zhu et al. 2005; Chernev
et al. 2006; Oukarroum et al. 2007). The increased con-
nectivity is a partially protective mechanism by diverting
more excitations energy to photochemistry. This is similar
to the photoprotective role of non-photochemical quench-
ing that diverts more excitation energy for heat dissipation
(Horton et al. 1996), since at high-light flux, the excited
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Fig. 2 Double normalization at Fo and Fg; Vox = (F, — Fo)/
(Fx — Fo); left axis. The difference kinetics was computed through
the equation AVVOK = VOKsamplc - VOKcomrol and PlOttEd at the Vighl
axis showing the L band (150 ps). Filled and unfilled symbols
represent plants grown under drought and normal conditions,
respectively

chlorophylls in core antenna of closed RCs can potentially
generate radicals leading to photoinhibition (Long et al.
1994). These findings suggest that the RCc3:OsNACI0
plants were most stable under drought conditions, followed
by the GOS2:0sNAC10 plants and NT plants as the least.

To characterize PS I from PS 11, double normalization at
the Fo (50 ps) and Fy (30 ms) was plotted in Fig. 3a. The
area formed versus time, between the F; and Fy; of the IP
phase, is a measure of the size of the end electron acceptor
pool reduced by the PS 1. It can be observed that the effect
of stress can be manifested through a decline in pool size.
In general, drought-treated plants had lower pool sizes
compared to plants grown under normal conditions
(Fig. 3b). The NT plants, however, was found to be the
most sensitive to drought stress due to the drastic decline in
pool size compared to transgenic plants.

To quantify the rates of reducing end electron acceptor
pool in each plant, the transients were double normalized at
F1 and Fp (Vip) as shown in Fig. 4. The rate constants of
RCc3:0sNACI0 plants were higher under normal than in
drought conditions. This was further elucidated at the right
axis by looking at the difference kinetics (AVip) between Fy
and Fp. The amplitude of the negative band around 100 ms
of illumination (which represents a given light dose)
becomes an estimate of the K, value for the reduction of
end acceptors of PS I. The negative band is proportional to
the time and light dosage needed to reach 50% of the rise in
the IP phase. Drought-treated RCc3:0sNAC10 showed the
highest amplitude followed by NT while RCc3:OsNACI0
plants under normal conditions showed the lowest ampli-
tude indicating fastest reduction rate. Collectively, the
double normalizations at Vg and Vip collectively illus-
trated the influence of stress applied on the reduction rates
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Fig. 3 Double normalization at the Fo to Fy; Vor = (F, — Fo)/
(Fy — Fo). a Individual events starting from the photons absorbed
(ABS) followed by exciton trapping (TR), electron transport (ET),
and to the plastoquinone (PQ) reduction (O-I phase, from 0 to 1) by
the PS II; then from the PS I-driven electron transport to the reduction
of end electron acceptors (RE) on the PS I acceptor region that started
at PQH, to Cyt bf complex to PC. b Events for Vg; > 1.0 illustrating
the differences in the pool size of end electron acceptors

and pool size of the end electron acceptor at the PS I
region. From these, the regulation of the reduction of the
end electron acceptors was found to be independent from
the regulation of the pool size which agreed on the
observations reported by Yusuf et al. (2010).

The structural and functional parameters affecting pho-
tosynthetic behavior of the plants were also characterized
from the fluorescence transients shown in Fig. 5. Here, all
the fluorescence traces of the plants were normalized to NT
plants grown under normal conditions. Structural parame-
ters are the ratio of rate constants and/or the energy flux
ratios expressed per ABS, e.g. as quantum yields (TRy/
ABS), or per electron transport between the two photo-
systems (ETo/ABS), or per electron transport reducing the
end electron acceptors (REy/ABS) of PS I (Fig. 5a). On the
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Fig. 4 Comparison in the reduction rates in pool of the end electron
acceptor through double normalization at the Fy and Fp (left axis);
horizontal dashed line at 0.5 indicates half time. The difference
kinetics at Fy and Fp (AWip = Vipgample — Vipcontrol) 18 shown at the
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other hand, energy fluxes expressed per RC are functional
parameters, i.e. specific energy fluxes (Fig. 5b). The
parameter ABS/RC (inverse of RC/ABS) is a measure of
apparent antenna size (total absorption or total chlorophyll
per active RC). The ABS/RC of RCc3:0OsNACIO plants
both under normal and drought conditions declined while
GOS2:0sNACI0 and NT plants were relatively similar to
the control. The reduction in ABS/RC can be explained in
two ways, either, first, the apparent antenna size is reduced
(i.e. the antenna that supplies excitation energy to active
RCs has decreased in size) or, second, the active RC (i.e.
by being transformed to Q,-reducing centers) is increased.
The first reason presents the closest possible explanation
for the reduction in ABS/RC in RCc3:OsNACI0 plants
since no K band was observed (data not shown). The
presence of a positive K band may indicate an increase in
the functional PS II antenna size as reported by Yusuf et al.
(2010). It was also stated by Ballottari et al. (2007) that sun
leaves are actively managing the flux of electrons by
reducing the antenna size in the PS II and enhancing the
controlled dissipation of energy. Thus, in this study, the
reduction in functional antenna size may have enhanced
the passing of energy to active RCs relative to the control
and further supports the claim that under drought condi-
tions the RCc3:0sNAC10 plants possess an advantage over
NT plants in terms of stability and efficiency in utilizing
energy.

Another key expression of the JIP test is the TR/RC as
it expresses the rate, per RC, by which excitons are trapped
resulting in the reduction of Q4 to Q4. Under both normal
and drought conditions, RCc3:OsNAC10 plants were lower
than GOS2:0sNACI10 plants while the latter is relatively
similar to the control. At this point, it can be said that all

I RC/ABS

[ TRo/ABS
[ ETo/ABS
EZZZ RE0/ABS

Arbitrary unit (a.u.)

Fig. 5 Photosynthetic parameters derived from the JIP analysis
relative to the non-transgenic control plants grown under normal
conditions. a Specific energy fluxes (per RC) considered as functional
parameters: absorption flux (ABS/RC), trapping flux (TRyRC),
electron transport flux (ET/RC) and electron flux for reducing end
electron acceptors at PS I region (RE/RC). b Ratio of energy fluxes
representing the structural parameters; quantum for primary photo-
chemistry (TRy/ABS), the quantum yield for the conversion of
excitation energy to electron transport (ET¢/ABS) and the quantum
yield for the reduction of end acceptors (RE/ABS)

the plants had a stable association between energy-
absorbing chlorophyll, in the form of active RC, and the
trapping of this energy for the reduction of QA to Q. The
specific electron flux (ETy/RC) further than Q,~ of the
plants relative to the control is shown in Fig. 5a. Differ-
ences between TRy/RC and ETy/RC showed the connection
between these components in PS II. Under drought con-
ditions, NT plants showed the highest difference followed
by GOS2:0sNACI0 and RCc3:0sNACIO while under
normal conditions a lower change was observed both for
GOS2:0sNAC10 and RCc3:0OsNACI10. From these results,
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not only the values per specific energy flux were shown but
also the connection between one flux to the next suggesting
that transgenic plants under drought conditions were more
efficient in the utilization of energy than the NT. The
specific energy for the reduction of the end electron
acceptors (REy/RC) at PS I side showed that under drought
conditions transgenic plants RCc3:OsNACIO and
GOS2:0sNACI10 were comparably higher than NT. The
behavior of the specific fluxes in both transgenic and NT
plants together with the changes accompanied due to stress
were similar, suggesting that the drought stress affected the
same part of the photosynthetic system.

The quantum yields of the plants were also ranked in
Fig. 5b. The parameter TRy/ABS or the maximum quan-
tum yield for primary photochemistry, which is also the
commonly used Fvy/Fy; fluorescence parameter, showed
that all the plants had the same maximum quantum yield
for primary photochemistry suggesting the insensitivity of
this parameter for assessing the drought-treated plants. The
same observations in using Fy/F); for studying the fluo-
rescence test for stressed plants have been reported else-
where (Oukarroum et al. 2007; Van Heerden et al. 2004).
In contrast, the quantum yields for electron transport (ETy/
ABS) relative to the control varied more visibly. Results
showed that both the drought-treated transgenic plants
exhibited a higher quantum yield for electron transport
when compared to the drought-treated NT plant. Further-
more, NT plants had the largest difference from its nor-
mally grown counterpart. The quantum yields for the
reduction of end electron acceptor (REy/ABS) at PS I of
transgenic plants remained higher than NT under drought
conditions for approximately 10%. In summary, transgenic
plants showed to have an advantage compared to NT as
shown in the quantification of the structural and functional
parameters. To express all the parameters mentioned above
in a single form the performance index (Pl.) of each
plant was plotted in Fig. 6.

The parameter Pl by definition considers the fol-
lowing individual effect on the component parameters: the
RC-density in the chlorophyll bed (RC/ABS), the perfor-
mance due to the quantum efficiency of primary photo-
chemistry [@p/(1 — @p,)], the performance due to the
quantum efficiency of the conversion of excitation energy
to electron transport [Yg./(1 — Yg,)] and the performance
due to the quantum efficiency of the reduction of end
acceptors [dro/(1 — Jro)] (Smit et al. 2009). The Pl of
RCc3:0sNACI0 plants were higher than the control under
normal conditions, and during drought conditions it
reduced by 22% while the NT plants reduced by as much as
42%. Results suggest that the advantage of RCc3:Os-
NACI0 over the NT plant were already present under
normal conditions and were able to “utilize” it when
exposed to drought stress. On the other hand,
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Fig. 6 Performance index (Pli,) of the plants relative to the non-
transgenic control plants grown under normal conditions

GOS2:0sNACI10 plants under normal conditions had a
lower Pl than the control but its drought-treated coun-
terpart, GOS2:OsNACI0, were still higher than NT. These
findings indicate that NT plants are more sensitive for
drought stress compared to the transgenic plants. Studies
regarding a strong correlation between physiological
parameters such as plant growth, survival rate and Pl
have also been reported elsewhere (Strasser et al. 2007;
Zubek et al. 2009).

In summary, the use of the JIP test to assay drought-
stressed transgenic plants at their vegetative stage was very
useful and informative. Both transgenic plants showed an
advantage over NT under drought conditions in terms of
stability and efficiency in utilizing energy. Considering all
the driving forces represented by a single parameter Pli,
transgenic plants showed superiority over NT under
drought conditions and RCc3:0OsNACI0 plants “outper-
formed” GOS2:0sNACI0 plants. In a field test, the over-
expression of the transcription factor OsNACI0 in roots
driven by the RCc3 promoter enhanced the tolerance of
transgenic rice under drought conditions compared to the
whole-body expresser GOS2 and to NT plants as reported
by Jeong et al. (2010).
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