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Abstract. Water deficit is considered the major environmental factor limiting leaf photosynthesis, and the physiological
basis for decreased photosynthesis under water deficit has been intensively studied with steady irradiance. Leaves within
a canopy experience a highly variable light environment in magnitude and time, but the effect of water deficit on
photosynthesis in fluctuating irradiance is not well understood. Two rice cultivars with different drought tolerance,
Champa and Yangliangyou 6 (YLY6), were hydroponically grown under well-watered, 15% (m/v) and 20% PEG
(polyethylene glycol, 6000Da) induced water deficit conditions. The inhibition of steady-state photosynthesis in
Champa is more severe than YLY6. The maximum Rubisco carboxylation capacity (Vcmax) and maximum electron
transport capacity (Jmax) were decreased under 20% PEG treatment in Champa, whereas less or no effect was observed in
YLY6. The induction state (IS%, which indicates photosynthesis capacity after exposure of low-light period) of both
leaf photosynthetic rate (A) and stomatal conductance (gs) was highly correlated, and was significantly decreased under
water deficit conditions in both cultivars. Water deficit had no significant effect on the time required to reach 50 or 90% of
the maximum photosynthetic rate (T50%,A and T90%,A) after exposure to high-light level, but significantly led to a greater
decrease in photosynthetic rate in the low-light period under flecked irradiance (Amin-fleck) relative to photosynthetic rate in
the same light intensity of continuously low-light period (Ainitial). The lower IS%of A and more severe decrease in Amin-fleck

relative to Ainitial will lead to a more severe decrease in integrated CO2 fixation under water deficit in flecked compared with
uniform irradiance.

Additional keywords: dynamicphotosynthesis, induction state, simulated sunflecks, steady-state photosynthesis, stomatal
conductance, water deficit.
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Introduction

Studies of photosynthesis are mostly conducted under steady-
state conditions. However, steady-state conditions are rare
in nature, and growth environments, especially irradiance, are
inherently heterogeneous in time and space within canopies
(Pearcy et al. 1990; Lawson et al. 2012). At any given level
in the canopy, gaps between the leaves in the layer above
produce sunflecks that may change rapidly in size and
photosynthetic photon flux density (PPFD) because of the
wind (Pearcy et al. 1990; Timm et al. 2002; Lawson et al.
2012). Involving many subprocesses, photosynthesis cannot
respond linearly to changing irradiance. Therefore, in order to
understand photosynthesis in natural conditions, it is important
to investigate in conditions of fluctuating irradiance, namely,
dynamic photosynthesis.

Previous studies on dynamic photosynthesis have focussed
on the influences of changing irradiance on photosynthetic
subprocesses, including electron and proton transport, non-
photochemical quenching, RuBP regeneration, activation of
Calvin cycle enzymes, and stomatal opening (Lawson et al.
2012; Kaiser et al. 2015). The effect of environmental factors
on dynamic photosynthesis is less well known; only a handful
of studies have focussed on the influence of elevated CO2

concentration, leaf temperature, and air humidity on dynamic
photosynthesis (Leakey et al. 2002, 2003; Cui et al. 2009). The
lack of knowledge in this area will restrict the understanding
of photosynthesis in natural conditions, because plants are
usually grown under suboptimal conditions.

Water deficit is considered the major environmental factor
limiting plant growth and productivity, because it decreases leaf
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photosynthetic rate (A). The physiological basis for decreased
photosynthesis under drought has been well documented.
Stomatal closure in response to drought restricts CO2 entry,
and thereby limits photosynthesis as well as decreasing water
loss. It is suggested that stomatal closure is the earliest and the
dominant response to drought during mild and moderate water
deficit (Flexas and Medrano 2002; Flexas et al. 2002), whereas
limitations from mesophyll conductance and biochemical
capacities (e.g. RuBP regeneration rate, ATP synthesis,
Rubisco activity) are progressively improved during severe
and long-term water deficit (Parry et al. 2002; Cano et al.
2014; Perez-Martin et al. 2014). But the influence of water
deficit on dynamic photosynthesis has not been studied.

To efficiently use energy, the leaves need to maintain a
relatively high photosynthesis induction state (IS%) and
stomatal conductance (gs) under shade or low-light periods of
flecked irradiance. With regard to stomatal movement during
sunflecks, water deficit might be expected to reduce the rate of
stomatal opening in response to increasing irradiance, and to
increase the rate of stomatal closure with decreasing irradiance
(Way and Pearcy 2012). Moreover, many studies show that
stomatal conductance under uniform irradiance (gs,steady) is
strongly and negatively related to the time required to reach 50
or 90% of the maximum photosynthetic rate (T50%,A and T90%,A),
when shifting from low- to high-light levels (Valladares et al.
1997; Allen and Pearcy 2000; Wong et al. 2012). This suggests
that the plant with a low gs under water deficit conditions may
require more time for photosynthesis to recover when shifting
from low to high irradiance, which will inevitably aggravate the
negative effect of water deficit on photosynthesis.

However, the negative correlation between gs,steady andT50%,A

(or T90%,A) is mostly found when the gs,steady is lower than a
threshold value, which is usually lower than 0.1molm–2 s–1

(Valladares et al. 1997; Allen and Pearcy 2000), although
Wong et al. (2012) found the negative correlation also exists
when gs,steady reaches ~0.4molm–2 s–1. Growing in paddy fields,
gs of rice plants is usually higher than 0.4molm–2 s–1 (Hubbart
et al. 2007). Whether the decrease in gs of rice plants under water
deficit can lead to a longerT50%,AorT90%,A, and subsequently lead
to a more severe decrease in photosynthesis is not known.

In the present study, rice seedlingswere hydroponicallygrown
under three water statuses: well-watered conditions, 15% (m/v)
and 20% PEG (polyethylene glycol, 6000Da) induced water
deficit conditions. Both steady-state and dynamic photosynthesis
were measured to (1) study the effects of water deficit on
photosynthesis under both steady-state and flecked irradiance;
and (2) investigate whether flecked irradiance treatments can
aggravate the negative effect of water deficit on photosynthesis.
This was done by studying the effects of water deficit on the
response of IS% to low-light duration and on the time required
for photosynthesis induction after shifting from low- to high-light
level.

Materials and methods
Plant materials and water treatments

After germination on moist filters on 21 August 2015, seeds of
two rice cultivars with different drought tolerance, Champa and

Yangliangyou 6 (YLY6), were transferred to nursery plates.
Thirteen days after germination, when the seedlings had
developed an average of 2.5 leaves, they were transplanted to
11.0 L pots with a density of eight hills per pot and two seedlings
per hill. The seedlings were supplied with full-strength Hoagland
solution. Ten days later, water stress was simulated on the partial
seedlings by adding PEG to a final concentration of 10% in
the nutrient solutions. Eight days later, PEG concentrations were
increased to 15% or 20%. Twelve days later, gas-exchange
measurements were started. In total there were three treatments
(well-watered condition, 15 and 20% PEG induced water deficit
conditions), and three pots per treatment. The pots were placed
randomly to avoid edge effects.

The composition of the nutrients in solutions was as follows:
macronutrients (mgL–1): 40N as equal moles of (NH4)2SO4 and
Ca(NO3)2, 10 P as KH2PO4, 40K as K2SO4 andKH2PO4, 40Mg
asMgSO4; micronutrients (mgL–1): 2.0 Fe as Fe-EDTA, 0.5Mn
as MnCl2�4H2O, 0.05 Mo as (NH4)6Mo7O24*4H2O, 0.2 B as
H3BO3, 0.01ZnasZnSO4�7H2O, 0.01CuasCuSO4*5H2O, 2.8Si
asNa2SiO3*9H2O.Nutrient solutionswere changed every 3 days,
and pH was adjusted to 5.50� 0.05 every day with 0.1mol L�1

HCl or 0.1mol L�1 NaOH.

Gas-exchange measurements
CO2 response curve measurement
Allgas exchangemeasurementswere conductedon thenewest

fully expanded leaves using a portable photosynthesis system
(LI-6400XT; Li-Cor Inc.) between 0900 and 1600 hours. Prior
to the measurements for CO2 response curves, leaves were
placed in the leaf chamber for at least 15min at a PPFD of
1500mmolm–2 s–1, a CO2 concentration in the reference chamber
of 400mmolmol–1 with a CO2 mixture, a leaf temperature of
28�C, and a leaf-to-air vapour pressure deficit (VPD) of 1 kPa.
After equilibration to a steady-state, data were recorded and
the leaf photosynthesis and stomatal conductance measured
were defined as the steady-state photosynthesis (Asteady) and
gs,steady. Thereafter, CO2 concentration in the reference
chamber was controlled across a series of 400, 200, 150, 100,
50, 25, 400, 600, 800, 1000 and 1500mmolmol–1 with a CO2

mixture to measure the CO2 response curves. Carboxylation
efficiency (CE) was calculated by linear regression of the data
points when the CO2 concentration in the reference chamber
was� 200mmolmol–1.

Measurement of mesophyll conductance
Gas exchange and chlorophyll fluorescence were

simultaneously measured using LI-6400XT equipped with a
6400–40 leaf chamber. CO2 in the reference chamber was
controlled to 400mmolmol–1 with a CO2 mixture, leaf
temperature, VPD and PPFD were controlled to the same as
mentioned above.After equilibration to a steady-state, the steady-
state fluorescence (Fs) was measured and a 0.8 s saturating
pulse of light (~8000mmolm–2 s–1) was applied to measure
the maximum fluorescence (Fm

0). Gas-exchange data were
also recorded simultaneously. The photosynthetic efficiency of
photosystem (FPSII) was calculated as:
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FPSII ¼ 1� Fs

Fm
0 : ð1Þ

The electron transport rate of PSII (J) was calculated as:

J ¼ PPFD�FPSII � a� b; ð2Þ
where a and b are leaf absorption and the proportion of quanta
absorbed by PSII, respectively. The product a� b was
determined from the slope of relationship between FPSII and
the quantum efficiency of CO2 uptake (FCO2), obtained by
varying light intensity under non-photorespiratory conditions
at less than 2% O2 (Valentini et al. 1995).

The variable J method was used to calculate gm using the
equation:

gm ¼ A

Ci � G� � ðJ þ 8ðAþ RdÞÞ
J � 4ðAþ RdÞ

; ð3Þ

where G* and Rd are the CO2 compensation point in the absence
of respiration and mitochondrial respiration rate in the light
respectively. G* and Rd were measured following Laisk’s
method, as described Li et al. (2012).

The chloroplastic CO2 concentration (Cc) was calculated as:

Cc ¼ Ci � A

gm
: ð4Þ

Calculations of Vcmax and Jmax

A/Cc curves were estimated from A/Ci curves with the
corresponding gm, the maximum Rubisco carboxylation
capacity (Vcmax) and maximum electron transport capacity
(Jmax) were calculated according to the models described by
the Farquhar et al. (1980) and Sharkey (2016). Generally,
Vcmax was calculated under the assumption that photosynthesis
was limited by Rubisco carboxylation at Ci values below
200mmolmol–1 (Sharkey et al. 2007). At these low CO2

values, A was fitted to the Rubisco-limited process:

A ¼ Vcmax � Cc � G*
Cc � Kcð1þ O=KoÞ � Rd; ð5Þ

where Kc and Ko are the Michaelis-Menten constants for CO2

and O2, O is the partial pressure of O2 (0.21molmol–1). The Kc

and Ko measured by Bernacchi et al. (2002) were used in the
calculation of Vcmax and Jmax. The temperature response of Kc

and Ko were calculated as:

Parameter ¼ exp c� DHa

RTk

� �
; ð6Þ

where c is a scaling constant, DHa is the energy of activation, R
is the molar gas constant (8.314 JK–1mol–1) and Tk is the
leaf temperature in Kelvin. The scaling constant and the
energy of activation were also taken from Bernacchi et al.
(2002). This allows the calculation of Kc and Ko at 28�C,
where leaf photosynthesis was measured in the present study.
Jmax was calculated under the assumption that photosynthesis
was limited by RuBP regeneration at Ci values above
300mmolmol–1 (Sharkey et al. 2007). At these high CO2

values, A was fitted to the RuBP regeneration process:

A ¼ Jmax � Cc � G*
4Cc þ 8G*

� Rd: ð7Þ

Measurement of induction state
The response time of the gas-exchange apparatuswas checked

before the measurement of the dynamic gas exchange, and a
quick response time of 5 s at the flow rate of 500mLmin–1 was
observed, which was similar to that in other studies (Leakey
et al. 2002, 2003). Estimations of the IS%, the time required for
photosynthesis induction (T50 and T90), the post-irradiance CO2

fixation (PIF) and CO2 burst (PIB) were calculated after raw
output was corrected for the system lag time.

The response of IS% to various duration of the low-light
exposures was measured according to the procedure described
in Fig. S1a (available as Supplementary Material to this paper)
and also by Sun et al. (2016). Briefly, photosynthesis of the
newly expanded leaves was first induced under light-saturated
conditions (PPFD=1500mmolm–2 s–1) for at least 15min,
which is long enough for photosynthesis to be fully induced,
then the data were automatically recorded every 2 s. The A
and gs here were similar to Asteady and gs,steady calculated
from CO2 response curves, because they were both fully
induced at 1500mmolm–2 s–1 for at least 15min. Three
minutes after recording, the light was decreased immediately
to 100mmolm–2 s–1. One minute later, the light was increased
immediately to 1500mmolm–2 s–1 for the leaves to be fully
induced again, which needed 5min. Thereafter, the light was
decreased immediately to 100mmolm–2 s–1. Five minutes later,
the light was again increased to 1500mmolm–2 s–1. Ten minutes
later, the light was again decreased to 100mmolm–2 s–1. Another
10 minutes later, the light was increased to 1500mmolm–2 s–1.
Fifteen minutes later, the procedure of measurement was
stopped. Therefore, there were three low-light periods, the
durations of which were 1, 5 and 10min respectively. After
each low-light period, 5, 10 and 15min of high-light were
long enough for leaves to be fully induced. The IS% value of
A was calculated as:

IS% of A ¼ A30 þ Rd

Asteady þ Rd
; ð8Þ

where A30 is the instantaneous photosynthetic rate 30 s after
switching from low- to high-light levels. The instantaneous gs
30 s after switching from low- to high-light levels was referred
to as gs,30, and the IS% value of gs can be calculated as:

IS% of gs ¼
gs;30

gs;steady
: ð9Þ

Measurement of dynamic photosynthesis
in flecked irradiance
The photosynthetic induction process was measured

according to the procedure described in Fig. S1b and by
Sun et al. (2016). Briefly, seedlings were kept in darkness
by placing them in a controlled growth chamber (PPFD
0mmolm–2 s–1; temperature 28�C; RH 60%; CO2 concentration
400mmolmol–1) from 2000hours on the previous day until the
measurement was started at 0900 hours. After a prolonged low-
light of 100mmolm–2 s–1 (>15min), the data were automatically

466 Functional Plant Biology J. Sun et al.



recorded for 3min. The A and gs here were referred as Ainitial and
gs,initial respectively. Thereafter, the PPFD in the chamber was set
to nine� 3min flecks of 1500mmolm–2 s–1, separated by 1min
low-light periods of 100mmolm–2 s–1. The maximum A and gs
during the procedure was referred as Amax–fleck, and gs,max

respectively. The steady-state A at low-light phase was referred
as Amin-fleck. Times to 50% and 90% of the maximum
photosynthetic rate (T50%,A and T90%,A respectively) were
identified as the period between the start of the first high-light
level and the time when the first data point exceeded each of the
values in turn.Times to 50and90%of themaximumgs (T50%gs and
T90%gs) were calculated similarly.

Integrated carbon gain was calculated as the integrated
photosynthesis within 36min from shifting to a high light
level to the end of the ninth low light period. Driven by pools
of Calvin cycle intermediates as well as NADPH, ATP, and
proton motive force, after shifting from high to low irradiance,
photosynthetic CO2 fixation continues before dropping below
Ainitial, which is referred as post-irradiance fixation (PIF, grey
area in Fig. S2). Because of photorespiratory CO2 release, Awill
continue decrease to the values below Ainitial and finally return to
steady-state rates. The white area is referred as photosynthetic
CO2 burst (Fig. S2). The PIF and PIB were calculated according
to Leakey et al. (2002).

Statistical analysis

One-way analysis of variance (ANOVA) and the least-significant
difference (l.s.d.) test were used to assess each of the parameters
using Statistix 9 software (Analytical Software).

Results

CO2 response curve

Under well-watered conditions, with increasing CO2 supply,
A first increased and then reached a plateau when Ci was
~600mmolmol–1 in both cultivars (Fig. 1). This suggested
that CO2 saturation points were similar between the two

cultivars. Moreover, CO2 compensation point in Champa was
49.6� 0.3mmolmol–1 underwell-watered conditions,whichwas
also similar with that in YLY6 (49.4� 0.9mmolmol–1). Under
well-watered conditions, CE andAsteady were significantly higher
in Champa than those in YLY6, whereas Ci,steady was similar
between the two cultivars (Table 1). This suggested that
mesophyll conductance and/or Rubisco carboxylation capacity
was higher in Champa than in YLY6. In fact, Vcmax and gm,steady

were slightly higher inChampa than inYLY6, although theywere
not statistically significant.

Water deficit significantly decreased Asteady, gs,steady, Ci,steady,
gm,steady and Cc,steady in both cultivars, and the cultivar YLY6
was shown to be more tolerant to water deficit than Champa
(Table 1). There was a large difference in CO2 response curves
between well-watered and water deficit conditions in Champa
(Fig. 1), this suggested that the depression of Asteady in Champa
underwater deficit conditionswas related to both stomatal closure
and the impairment of mesophyll conductance and biochemical
function (Table 1); the difference in CO2 response curves
between well-watered and water deficit conditions was relative
smaller in YLY6 (Fig. 1), this suggested that the depression of
Asteady in YLY6 was mostly related to stomatal closure with
slight impairments of mesophyll conductance and biochemical
function (Table 1). In fact, Champa showed significant decreases
in both gm,steady, Vcmax and Jmax under 20% PEG treatment, while
water deficit generally had no or less effects on them in YLY6.
Compared with WW treatment, gm,steady was decreased by 42%
under 20%PEG treatment in Champa; there was no significant
difference between WW and 20%PEG treatments in YLY6,
although it was decreased by 28% under 15%PEG treatment.
Compared with WW treatment, Vcmax was decreased by 42%
under 20%PEG treatment in Champa, while a less decrease of
18% was observed in YLY6.

Induction states of photosynthesis and stomatal conductance

The IS% of both A and gs declined with an increased period
of low-light level in all treatments and cultivars (Fig. 2). Water
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Fig. 1. Effects of PEG-induced water deficit on the CO2 response curves. Abbreviations: A, leaf photosynthetic
rate; Ci, intercellular CO2 concentration; WW, well-watered condition; 15%PEG, 15% PEG induced water deficit;
20%PEG, 20% PEG induced water deficit.
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deficit generally decreased the IS% of both A and gs after 1 and
5min of low-light levels, while it had no significant effect after
10min of low-light. The two cultivars showed similar IS% of A
during the three low-light periods, although Champa possessed
a relatively higher IS% of gs than YLY6. The IS% of A was
positively related to IS% of gs in both cultivars (Fig. 3). The IS%

value of A was higher than the IS% value of gs in YLY6, while
they were similar in Champa.

There were different patterns in the correlation between the
IS%of A and gs,steady at different low-light periods (Fig. 4). After
1min of the low-light level, the IS% of A was curvilinearly and
positively related to gs,steady. The IS% value of A generally

Table 1. Effects of PEG-induced water deficit on steady-state photosynthetic rate (Asteady), stomatal conductance (gs,steady), intercellular CO2

concentration (Ci,steady),mesophyll conductance (gm,steady), chloroplasticCO2concentration (Cc,steady), carboxylationefficiency (CE),maximumRubisco
carboxylation capacity (Vcmax) and maximum electron transport capacity (Jmax)

Steady-state gas exchange was measured at a photosynthetic photon flux density (PPFD) of 1500mmolm–2 s–1, a CO2 concentration in the reference chamber of
400mmolmol–1, a leaf temperature of 288C, and a leaf-to-air vapour pressure deficit (VPD) of 1kPa. CO2 concentration in the reference chamber was controlled
across a series of 400, 200, 150, 100, 50, 25, 400, 600, 800, 1000 and 1500mmolmol–1 with a CO2 mixture. Significant differences at the P < 0.05 level in
each column are followed by different letters . Abbreviations: WW, well-watered condition; 15% PEG, 15% PEG induced water deficit; 20% PEG, 20%

PEG induced water deficit

Varieties Treatments Asteady

(mmolm–2 s–1)
gs,steady

(molm–2 s–1)
Ci,steady

(mmolmol–1)
gm,steady

(molm–2 s–1)
Cc,steady

(mmolmol–1)
CE Vcmax

(mmolm–2 s–1)
Jmax

(mmolm–2 s–1)

Champa WW 33.7 ± 0.3a 1.03 ± 0.05a 310 ± 3a 0.31 ± 0.02a 202 ± 5a 0.156 ± 0.011a 75.4 ± 5.0a 229± 9a
15%PEG 26.0 ± 1.5bc 0.43 ± 0.03c 276 ± 7c 0.25 ± 0.03bc 171 ± 14b 0.122 ± 0.006bc 66.2 ± 4.0b 224± 9a
20%PEG 14.9 ± 0.5d 0.20 ± 0.02d 257 ± 18c 0.18 ± 0.05d 167 ± 26b 0.090 ± 0.017e 52.0 ± 6.5c 194± 22b

YLY6 WW 27.8 ± 0.5b 0.81 ± 0.09b 300 ± 4ab 0.29 ± 0.03ab 203 ± 11a 0.130 ± 0.009b 70.6 ± 4.8ab 202± 13b
15%PEG 24.3 ± 1.0c 0.48 ± 0.03c 279 ± 1bc 0.21 ± 0.02cd 164 ± 11b 0.109 ± 0.003cd 57.9 ± 2.6c 194± 5b
20%PEG 17.7 ± 4.7d 0.24 ± 0.04d 235 ± 13d 0.28 ± 0.06ab 170 ± 13b 0.106 ± 0.016de 57.8 ± 6.2c 196± 18b
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reached a plateau of 95% when gs,steady was more than
0.4molm–2 s–1, and the IS% value sharply decreased when
gs,steady was less than this threshold. After 5min of low-light,
the IS% value of A was linearly and positively correlated with
gs,steady. After 10min of low-light, no correlation was observed
between the IS% value of A and gs,steady, and the IS% value of A
was on average 48% in all treatments.

Dynamic photosynthesis in the flecked irradiance

Compared with well-watered conditions, Amax-fleck, Amin-fleck and
gs,max significantly decreased under bothwater deficit conditions;
Ainitial and gs,initial showed a smaller decrease (Table 2). Water
deficit generally had no significant effects on T50%A and T90%A

on both cultivars, but they were higher in Champer than YLY6,
which suggested that Champer requires more time for
photosynthesis to recovery after shifting to high light. Water
deficit had no significant effect on T50%gs in YLY6, but it was
significantly decreased under 20% PEG treatment in Champa;
water deficit significantly increased T90%gs in YLY6, while
significantly decreased it in Champa. Water deficit had no
significant effect on PIF and PIB, which accounted for 7.84
and 0.17%, respectively, of the integrated CO2 fixation.

Discussion

For leaves acclimated to shade, photosynthetic response to
sudden high irradiance via sunflecks will not be instantaneous,
due to downregulation of electron transport processes,
deactivation of Calvin cycle enzymes and stomatal closure
under shade, and also due to the small size of the pools of
Calvin cycle intermediates (Sassenrathcole et al. 1994; Tausz
et al. 2005; Lawson et al. 2012). The efficient use of sunflecks
is thus dependent on the maintenance of high activation of the
enzymesandhigh stomatal conductanceduring low-light periods,
and also dependent on the rates of both reactivation of enzymes
and reopening of stomata. The maintenance of photosynthesis
capacity is usually represented using the parameter of the IS% of
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A, due to the positive correlation between IS%ofA and integrated
CO2 assimilation (Naumburg and Ellsworth 2000). The IS% of
A is reported to be negatively related to duration of shade or
low-light periods, and to be environment- and species-dependent
(Leakey et al. 2002; Kubásek et al. 2013). High temperature
stress can significantly decrease the IS%ofA (Leakey et al. 2003),
while CO2 enrichment can increase it (Leakey et al. 2002). The
present study demonstrated that water deficit can decrease IS%
of both A and gs, which were generally decreased with increasing
periods of low light between 1 and 10min (Fig. 2).

The IS% of A and IS% of gs are highly correlated and of a
similar magnitude (Leakey et al. 2002). In the present study,
the IS% of A and IS% of gs were highly correlated across three
different low-light periods in both cultivars, with the same
magnitude in Champa and a lower magnitude of the IS% of gs
in YLY6 (Fig. 3a, b). However, these high correlations is largely
due to the decline of IS% with the duration of low-light period.
To remove the time factor, the correlations between IS%of A and
IS% of gs after different low-light periods were created (Fig. 3c,
d). It showed that IS%ofA is positively related to IS%of gs after 1
and 5min of low-light periods, although the correlation is not
significant at P< 0.05 level after 5min low-light period (r = 0.76,
P = 0.077). The IS%ofAwas not related to IS%of gs after 10min
of low-light period (Data not shown). This suggested that, the
maintenance of photosynthesis under a short period of low-light
(<5min) is highly correlated with the maintenance of stomatal
conductance, but may related to the biochemical function of
Calvin cycle enzymes under a long period of low-light (>5min).

The IS% of A is reported to be positively related to gs,steady
(Allen and Pearcy 2000). In the present study, IS% of A was
positively related to gs,steady after 1 and 5min of low-light level
(Fig. 4).However, IS%ofAwasnot related togs,steady after 10min
of low-light level, probably because of the similar IS% of gs
between well-watered and water deficit conditions.

Numerous studies have shown that the time required for
photosynthesis induction is less than that required for stomatal
induction (Leakey et al. 2002, 2003; Lawson et al. 2012). This
suggests that the recovery rate of Calvin cycle enzymes is faster

than stomatal conductance, although the activation of these two
processes seemed to be highly coordinated, and photosynthesis is
limited more by stomatal conductance during the photosynthesis
induction process. With the cultivar of Champer, the times
required for photosynthesis induction (T50%,A and T90%,A) were
less than stomatal induction (T50%,gs and T90%,gs) under well-
watered and 15% PEG treatments, but were longer than those for
stomatal induction under 20% PEG treatment (Table 2). This
suggested that, during the induction process, the induction of
biochemical capacitywas faster than stomatal conductance under
well-watered and 15% PEG treatments; in reverse, the induction
of biochemical capacity was slower than stomatal conductance
under 20% PEG treatment as the biochemical capacity (e.g.
Vcmax and Jmax) is impaired (Table 1). With the cultivar of
YLY6, the times required for photosynthesis induction were
comparable with stomatal induction, which suggested that,
during the induction process, the photosynthesis is mainly
limited by stomatal conductance.

After shifting from high to low irradiance, photosynthesis will
not directly fall to a new steady-state, but its decrease lags behind
for a few seconds (Fig. S2). This phenomenon, termed PIF in the
present study, is driven by pools of Calvin cycle intermediates
as well as NADPH, ATP, and protonmotive force (Sharkey et al.
1986; Kaiser et al. 2015). PIB is caused by a transient rise in
photorespiratory CO2 production, and is related to a lag time
between adjustment of photorespiratory 2-phosphoglycolate
recycling relative to Calvin cycle cycling (Prinsley et al. 1986;
Kaiser et al. 2015). Leakey et al. (2002) showed that PIF and PIB
account for 18.1 and 0.56%, respectively, of the integrated CO2

fixation in Shorea leprosula at atmospheric CO2 concentration,
and elevated CO2 concentration can lead to 14% increase and
88% decrease, respectively, of them. In the present study, the
averages of 7.0 and 0.30% of PIF and PIB were observed in rice
plants, and water deficit had no significant effect on them.

Leakey et al. (2003) reported that theAmin-fleck is lower than the
Ainitial, which will decrease the integrated CO2 fixation and light
use efficiency under flecked irradiance. This phenomenon was
also observed in the present study, especially under drought stress

Table 2. Effects of PEG-induced water deficit on steady-state photosynthesis under a low-light level (Ainitial), maximum photosynthetic rate under
flecks (Amax–fleck), minimum photosynthetic rate under flecks (Amin–fleck), steady-state stomatal conductance under a low-light level (gs,initial),
maximum stomatal conductance under flecks (gs,max–fleck), times to 50 and 90% of Amax–fleck (T50%A and T90%A), times to 50 and 90% of gs,max–fleck

(T50%gs and T90%gs), post-irradiance CO2 fixation (PIF), and CO2 burst (PIB)
Data followed by different letters were significant at the P< 0.05 level. Abbreviations:WW, well-watered condition; 15% PEG, 15% PEG induced water deficit;

20 %PEG, 20% PEG induced water deficit

Parameters Champa YLY6
WW 15%PEG 20%PEG WW 15%PEG 20%PEG

Ainitial (mmolm–2 s–1) 6.4 ± 1.0a 6.1 ± 0.4ab 5.3 ± 0.4b 3.5 ± 1.0c 2.0 ± 1.1d 4.0 ± 1.1c
Amax-fleck (mmolm–2 s–1) 33.3 ± 1.6a 26.9 ± 1.5bc 18.8 ± 1.5d 28.0 ± 2.4b 24.7 ± 2.5c 19.2 ± 2.5d
Amin-fleck (mmolm–2 s–1) 4.18 ± 0.80a 1.42 ± 0.50d 0.16 ± 0.50e 2.94 ± 0.63b 2.53 ± 0.37bc 1.66 ± 0.37cd
gs,initial (molm–2 s–1) 0.31 ± 0.02a 0.22 ± 0.06ab 0.18 ± 0.06b 0.12 ± 0.03c 0.05 ± 0.03d 0.13 ± 0.03c
gs,max (molm–2 s–1) 1.16 ± 0.23a 0.56 ± 0.09b 0.30 ± 0.09c 0.62 ± 0.10b 0.42 ± 0.14c 0.33 ± 0.14c
T50%A (min) 1.19 ± 0.18abc 1.49 ± 0.82a 0.87 ± 0.82abc 0.72 ± 0.15bc 1.31 ± 0.67ab 0.49 ± 0.67c
T90%A (min) 8.7 ± 2.1abc 11.8 ± 2.2a 9.6 ± 2.2ab 2.7 ± 1.1d 3.7 ± 1.2cd 6.5 ± 1.2bcd
T50%gs (min) 5.04 ± 0.55a 4.30 ± 3.28a 0.06 ± 0.12b 0.78 ± 0.20b 1.27 ± 0.71b 0.40 ± 0.04b
T90%gs (min) 16.0 ± 8.4a 17.8 ± 3.3a 4.3 ± 2.6bc 1.9 ± 0.9c 2.7 ± 1.5bc 7.3 ± 1.7b
PIF (%) 7.8 ± 0.2a 8.2 ± 0.8a 7.6 ± 0.8a 6.1 ± 0.3b 5.5 ± 0.5b 6.5 ± 0.5b
PIB (%) 0.13 ± 0.11a 0.06 ± 0.09a 0.32 ± 0.09a 0.30 ± 0.10a 0.47 ± 0.06a 0.50 ± 0.06a
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(Table 2), which suggested that flecked irradiance will aggravate
the negative effect of water deficit on photosynthesis. Kromdijk
et al. (2016) illustrated that the difference between Amin-fleck

and Ainitial is caused by the protective dissipation of non-
photochemical quenching (NPQ). Moreover, the mobility of
chloroplasts is likely another reason. Chloroplasts mostly
accumulate in low-light surfaces to absorb more light, and
move away from strong light surfaces to avoid damage caused
by the absorption of excess light (Bana�s et al. 2012; Wada
2013). After exposure to high-light periods, the leaves would
then allocate more chloroplasts vertically towards the leaf
surface in low-light periods under flecked irradiance than
under conditions of same light intensity of continuously low-
light irradiance periods. This would potentially resulted in a
lower light absorption and photosynthesis.

In conclusion, water deficit significantly decreases the
maintenance of photosynthetic capacity and stomatal
conductance under low-light periods, and the IS% of both A
and gs were generally decreased with increasing periods of
low light between 1 and 10min. Water deficit generally had
no significant effect on the time required for photosynthesis
induction after exposure to high-light levels, but led to a
significantly greater decrease in Amin-fleck relative to Ainitial.
The lower IS% of A and more severe decrease in Amin-fleck

relative to Ainitial suggest that the inhibition of photosynthesis
under water deficit is greater under flecked irradiance.
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