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Abstract 

NaCl stress affects stomatal behavior and photosynthesis by a combination of osmotic and ionic components, but it 
is unknown how these components affect stomatal and photosynthetic dynamics. Tomato (Solanum lycopersicum) 
plants were grown in a reference nutrient solution [control; electrical conductivity (EC)=2.3 dS m–1], a solution con-
taining additional macronutrients (osmotic effect; EC=12.6 dS m–1), or a solution with additional 100 mM NaCl (osmotic 
and ionic effects; EC=12.8 dS m–1). Steady-state and dynamic photosynthesis, and leaf biochemistry, were character-
ized throughout leaf development. The osmotic effect decreased steady-state stomatal conductance while speeding 
up stomatal responses to light intensity shifts. After 19 d of treatment, photosynthetic induction was reduced by the 
osmotic effect, which was attributable to lower initial stomatal conductance due to faster stomatal closing under low 
light. Ionic effects of NaCl were barely observed in dynamic stomatal and photosynthetic behavior, but led to a reduc-
tion in leaf photosynthetic capacity, CO2 carboxylation rate, and stomatal conductance in old leaves after 26 d of treat-
ment. With increasing leaf age, rates of light-triggered stomatal movement and photosynthetic induction decreased 
across treatments. We conclude that NaCl impacts dynamic stomatal and photosynthetic kinetics by osmotic effects 
and reduces photosynthetic capacity by ionic effects.

Keywords:  Fluctuating light, ionic stress, osmotic stress, photosynthesis, salt stress, stomatal conductance, tomato.

Introduction

Salt stress, induced by soil salinity, is a major abiotic stress in 
crop production. Over 1 billion hectares of farmland in more 
than 100 countries are affected by high salinity, and this area is 
growing (FAO/ITPS, 2015). Photosynthesis is a major deter-
minant of plant growth and yield, and is strongly affected by 
salt stress (Chaves et al., 2011). Reduced stomatal conductance 

(gs) is usually considered to increase CO2 diffusive limitations 
to photosynthesis (X. Wang et al., 2017). In nature, plants often 
experience salt stress concomitantly with highly dynamic light 
intensities, also termed fluctuating light (FL), due to vari-
ations of the solar angle, cloud movement, wind-induced leaf 
fluttering, and shading from overlapping leaves and neighboring 
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plants (e.g. Pearcy, 1990; Wang et al., 2020). Stomatal opening 
and closure in response to changes in irradiance affect photo-
synthesis under FL (McAusland et al., 2016; Qu et al., 2016; 
Faralli et al., 2019; Papanatsiou et al., 2019), which can also be 
strongly affected by salt stress. Therefore, knowledge about sto-
matal and photosynthetic behavior in salt-stressed plants under 
FL can be useful for crop management and breeding strategies 
to improve yields under salt stress, but so far this has received 
little attention.

In nature, changes in leaf net photosynthetic rate (A) lag 
behind changes in light intensity (Pearcy et al., 1996). For ex-
ample, when a leaf in the shade is suddenly exposed to high 
light intensity, the leaf requires a period of between several sec-
onds and tens of minutes to regain maximum photosynthetic 
efficiency (Kimura et al., 2020). This process is called photosyn-
thetic induction. Slow photosynthetic induction has been es-
timated to lead to remarkable losses of 10–50% (Morales et al., 
2018; Pearcy et al., 1997; Taylor and Long, 2017) in daily poten-
tial carbon gain, relative to a hypothetical immediate response 
of photosynthesis to changes in light intensity. Previously, we 
demonstrated that photosynthetic induction after dark–light 
transitions was strongly inhibited in NaCl-stressed tomato 
leaves after 7–9 d of NaCl application, which was largely due 
to increased transient stomatal limitation (Zhang et al., 2018). 
Therefore, salt stress down-regulated photosynthesis much 
more strongly under FL than under constant or steady-state 
light conditions (Zhang et al., 2018; Zhang et al., 2020). We also 
found that NaCl-stressed tomato leaves showed a significantly 
shorter time for gs to reach the final value after dark–light tran-
sitions, as well as a faster decrease in gs after transitions from 
high to low light intensity (Zhang et al., 2018). However, ef-
fects of salt stress depend on the duration of salt exposure, and 
leaf aging itself could interfere with the effects of salt stress 
on its photosynthesis. Therefore, it is useful to investigate how 
the duration of salt stress interacts with the leaf developmental 
stage, both of which may affect dynamic stomatal and photo-
synthetic behavior.

Salt stress affects plants mainly through two effects, the os-
motic and the ionic effect, which are often viewed as working 
on different timelines (Munns and Tester, 2008). The osmotic 
effect impacts plants immediately after an increase in soil sal-
inity; it results from a reduction of the osmotic potential at the 
root surface due to a high concentration of ions in the soil/
nutrient solution, making it more difficult for roots to take 
up water (Castillo et al., 2007; Munns and Tester, 2008). The 
osmotic effect can decrease cell expansion rates in growing 
and young leaves, as well as impede stomatal opening, in a 
similar manner to drought stress (Munns and Tester, 2008; 
Rengasamy, 2010a; Shabala and Munns, 2017). The ionic ef-
fect, on the other hand, appears after a longer exposure to salt 
stress (days to weeks) when ions (e.g. Na+ and Cl–) accumulate 
to toxic concentrations in transpiring leaves. This accumula-
tion can cause an ionic imbalance in plant cells (Shabala and 
Munns, 2017), severely inhibit photosynthetic enzymes, and 

lead to early senescence of old leaves (Munns and Tester, 2008; 
Richter et al., 2019). The ionic effect may add to the osmotic 
effect, but may also interact with it. NaCl is the most soluble 
and widespread salt (Munns and Tester, 2008). To understand 
how NaCl stress affects dynamic stomatal and photosynthetic 
behavior under FL, it is necessary to know to what extent 
they are affected by either of these effects under prolonged 
exposure to NaCl.

In this study, we aimed to disentangle the osmotic and ionic 
effects of NaCl on dynamic stomatal behavior and photosyn-
thetic performance during leaf development. We hypothesized 
that (i) the osmotic effect of NaCl would occur first, leading to 
decreased gs as well as a faster gs response to dynamic light; (ii) 
the ionic effect of NaCl would appear later, further reducing gs 
under dynamic light; and (iii) both osmotic and ionic effects of 
NaCl would decrease accumulated photosynthesis rate under 
dynamic light. Tomato (Solanum lycopersicum) was used in this 
study, as it is an important fruit crop worldwide (Heuvelink, 
2018) and is widely cultivated in many countries that suffer 
from soil salinity (Ghorbani et al., 2018). Tomato plants were 
grown in isosmotic solutions with and without NaCl. Plant 
growth, leaf acclimation traits, and steady-state and dynamic 
stomatal and photosynthetic performance were investigated.

Materials and methods

Plant material and treatments
Tomato (Solanum lycopersicum cv. Moneymaker) seeds were germinated 
in vermiculite. At 22 d after sowing (when the third true leaves started 
to appear), the roots were washed in tap water and seedlings were trans-
planted on to Styrofoam® sheets (~3 cm thick) that floated in a container 
with 7.6 litres of nutrient solution (Supplementary Fig. S1). The nutrient 
solution was constantly aerated using air pumps. Plants were grown in a 
climate-controlled room (3.0 × 2.2 × 3.1 m in length, width, and height) 
at ambient CO2 partial pressure (maintained at ~480 μbar), day/night 
temperature of 25/20°C, and an average relative humidity of 70%. Plants 
were subjected to 200 μmol m–2 s–1 photosynthetic photon flux density 
(PPFD), measured at canopy level with a photoperiod of 16  h. Light 
was provided by red and white LEDs (Philips GreenPower deep red/
white LED production modules, Eindhoven, The Netherlands; spectrum 
is shown in Supplementary Fig. S2).

Three days after transplanting, three salt treatments were applied 
(Supplementary Table S1): control solution [electrical conductivity 
(EC)=2.3 dS m–1]; osmotic solution (EC=12.6 dS m–1), with increased 
concentrations of macronutrients in the nutrient solution (macronutri-
ents were increased in the same proportions as in the control solution 
and micronutrients were kept constant); and NaCl solution (EC=12.8 
dS m–1), in which 100 mM NaCl was added to the control solution. The 
EC of each solution was first calculated using a R script that was based 
on the Truesdell–Jones ion activity model (van Delden et al., 2020) and 
later measured with a calibrated EC meter (Orion StarTM A329, Thermo 
Fisher Scientific, Waltham, MA, USA). The use of concentrated macro-
nutrient solutions to separate the osmotic effect from the ionic effect of 
Na+ and Cl– was suggested by Termaat and Munns (1986), Rengasamy 
(2010a), and Tavakkoli et al. (2010). In the concentrated nutrient solution, 
all macronutrients were present in the same proportions as in the control 
solution, suggesting that any effects on the plant were due to osmotic 
effects rather than due to any single ion (Rengasamy, 2010a). Therefore, 
differences between plants grown in concentrated macronutrients and 
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the control solution were considered to be attributable to the osmotic 
effect, and differences between plants grown in concentrated macronu-
trients and in the NaCl solution were considered to be attributable to the 
ionic effect of Na+ and Cl–.

Concentrated macronutrients and NaCl were applied in 25% incre-
ments daily for 4 d sequentially to allow plants to slowly acclimate to the 
final concentrations. The pH and EC of each solution were monitored 
and adjusted daily: the pH was adjusted to 5.5–6.5 by the addition of 0.1 
M H2SO4 or 0.1 M HNO3, and the EC was adjusted by adding small 
amounts of deionized water to compensate for water loss through tran-
spiration. All nutrient solutions were completely refreshed once per week.

The experiment was conducted three times in succession, and in each 
experiment there were 15 replicate plants per treatment. Measurements 
detailed below were repeated in two or three of the experiments. In 
order to follow single leaves throughout development, the third true leaf, 
counted from the bottom of the plant, was used for gas exchange and 
chlorophyll fluorescence measurements, and whole plants were destruc-
tively harvested at 6, 12, 19, and 26 d after treatments started (DAT). To 
avoid the development of shade-induced senescence, full light exposure of 
the third leaf was ensured throughout the experiment, by using bamboo 
sticks that blocked upper leaves from moving above the third leaf.

Photosynthetic gas exchange and chlorophyll fluorescence
Photosynthetic gas exchange and chlorophyll fluorescence measurements 
were performed using the LI-6400XT photosynthesis system (LI-COR 
Biosciences, Lincoln, NE, USA) equipped with a leaf chamber fluorom-
eter (LI-COR part no. 6400-40, enclosed leaf area: 2 cm2). Unless stated 
otherwise, all measurements were performed at a leaf temperature of ap-
proximately 25 °C, leaf-to-air vapour pressure deficit of 0.7–1.0 kPa, and 
flow rate of air through the system of 500 μmol s–1. Irradiance was pro-
vided by a mixture of red (90%) and blue (10%) LEDs in the fluorometer. 
Peak intensities of red and blue LEDs were at wavelengths of 635 nm and 
465 nm, respectively.

Light response curves of leaf photosynthesis
Leaves were adapted to 200 μmol m–2 s–1 PPFD and 400 μbar CO2 par-
tial pressure, until A was stable. Leaves were then exposed to a range of 
PPFDs (200, 150, 100, 50, 0, 200, 400, 600, 800, 1000, and 1500 μmol m–2 
s–1). Upon reaching steady-state conditions at each PPFD (10–15 min), 
gas exchange parameters were logged continuously (every 5 s) for 1 min, 
and averages of 12 values were used at each PPFD step. At each PPFD, a 
multiphase flash (MPF) chlorophyll fluorescence routine was executed to 
determine the fluorescence yield under actinic light (Fs), as well as max-
imum (Fmʹ) and minimum (F0ʹ) fluorescence, following recommended 
procedures (Loriaux et al., 2013). Settings of the MPF were determined 
in a preliminary experiment: the measuring beam intensity was 1 μmol 
m–2 s–1, maximum flash intensity was 7500 μmol m–2 s–1, flash intensity 
decreased by 60% during the second phase of the MPF, and the durations 
of the three flash phases were 0.3, 0.7, and 0.4 s, respectively.

CO2 response curves of leaf photosynthesis
CO2 response curves should be obtained at saturating light intensity to de-
termine the maximum carboxylation rate (Vcmax), electron transport rate (J), 
and triose phosphate use (TPU) (Sharkey et al., 2007). A was near-saturated 
under 1500 μmol m–2 s–1 PPFD (Fig. 1A–D); thus, leaves were first adapted 
in the LI-6400XT leaf chamber to 1500 μmol m–2 s–1 PPFD and 400 μbar 
CO2, until A was stable. Leaves were then exposed to a range of CO2 partial 
pressures (400, 300, 200, 100, 75, 50, 400, 600, 800, 1000, 1200, and 1500 
μbar). Upon reaching steady-state conditions at each CO2 partial pressure 
(duration was 3–5 min per step, except the step from 50 μbar to 400 μbar, 
which took ~15 min), gas exchange parameters were logged continuously 
(every 5 s) for 1 min, and averages of 12 values were used.

Analysis of steady-state leaf photosynthesis
Data were corrected for leakage of CO2 into or out of the cuvette, ac-
cording to the LI-6400XT manual (version 6.2, LI-COR Biosciences). 
A non-rectangular hyperbolic function (Cannell and Thornley, 1998) was 
fitted to the light response curve, and parameters were derived including 
maximum net photosynthetic rate (Amax), dark respiration rate (Rdark), and 
apparent quantum yield (α). Average gs across all PPFD values of the A/
PPFD curves (gs̄) was calculated. The day respiration rate (Rd) was esti-
mated to be 50% of Rdark (Sharkey, 2016). Mesophyll conductance (gm) at 
400 μbar CO2 was calculated using the variable J method (Harley et al., 
1992). Using measured A/internal CO2 partial pressure (Ci) curve values 
and fixed Rd and gm values, Vcmax, electron transport rate at 1500 μmol 
m–2 s–1 PPFD (J1500), and TPU were derived, using the Excel solver pro-
vided by Sharkey (2016).

Dynamic photosynthetic responses to step changes in 
irradiance
To assess the response of gas exchange and chlorophyll fluorescence to a 
step increase in PPFD, leaves were dark-adapted in the LI-6400XT leaf 
chamber for approximately 30 min, and F0 and Fm were recorded. Then, 
irradiance was increased to 50 μmol m–2 s–1, and leaves were kept at this 
PPFD until A and gs were stable (~30 min). Then, PPFD was increased 
in a single-step change to 1500 μmol m–2 s–1 for 60 min (first induction 
phase), and A, gs, and Ci were logged once per second. A PPFD of 1500 
μmol m–2 s–1 was chosen to maximize the effects that NaCl may have 
on the rate of photosynthetic induction, as well as to test how plants 
cope with this high-light stress. Fs and maximum Fmʹ were logged every 
minute during the first 10 min of photosynthetic induction, and every 
2 min thereafter.

To test the response of photosynthetic gas exchange to a period of 
shade, following the above measurements, PPFD was decreased to 50 
μmol m–2 s–1 for 30 min. Then, PPFD was raised again to 1500 μmol m–2 
s–1 for 10 min (second induction phase), and gas exchange was logged 
once per second.

Analysis of dynamic leaf photosynthesis
Transient responses of A, gs, and Ci after step increases and decreases in 
light intensity were averaged over five data points to reduce measure-
ment noise, using a moving average filter. Photosynthetic induction state 
was calculated after Zipperlen and Press (1997). The following parameters 
during the first photosynthetic induction phase were derived: (i) initial 
steady-state A under 50 μmol m–2 s–1 (Ai; mean value of 120 s before the 
increase in PPFD); (ii) final steady-state A under 1500 μmol m–2 s–1 (Af; 
mean value of 120 s of full photosynthetic induction); (iii) photosynthetic 
induction state at 60 s after illumination (IS60); (iv) the time required to 
reach 50% (t50) and 90% (t50) of full photosynthetic induction; and (v) 
average A during the first 300 s of photosynthetic induction (A 300). IS60, 
t50, and A 300 were also calculated during the second induction phase. 
Because A did not reach steady state at the end of the second induc-
tion phase, Af during the first induction phase was used for calculating 
IS60 and t50 during the second induction phase. Transient stomatal and 
non-stomatal limitations during photosynthetic induction were calcu-
lated after Zhang et al. (2018).

Modelling dynamic gs responses to PPFD
To quantify the temporal response of gs to a step change in PPFD, two 
empirical models (exponential model and sigmoidal model; Vialet-
Chabrand et al., 2017) were used. Based on the shape of the gs response to 
a step increase in PPFD, the sigmoidal model was used:

gs =
(
gsf − gsi

)
e−e

(λ−t
ki

+1)
+ gsi  (1)
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where gsi represents steady-state gs under 50 μmol m–2 s–1 and gsf repre-
sents steady-state gs under 1500 μmol m–2 s–1; λ represents an initial lag 
time (time after the increase in PPFD during which no change in gs is 
observed); and ki represents the time constant for an increase of gs. ki does 
not directly represent a time to reach a percentage of gs, as this also de-
pends on λ. Therefore, τi, which represents the time to reach 63% of the 
total gs increase including λ, can be calculated as:

τi = λ− ki × [ln
(
− ln

(
1− e−1))− 1]  (2)

After a step decrease in PPFD, the following exponential model was 
the best fit for stomatal closure in all data sets:

gs = gsi + (gsf − gsi)e−t/τd  (3)

where τd represents the time to reach 63% of the total gs decrease.

Growth and chemical analysis
Whole plants were dissected into leaves, stems, and roots. Then, the fresh 
weight of each organ, and the leaf number and leaf area, were determined. 
The components were then dried at 80°C for 3 d and their dry weights 
were measured. Dry leaf samples harvested at 19 DAT and 26 DAT were 

used to measure macronutrient concentrations (Eurofins Agroscience 
Services NL, Wageningen, The Netherlands), and leaves from three plants 
were analyzed as a pooled sample; samples harvested at 6 DAT and 12 
DAT were not used, as they comprised too little material for this test.

Leaf chlorophyll concentration
Leaf discs (2 cm2) punched from the third true leaves counted from the 
bottom of the plant (the same leaves as those used for photosynthesis 
measurements) were immersed in liquid nitrogen and then stored at 
–80°C. Leaf chlorophyll was extracted from frozen leaves with ice-cold 
80% acetone. After centrifugation at 21 100 g for 5 min at 4 °C, the ab-
sorbance of the supernatant was measured at 470, 647, 664 and 750 nm 
wavelengths using a Varian Cary 4000 UV-Vis spectrophotometer 
(Agilent Technologies, Santa Clara, CA, USA), and the concentrations 
of chlorophyll a, chlorophyll b, and total carotenoids were calculated ac-
cording to Porra et al. (1989) and Lichtenthaler (1987).

Statistical analysis
One-way ANOVA in randomized blocks (experiments as blocks) was 
performed to test the differences among the three treatments on a given 

Fig. 1. Steady-state light and CO2 response curves of leaf photosynthesis in the third true leaves of tomato plants, counting from the bottom of the plant. 
Responses of leaf net photosynthesis (A) (A–D) and photosystem II electron transport efficiency (ΦPSII) (E–H) to incident PPFD, and responses of A to leaf 
internal CO2 partial pressure (Ci) (I–L). Plants were subjected to three treatments: control (EC=2.3 dS m–1), osmotic (EC≈12.6 dS m–1, with concentrated 
macronutrients in the nutrient solution), and NaCl (EC≈12.8 dS m–1, control solution with additional 100 mM NaCl). Measurements were conducted ±1 
d from the date shown above the column (indicated as days after treatment started, DAT). Mean values ±SEM from four to five plants, grown in two 
separate experiments, are shown; SEM is visible only when larger than the data point symbol.
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day after the start of treatment. The least significant difference test was 
used to assess differences between any two treatments at the P=0.05 level. 
Two-way ANOVA was used on the time-series data to test the inter-
action effect and main effects of treatments and days after the start of 
treatment. Regression analyses were performed to test for correlations 
between parameters during photosynthetic and stomatal dynamics. All 
analyses were performed using Genstat 20th edition (VSN International, 
Hemel Hempstead, UK).

Results

Plant growth, dry matter partitioning, and nutrient 
content

Plants grown in osmotic and NaCl solutions had a significantly 
smaller biomass than control plants (30–36% reduction of plant 
dry weight at 26 DAT), and there was no difference between 
the two stress treatments (Supplementary Fig. S3A). Similar pat-
terns were observed for leaf area and biomass (Supplementary 
Table S2). Both stress treatments increased partitioning of dry 
mass to the roots and stems, and decreased partitioning to the 
leaves (Supplementary Fig. S3B). Compared with the NaCl 
treatment, the osmotic treatment increased partitioning of 
dry mass to the roots and decreased partitioning to the leaves 
(Supplementary Fig. S3B).

The leaf mineral concentrations of plants grown under os-
motic stress differed from those of control plants by an increase 
in the concentrations of N and K of 12%, Mg of ~28%, and 
S of ~67%, and by a decrease in the concentration of Ca of 
~21% (Supplementary Table S3). In NaCl-treated plants, the 
concentrations of Na and Cl strongly increased, and that of K 
decreased by 43–49%, compared with both control and os-
motic treatments, while the concentrations of other minerals 
were similar to those in the control plants (Supplementary 
Table S3).

Leaf thickness and pigmentation

Initially, leaves of control plants were significantly thinner 
(larger specific leaf area) than those grown in the osmotic and 
NaCl treatments (at 6 DAT and 12 DAT; Supplementary Table 
S2). With time, leaves in all treatments became thicker, and the 
initial difference among treatments disappeared.

Total chlorophyll contents (Chl a+b) per unit leaf area in-
creased throughout the development of the third leaf, with a 
tendency for the Chl a:b ratio to decrease (Supplementary Fig. 
S4, Supplementary Table S4). Leaves of plants in the osmotic 
and NaCl treatments initially displayed similarly enhanced Chl 
a+b (6 DAT in Supplementary Fig. S4), which was 50–60% 
higher than the control. With time, Chl a+b in the NaCl 
treatment declined compared with the osmotic treatment 
(Supplementary Fig. S4). At 26 DAT, Chl a+b in the osmotic 
treatment was 30–35% higher than in the other treatments. 
The Chl a:b ratio showed only small differences among treat-
ments (Supplementary Table S4).

Steady-state photosynthesis

During the first 3 weeks, the A/PPFD response in the third 
leaf was not significantly different among treatments (Fig. 
1A–C). A under higher Ci (>600 μbar) was increased in both 
stress treatments at 7 DAT compared with control (Fig. 1I), 
but this difference disappeared at 12 DAT and 19 DAT (Fig. 
1G, K). At 26 DAT, light-saturated A was lowest in the NaCl 
treatment compared with both other treatments (Figs 1D, 2A), 
along with reduced Vcmax and photosystem II (PSII) electron 
transport efficiency (ΦPSII) (Figs 1H, 1L, 2G). The most prom-
inent difference between treatments was that of ḡs (Fig. 2D, 
PT<0.001). Both the osmotic and NaCl treatments decreased 
gs̄ compared with the control treatment, this decrease being 
7–25% for the osmotic treatment and even larger (~50%) for 
the NaCl treatment at 26 DAT (Fig. 2D). No significant dif-
ferences in α, Rdark, gm, maximum PSII efficiency (Fv/Fm), and 
J1500 were found between treatments (Fig. 2). All parameters 
describing steady-state photosynthesis, except Rdark, changed 
as the leaf developed (PD<0.001). For example, in the control 
treatment, Amax, gs̄, Vcmax, and J1500 decreased as the leaf devel-
oped (Fig. 2A, C, D, G, H), whereas gm, Fv/Fm, and TPU peaked 
and then declined during leaf development (Fig. 2E, F, I). A 
expressed per unit chlorophyll (Achl) was similarly reduced by 
the osmotic and NaCl treatments compared with the control 
treatment (Supplementary Fig. S5).

Photosynthetic induction

To examine photosynthetic properties under dynamic light 
conditions, gas exchange and chlorophyll fluorescence were 
measured under several light intensity step changes. At 6 DAT 
and 11 DAT, when leaves adapted to 50 μmol m–2 s–1 were 
suddenly exposed to 1500 μmol m–2 s–1, no differences in A 
between treatments were observed (Fig. 3A, D). However, 
after a subsequent 30 min exposure to low light followed by 
reillumination with high light intensity, transient A was de-
creased by 7–9% in both stress treatments (Fig. 3A, D). At 
19 DAT, leaves grown in both stress treatments showed de-
creased A (12–25%) during the first 10 min of photosynthetic 
induction (Fig. 3G). At 25 DAT, leaves grown in NaCl had 
the lowest A during both induction phases, compared with 
both other treatments (Figs 3J, 4F). At that moment, leaves 
grown in NaCl started to show significantly decreased ΦPSII 
kinetics compared with the control and osmotic treatments, 
whereas non-photochemical fluorescence quenching kinetics 
were unaffected (Supplementary Fig. S6L, P). The reduction 
of transient ΦPSII in the NaCl treatment was due to a lower 
photochemical fluorescence quenching rather than a change 
in Fvʹ/Fmʹ (Supplementary Fig. S6D, H). Average A (Ā300), IS60, 
t50, and t90 were characterized for both induction phases. The 
only treatment effect was seen at 19 DAT, with a higher IS60 
and A3̄00 in the control treatment compared with both stress 
treatments (Fig. 4A, B, G, H). t50 tended to increase, and t90 to 
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decrease, over time in both stress treatments, relative to the 
control treatment (PT<0.001; Fig. 4D, I). In addition, t50 during 
the second induction phase was strongly increased (>150%) in 
both stress treatments (Fig. 4I), along with a relatively higher 
stomatal limitation during the first 10 min of induction, com-
pared with control leaves (Supplementary Fig. S7I–L). As the 
leaf developed, A3̄00 declined (Fig. 4A, G). During the first 
induction phase, t50 and t90 increased with leaf development 
(PD<0.01, Fig. 4C, D), as did stomatal and non-stomatal limi-
tations (Supplementary Fig. S7A–H). During the second in-
duction phase, IS60 and t50 were constant with leaf maturation 
(PD>0.05, Fig. 4H, I).

Dynamic stomatal behavior

Increasing light intensity from 50 μmol m–2 s–1 to 1500 μmol 
m–2 s–1 and then decreasing it to 50 μmol m–2 s–1 induced 

strong stomatal responses (Fig. 3). The increase in gs followed a 
sigmoidal pattern, whereas the decrease in gs followed an ex-
ponential pattern. gs in both stress treatments reached a steady 
state after 60 min of high PPFD, whereas gs in control leaves 
did not (Fig. 3). The 30 min exposure to low PPFD after high 
PPFD was often insufficient for complete, steady-state stomatal 
closure. However, gs at the end of 30 min of low PPFD was 
close to or even smaller than gs at the beginning of the meas-
urements (e.g. at 6 DAT and 11 DAT; Fig. 3B, E).

Steady-state gs at the initial PPFD (gsi) and final gs after 
60 min exposure to high PPFD (gsf) were higher in the control 
treatment than in both stress treatments (Fig. 5A, B), although 
the effects on gsi were small and significant only at 19 DAT. 
Leaves of plants grown in the osmotic and NaCl treatments 
showed similar gsi and gsf before 19 DAT, whereas at 25 DAT, 
gsf in the NaCl treatment was ~40% lower than that in the 
osmotic treatment (Fig. 5A, B). The initial lag time in the gs 

Fig. 2. Effects of NaCl and leaf age on traits characterizing steady-state photosynthesis in third true leaves of tomato plants, counting from the 
bottom of the plant. (A) Maximum net photosynthetic rate (Amax,); (B) apparent quantum yield (α); (C) dark respiration rate (Rdark); (D) average stomatal 
conductance during light response curves of leaf photosynthesis (gs̄); (E) mesophyll conductance (gm); (F) maximum quantum efficiency of photosystem 
II photochemistry (Fv/Fm); (G) maximum carboxylation rate (Vcmax); (H) electron transport rate at 1500 μmol m–2 s–1 PPFD (J1500); (I) triose phosphate use 
(TPU). Plants were subjected to three treatments: control (EC=2.3 dS m–1), Osmotic (EC≈12.6 dS m–1, with concentrated macronutrients in the nutrient 
solution), and NaCl (EC≈12.8 dS m–1, control solution with additional 100 mM NaCl). Mean values ±SEM from four to five plants, grown in two separate 
experiments, are shown; SEM is visible only when larger than the data point symbol. Asterisks indicate significant differences between treatments on 
the given day after treatment (∗P<0.05, ∗∗P<0.01) and different letters show statistically significant differences between treatments at P=0.05. Two-way 
ANOVA was performed for each parameter, and the P-value of the main effect of treatment (PT) and days after start of treatment (PD), as well as the 
interaction effect of the two factors (PT×D), is shown.
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increase (λ) went up strongly in all cases as the leaf developed 
(Supplementary Fig. S8A). Time constants of gs increase, ei-
ther including or excluding λ (ki and τi, respectively), and of 
gs decrease (τd), were larger in the control treatment compared 
with both stress treatments, and were similar in the osmotic 
and NaCl treatments (Fig. 5C, D; Supplementary Fig. S8B). 
Finally, time constants in all treatments increased as the leaves 
developed (Fig. 5C, D; Supplementary Fig. S8B).

Across treatments, there was a consistent threshold-type re-
lationship between gsi and photosynthetic induction rate (t50 
and t90): at gsi <0.13 mol m–2 s–1, gsi was significantly negatively 
correlated with t50 (Fig. 6A); at gsi <0.22 mol m–2 s–1, gsi was sig-
nificantly negatively correlated with t90 (Fig. 6B). At larger gsi, 

photosynthetic induction rate was not affected by gsi. The time 
constant for gs increase (τi) was significantly correlated with t90 
but not t50 (Fig. 6C, D).

Discussion

Dynamic stomatal behavior is affected by NaCl stress 
and leaf age

Osmotic effects of NaCl stress induce rapid stomatal 
responses to changes in light intensity
Stomata regulate CO2 influx into and water vapor efflux out of 
the leaf. In nature, due to slow responses of stomata to highly 

Fig. 3. Time courses of leaf net photosynthetic rate (A) (A, D, G, J), stomatal conductance (gs) (B, E, H, K), and leaf internal CO2 partial pressure (Ci) (C, 
F, I, L) when the third true leaf of tomato plants (counting from the bottom of the plant) was subjected to changes in irradiance. Low light (50 μmol m–2 
s–1) adapted leaves were first exposed to a step increase in light intensity (1500 μmol m–2 s–1); then, after a 30 min exposure to low light (indicated by the 
grey box), leaves were reilluminated with high light. Plants were subjected to three treatments: control (EC=2.3 dS m–1), osmotic (EC≈12.6 dS m–1, with 
concentrated macronutrients in the nutrient solution), and NaCl (EC≈12.8 dS m–1, control solution with additional 100 mM NaCl). Measurements were 
conducted ±1 d from the date shown in each row (indicated as days after treatment started, DAT). Mean values ± SEM from 7–10 plants, grown in three 
separate experiments, are shown.
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variable light intensity, gs does often not reach a steady state 
(Lawson and Blatt, 2014). NaCl stress decreased steady-state 
gs at low and high light intensity (Fig. 5A, B), and induced 

faster increases and decreases in gs under FL (τi and τd; Fig. 5C, 
D). These more rapid gs responses were consistently observed 
throughout the 4 weeks of NaCl stress, and were mainly caused 

Fig. 4. Effects of NaCl and leaf age on traits characterizing the rate of photosynthetic induction in the third true leaves of tomato plants, counting from 
the bottom of the plant. (A, G) Average A during the first 300 s of induction (A3̄00); (B, H) photosynthetic induction state 60 s after illumination (IS60); (C, I) 
time required to reach 50% of full photosynthetic induction (t50); (D) time required to reach 90% of full photosynthetic induction (t90); (E, F) steady-state A 
at (E) 50 μmol m–2 s–1 PPFD (Ai) and (F) 1500 μmol m–2 s–1 PPFD (Af). Two scenarios of step increase in irradiance (indicated with 1 and 2) under a period 
of dynamic light intensity are shown: in scenario 1, low light (50 μmol m–2 s–1) adapted leaves were first exposed to a step increase in light intensity (1500 
μmol m–2 s–1); in scenario 2, after a 30 min exposure to low light, leaves were reilluminated with high light. Plants were subjected to three treatments: 
control (EC=2.3 dS m–1), osmotic (EC≈12.6 dS m–1, with concentrated macronutrients in the nutrient solution), and NaCl (EC≈12.8 dS m–1, control 
solution with additional 100 mM NaCl). Mean values ±SEM from 7–10 plants, grown in three separate experiments, are shown, and SEM is visible only 
when larger than the data point symbol. Asterisks indicate significant differences between treatments on the given day after treatment (∗P<0.05, ∗∗P<0.01) 
and different letters show statistically significant differences between treatments at P=0.05. Two-way ANOVA was performed for each parameter; the 
P-value of the main effect of treatment (PT) and days after start of treatment (PD), as well as the interaction effect of two factors (PT×D), is shown.
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by the osmotic effect, as both stress treatments showed similar 
values for τi and τd (Fig. 5C, D). Faster gs responses under FL 
were previously observed in water-stressed plants (Lawson and 
Blatt, 2014; Qu et al., 2016) and at high vapor pressure def-
icit (Tinoco-Ojanguren and Pearcy, 1993; Kaiser et al., 2017). 
Studies on the genotypic variation of these traits do not sug-
gest a general relationship between gs amplitude (gsf–gsi) and 
time constants of stomatal movement (McAusland et al., 2016; 
Xiong et al., 2018); a faster gs response under FL, independent 
of gs amplitude, could thus be a strategy for tighter stomatal 
regulation to prevent unnecessary evaporative loss under os-
motic stress (Papanatsiou et al., 2019; Kimura et al., 2020; 
Yamori et al., 2020).

The fast speed of the gs response to FL under osmotic stress 
meant an increased ability of guard cells to perceive environ-
mental changes, transduce the signal, and induce changes in cell 
turgor (Lawson and Blatt, 2014; Lawson and Vialet-Chabrand, 
2019; Nunes et al., 2020), possibly due to changes in stomatal 

morphology and physiology as affected by hydraulic and hor-
monal signals. Although we did not measure stomatal size, a 
study from our group reported that stomata were ~18% smaller 
under NaCl stress in tomato (Zhang et al., 2020). Generally, 
smaller stomata have a greater membrane surface area-to-
volume ratio (Drake et al., 2013), which may induce faster 
movement, although this differs among plant species (Zhang et 
al., 2019; Sakoda et al., 2020). Additionally, osmotic stress could 
alter the density and activity of transport proteins across the 
guard cell plasma membrane (Luan, 2002), in turn inducing 
faster stomatal movement. Further, we assume that treatment-
induced differences in leaf K concentration (Supplementary 
Table S3) did not affect dynamic stomatal behavior, as a small 
increase in K concentration in the osmotic treatment and a 
large decrease in K concentration in the NaCl treatment were 
associated with to similar speeds of stomatal opening and 
closure in the two treatments (Fig. 5C, D). The different hy-
potheses for faster stomatal movement under osmotic stress 

Fig. 5. Effects of NaCl and leaf age on traits characterizing dynamic stomatal behavior in third true leaves of tomato plants, counting from the bottom of 
the plant. (A) Steady-state gs under 50 μ mol m–2 s–1 (gsi); (B) steady-state gs under 1500 μmol m–2 s–1 (gsf); (C) time to reach 63% of the total gs increase 
(including the initial lag time) (τi); (D) time to reach 63% of the total gs decrease from high to low PPFD (τd). Plants were subjected to three treatments: 
control (EC=2.3 dS m–1), osmotic (EC≈12.6 dS m–1, with concentrated macronutrients in the nutrient solution), and NaCl (EC≈12.8 dS m–1, control 
solution with additional 100 mM NaCl). Mean values ±SEM from 7–10 plants, grown in three separate experiments, are shown, and SEM is visible only 
when larger than the data point symbol. Asterisks indicate significant differences between treatments on the given day after treatment (∗P<0.05, ∗∗P<0.01, 
∗∗∗P<0.001) and different letters show statistically significant differences between treatments at P=0.05. Two-way ANOVA was performed for each 
parameter and the P-value of the main effect of treatment (PT) and days after start of treatment (PD), as well as the interaction effect of the two factors 
(PT×D), is shown.
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require further study; one approach could be to integrate the 
molecular, biophysical, and kinetic characteristics of guard cells 
(e.g. ion transport, malate metabolism, and H+ and Ca2+ buf-
fering; see Lawson and Matthews, 2020) under osmotic stress 
and connect this information to stomatal kinetics and behavior 
under dynamic light.

In older leaves, the stomatal response to dynamic light 
conditions becomes sluggish
Steady-state gs, which depends on stomatal density and guard 
cell size, is constrained by leaf development (Murchie et al., 
2005;  Wu et al., 2014). To our knowledge, the effects of leaf age 
on stomatal movement under FL have not yet been studied. 
Our results showed that as leaves aged, steady-state (Fig. 5A, 
B) and transient gs responses to light were damped, the latter 
being shown by an increased gs lag time after a step increase 
in PPFD (λ; Supplementary Fig. S8A) as well as increases in τi 
and τd (Fig. 5C, D) throughout leaf maturation. This change 
in the rapidity of the stomatal response to both increases and 

decreases in light intensity may be ascribed to developmentally 
driven changes in stomatal size or ion channels in guard cells 
(Pantin et al., 2012; Durand et al., 2019). Characterization of 
stomatal kinetics at different leaf developmental stages in mu-
tants and transformant lines (Lawson and Blatt, 2014; Lawson 
and Matthews, 2020) and input from gs kinetic models (e.g. 
OnGuard models;  Y. Wang et al., 2017) may provide future in-
sights into the drivers of gs throughout leaf development.

Dynamic photosynthesis is affected by NaCl stress 
and leaf age

In nature, leaf photosynthesis occurs largely under FL, and 
time-integrated A depends on both steady-state A and the 
rapidity of the response of A to changes in PPFD. During 
photosynthetic induction, steady-state photosynthesis is largely 
determined by photosynthetic capacity. The rapidity of the re-
sponse of A to FL is usually quantified as the rate of photosyn-
thetic induction after low-to-high PPFD transitions. We found 

Fig. 6. Relationships between stomatal conductance, stomatal movement, and rate of photosynthetic induction. Individual measures, regression lines, 
correlation coefficient (R2), and P-value for (A) t50 versus gsi, (B) t90 versus gsi, (C) t50 versus τi, and (D) t90 versus τi. t50 and t90, time required to reach 50% 
and 90% of full photosynthetic induction, respectively; gsi, steady-state gs under 50 μmol m–2 s–1; τi, time to reach 63% of the total gs increase (including 
the initial lag time). Data were derived from the first induction phase, as shown in Fig. 4.
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that the averaged photosynthesis rate (Ā300) generally declined 
with leaf age (Fig. 4A, G), and both osmotic stress (at 19 DAT) 
and ionic stress (at 26 DAT) added to this reduction in a time-
dependent manner (Fig. 4A, G).

Photosynthetic capacity drops during leaf development, 
and the ionic effect accelerates this process
Leaves situated close to the bottom of a dense canopy have 
lower photosynthetic capacity than leaves at the top, which is 
caused by progressive shading rather than leaf age (Hikosaka, 
1996; Trouwborst et al., 2015; Collison et al., 2020). In 
our study, full light exposure of the third leaf was ensured 
throughout the experiment, to rule out any shade effects on 
the leaf of interest. We found that photosynthetic capacity 
decreased as the leaf aged, concomitantly with a gradual re-
duction in Rubisco carboxylation capacity (Vcmax; Fig. 2G) 
and electron transport rates under high light (J1500; Fig. 2H), 
and despite increasing chlorophyll contents (Supplementary 
Fig. S4). The ionic effect of NaCl stress is known to accel-
erate senescence in mature leaves (Munns and Tester, 2008), 
and this was also observed in older leaves (at 26 DAT): A was 
largely down-regulated by the ionic effect (in the NaCl treat-
ment but not the osmotic stress treatment). This was caused 
by impaired electron transport efficiency (Supplementary Fig. 
S6L), down-regulation of carboxylation capacity (Fig. 2G), 
and a further reduction in gs (Fig. 2D). At the whole-plant 
level, no ionic effect was detectable, as biomass was similarly 
reduced in both stress treatments (Supplementary Fig. S3A). 
Notably, judging from A/PPFD curves (Fig. 1D), almost no 
differences in A were observed under the growth light in-
tensity (200 μmol m–2 s–1) among all treatments. These results 
lead us to assume that the strong reduction in biomass under 
both stress treatments was mainly due to a smaller leaf area 
(light interception area) rather than a reduction in A per unit 
leaf area, and that the reduction in leaf area expansion was 
mainly due to osmotic effects, in line with Munns and Tester 
(2008). If plants were to grow under more natural, occasion-
ally very high (1000–2000 μmol m–2 s–1) light intensities, we 
assume that the ionic effect on leaf photosynthesis would re-
duce plant growth additionally to the osmotic effect seen in 
our experiment.

Compared with the ionic effect, the osmotic effect hardly 
reduced photosynthetic capacity (Fig. 1A–D), even though 
gs was reduced under this treatment (Fig. 2D). On a chloro-
phyll basis, however, the lower Achl in both stress treatments 
(Supplementary Fig. S5) suggested a reduction in photosyn-
thetic efficiency per unit chlorophyll that was caused by os-
motic stress. Most likely, smaller and thicker leaves, as well as 
increased chloroplast density per unit leaf area (Supplementary 
Fig. S4, Supplementary Table S4; Munns and Tester, 2008; 
Niinemets et al., 2009; Wungrampha et al., 2018), compensated 
for this reduction in Achl, resulting in similar to higher photo-
synthetic capacity compared with non-stressed leaves (e.g. at 
7 DAT, A was increased in the osmotic and NaCl treatments 

under saturating CO2 partial pressures compared with the con-
trol treatment; Fig. 1I).

The rate of photosynthetic induction under NaCl stress 
is affected by osmotic stress and leaf age, rather than by 
ionic effects
NaCl stress affected photosynthetic induction mainly through 
osmotic effects (Fig. 4). Consistent with previous results (Zhang 
et al., 2018), osmotic stress tended to decrease photosyn-
thetic induction (increased IS60 and t50; Fig. 4H, I, PT<0.001). 
However, we also observed that osmotic stress increased photo-
synthetic induction during the late phase of induction, as sug-
gested by a decreased t90 (Fig. 4D, PT=0.02). Often, a threshold 
value for gsi effects on the rate of photosynthetic induction was 
found (Valladares et al., 1997; Allen and Pearcy, 2000; Kaiser 
et al., 2016, 2020). A study comparing tomato cv. Rheinlands 
Ruhm with its abscisic acid-deficient flacca mutant showed that 
a gsi <0.2 mol m–2 s–1 was negatively correlated with t50, and 
gsi <0.4 mol m–2 s–1 was negatively correlated with t90 (Kaiser 
et al., 2020). We observed a different threshold gsi value for to-
mato cv. Moneymaker across treatments, namely gsi <0.13 mol 
m–2 s–1 for t50 and gsi <0.22 mol m–2 s–1 for t90 (Fig. 6A, B). 
However, photosynthetic induction was determined not only 
by gsi but also by how fast stomata opened after increases in 
light intensity, as suggested by a significant correlation be-
tween τi and t90 (Fig. 6D). Under osmotic stress, gs showed an 
immediate and more rapid increase, which lowered t90 (Fig. 
4D). Rapid gs kinetics in transitions from low to high light 
have been hypothesized to maximize A, as steady-state values 
under the new conditions can be rapidly achieved (Kimura et 
al., 2020). However, under osmotic stress, stomata also closed 
more quickly under low light, reducing the photosynthetic in-
duction rate when the light intensity increased again (second 
induction, Fig. 4). This is similar to the effects of drought stress 
on gs kinetics (see Figs 3F and 4 in Lawson and Blatt, 2014). 
Thus, gs kinetics are, together with steady-state gs (at low and 
high light intensity), crucial for photosynthetic performance 
under fluctuating light.

The effects of leaf age on dynamic photosynthesis traits 
have so far received little attention. To our knowledge, only 
one study (Urban et al. 2008) compared photosynthetic in-
duction between young and mature leaves, in poplar; however, 
in that study, young and mature leaves were likely acclimated 
to very different light intensities, so leaf age was not the only 
differentiating factor. In our study, we ensured that leaves were 
exposed to the same light intensity throughout development. 
Photosynthetic induction rate decreased with increasing leaf 
age (increased t50 and t90; Fig. 4C, D), caused by increases in 
both stomatal and non-stomatal limitations (Supplementary 
Fig. S7). Non-stomatal limitation is caused by slow activation 
of electron transport and Calvin–Benson cycle enzymes (es-
pecially Rubisco; Sakoda et al., 2021), and possibly changes 
in mesophyll conductance (Liu et al., 2022). After 19 DAT, a 
persistent non-stomatal limitation after 10 min during the first 
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induction meant that Rubisco limitation increased as the leaf 
developed (Supplementary Fig. S7E–H). In addition, the de-
crease in gsi and increase in τi as the leaf developed (Fig. 5) may 
have increased transient stomatal limitations (Supplementary 
Fig. S7).

Perspectives on methods to disentangle the osmotic 
and ionic effects of salt stress

The search for the optimal medium for imposing osmotic 
stress has been ongoing for decades. Carbohydrates (e.g. man-
nitol and sorbitol), high-molecular-weight polyethylene glycol 
(PEG), and concentrated mixed salts have been recommended, 
but none of the existing methods is perfect. First, PEG is often 
used to induce osmotic stress in studies aimed at disentangling 
the osmotic and ionic effects of salt stress (e.g. Castillo et 
al.,2007; Lan et al., 2020). However, as PEG can enter the 
roots and reduce hydraulic conductivity, experiments must be 
limited to a short period of time; for this reason, we decided 
against using PEG in our experiments. Concentrated macro-
nutrients are a viable alternative, as their rate of uptake is tightly 
regulated by transporters, and they do not support bacterial 
growth as carbohydrates often do (Munns, 2011). However, 
the toxicity of specific ions (e.g. ammonium), or their imbal-
ance due to precipitation, requires careful mixing of macro-
nutrient solutions. Further, while it is often assumed that the 
salt causing stress is NaCl, many different categories of saline 
soil exist, arising from different mineral compositions and dif-
ferent types of salinization, all affecting plant responses through 
osmotic pressure or specific ion concentrations (Rengasamy, 
2010b; Ludwiczak et al., 2021). On irrigated farmland in par-
ticular, the recent trend of irrigating crops using recycled water 
may lead to high concentrations of macronutrients other than 
Na and Cl (Rengasamy, 2010b). Our study may provide in-
sights on how salts other than NaCl affect photosynthesis and 
stomatal kinetics under dynamic light.

Conclusions

Our study describes how NaCl stress, along with leaf age, 
regulates stomatal behavior and carbon assimilation in tomato 
leaves under dynamic light intensities (summarized in Table 
1), which is highly relevant for field- and greenhouse-grown 
plants. Results show that (i) stomatal and photosynthetic per-
formance under FL was strongly affected by all three of os-
motic effects, ionic effects, and leaf ageing; (ii) osmotic effects 
of NaCl occurred first, and induced a reduction in gs, along 
with rapid stomatal responses to changes in light intensity, 
which affected photosynthetic induction but not steady-state 
photosynthesis and photosynthetic capacity; (iii) ionic effects 
of NaCl on photosynthesis occurred after 26 d of NaCl ex-
posure and were visible as a reduction in both photosynthetic 
capacity and gs, but effects on photosynthetic induction rate 
and stomatal response rate were barely observed; and (iv) leaf 

photosynthetic capacity, photosynthetic induction rate, and 
stomatal response rate declined with increasing leaf age.
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Table 1. Direction of response in dynamic stomatal and 
photosynthetic traits to osmotic and ionic effects

Parameter  Osmotic effect  Ionic effect  Leaf age  

gsi ↓ – ↓
gsf ↓ ↓ ↓
Rate of gs increase ↑ – ↓
Rate of gs decrease ↑ – ↓
Amax – ↓ ↓
Induction rate –/↓/↑ – ↓
Induction gaina –/↓ ↓ ↓

Arrows indicate the direction of the response of the trait (↑= increase, ↓ = 
decrease); a dash (–) represents no change.

a Accumulated photosynthetic rate during photosynthetic induction.
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