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controlled growth conditions without the interference of sunlight

(i.e., not in the field or greenhouse) (Kubásek, Urban, &

Santrucek, 2013; Leakey, Press, Scholes, & Watling, 2002; Vialet-

Chabrand, Matthews, Simkin, Raines, & Lawson, 2017). Most studies

examining acclimation to FL use a simple light pattern focused on fre-

quent, repeated fluctuations between one high and one low intensity

(denoted as lightflecks) (Alter, Dreissen, Luo, & Matsubara, 2012;

E. Kaiser, Matsubara, Harbinson, Heuvelink, & Marcelis, 2018;

Schneider et al., 2019). While this approach is powerful for studies on

the mechanisms of FL acclimation, it has some drawbacks: On the one

hand, it usually incorporates a peak of high light intensity, which is

close to or even exceeds the light saturation point of photosynthesis,

and thus exposes plants to photooxidative stress; in such cases it is

difficult to ascribe the acclimation to FL either due to the fact that

light intensity was highly dynamic, or due to repeated photooxidative

stress events. On the other hand, such a static FL pattern of repeated

lightflecks does not account for the diurnal variation of irradiance,

which is often approximated using a sinusoidal pattern with a maxi-

mum in the middle of the photoperiod.

Growth under FL involves acclimatory adjustments of leaf mor-

phology (e.g., leaf area, leaf thickness, cell number, cell size and cell

arrangement), which are precluded by changes in gene transcription

(Schneider et al., 2019) and protein abundance (Caliandro et al., 2013;

Vialet-Chabrand et al., 2017). This acclimation affects photosynthesis

(including light harvesting, electron transport, CO2 diffusion and car-

boxylation and dark respiration) and plant growth (Murchie

et al., 2018). The most extensive work on acclimation to FL was

recently performed by Lawson and co-workers, who found that Ara-

bidopsis thaliana (Arabidopsis), acclimated to FL, showed reductions in

leaf thickness, growth rate, photosynthetic capacity and concentra-

tions of proteins in the photosynthetic electron transport chain

(Vialet-Chabrand et al., 2017), as well as changes in (diurnal) stomatal

kinetics (Matthews, Vialet-Chabrand, & Lawson, 2018). However, it is

unclear how general these effects on photosynthetic acclimation to

diurnal FL are for species other than Arabidopsis, for example, crop

plants. Further, it is unclear whether salt-stressed plants show similar

acclimation as unstressed plants.

Salt stress usually reduces biomass, root: shoot ratio and stomatal

conductance (gs), while increasing leaf thickness (Chaves, Costa, &

Saibo, 2011; Munns & Tester, 2008). As these traits could also be

affected by FL, one may hypothesize that salt stress and FL interact to

affect leaf photosynthetic acclimation and plant growth. For example,

a reduction in gs is a typical early response to salt stress (Munns &

Tester, 2008), which in C3 leaves can impair leaf CO2 diffusion and

thereby decrease photosynthesis (Chaves et al., 2011). Given that gs

is a major limitation of photosynthesis in fluctuating irradiance

(E. Kaiser et al., 2016; Pearcy, Krall, & Sassenrath, 1996), especially for

salt stressed leaves (Zhang, Kaiser, Zhang, Yang, & Li, 2018), it can be

hypothesized that diurnal photosynthesis and, subsequently, growth

of salt-stressed plants is reduced more strongly by FL compared to

constant light intensity.

The aim of this study is to investigate whether and how salt stress

interacts with FL on leaf photosynthetic traits and plant growth. With

this knowledge it may then be possible to reconsider experimental

growth conditions to draw conclusions on how salt-stressed plants

may perform under fluctuating light intensity. Tomato (Solanum

lycopersicum) was used in this study, as it is a C3 model species with

intermediate leaf photosynthetic capacity (E. Kaiser, Kromdijk,

Harbinson, Heuvelink, & Marcelis, 2017), an important crop, and a

major vegetable produced over the world (Shahbandeh, 2020). To

address the above question, tomato plants, were grown under con-

stant or fluctuating light and were supplied with 0 or 80 mM NaCl.

The light fluctuations were on top of sinusoidal pattern (with a maxi-

mum in the middle of the photoperiod and minimum at start and end

of photoperiod), while avoiding stressful high light intensity. Acclima-

tion and growth traits on chloroplast, leaf and whole plant levels were

investigated.

2 | MATERIALS AND METHODS

2.1 | Plant material and experimental setup

Tomato seedlings (Solanum lycopersicum cv. Moneymaker) were grown

in pots (1.3 L, 135 and 95 mm in top and bottom diameter, and

125 mm in height) containing quartz sand in a growth chamber at an

ambient CO2 partial pressure, day/night temperature of 22/20�C and

average relative humidity of 65%, according to E. Kaiser et al. (2017).

Twenty days after sowing, plants were randomly divided into four

groups, which were allocated to the four treatments for 14 days. All

treatments were arranged in a growth cabinet that was divided into

two layers for two light regimes (Figure 1), and within each light

regime, plants were divided into two groups which were allocated to

the two NaCl treatments; this was a split-plot design with light treat-

ment at the whole-plot level and salt stress at the sub-plot level.

Treatments were denoted as: (a) C0: constant irradiance and 0 mM

NaCl, (b) FL0: fluctuating irradiance and 0 mM NaCl, (c) C80: constant

F I G U R E 1 Diurnal irradiance patterns used during the 14-day
treatment period. C, Constant irradiance (200 μmol m−2 s−1); FL,
Fluctuating irradiance (5–650 μmol m−2 s−1, changing every 5 min).
PPFD, Photosynthetic photon flux density
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irradiance and 80 mM NaCl and (d) FL80: fluctuating irradiance and

80 mM NaCl. Plants in non-stress treatments (0 mM NaCl) were irri-

gated with nutrient solution for tomato (EC ≈ 2.1 dS/m, pH ≈ 5.5)

(E. Kaiser et al., 2017). For salt-stress treatments, 80 mM of NaCl was

added to the nutrient solution (EC ≈ 10.0 dS/m, pH ≈ 5.5). This con-

centration (80 mM) is in the range of commonly used concentrations

to induce salt stress to tomato plants (Debouba, Gouia, Suzuki, &

Ghorbel, 2006; Mulholland, Taylor, Jackson, & Thompson, 2003).

Plants were irrigated daily, allowing abundant leaching of excess nutri-

ent solution to maintain a stable salt content in the root zone.

Light was provided by white LED light panels and the spectrum was

identical between treatments (Figure S1). Light intensity was controlled

using a programmable controller. The photoperiod (16 hr) and daily inte-

gral (11.5 mol m−2 d−1) of photosynthetic photon flux density (PPFD)

were equal between constant irradiance (C, 200 μmol m−2 s−1) and

fluctuating irradiance (FL, following a sinusoidal pattern during the

day and on top of that changing every 5 min in the range of

5–650 μmol m−2 s−1; Figure 1). Fluctuations were chosen to be substan-

tial, but not stressful: maximum light intensity was 650 μmol m−2 s−1,

which is typically far from the light saturation point of photosynthesis in

tomato leaves (Lanoue et al., 2019; Zhang, Kaiser, Zhang, Yang, &

Li, 2019). The FL pattern was repeated daily. Plants did not shade each

other and the uppermost leaves were kept at the same distance from

the light source throughout the whole experiment. To avoid position

effects on plant growth, the light regime and the plants belonging to it

were interchanged daily between the two layers, and plants within each

light regime were rotated randomly. The experiment was repeated five

times in succession, with 3–4 plants per treatment and experiment.

Except for leaf cross sections and photosynthetic protein analysis (which

were analysed in one experiment only), the following measurements

were repeated in two to five independent experiments (i.e., 2–5 blocks).

2.2 | Gas exchange and chlorophyll fluorescence

Photosynthetic gas exchange and chlorophyll fluorescence measure-

ments were performed on the youngest fully expanded leaf using the

LI-6400XT photosynthesis system (Li-Cor Biosciences, Lincoln, NE)

equipped with the leaf chamber fluorometer (Li-Cor Part No.6400–40,

enclosed leaf area: 2 cm2). Unless stated otherwise, all measurements

were performed at a leaf temperature of approximately 22�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. Irradiance was provided 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 and 465 nm, respectively.

2.2.1 | Light and CO2 response curves of leaf
photosynthesis

Light response curves of leaf photosynthesis were performed under

non-photorespiratory and photorespiratory conditions (2 and 21%

oxygen, respectively). Leaves were adapted to 200 μmol m−2 s−1

PPFD, 1500 μbar CO2 and 2% O2, until leaf net photosynthesis rate

(A) was stable. Leaves were then exposed to a range of PPFDs

(200, 150, 100, 50, 0 μmol m−2 s−1). Then, CO2 partial pressure was

decreased to 400 μbar CO2 and O2 was increased to 21%. After

leaves were dark-adapted in the Li-6400 XT leaf chamber for approxi-

mately 30 min, gas exchange parameters together with minimal (F0)

and maximal (Fm) chlorophyll fluorescence were recorded to deter-

mine the maximum quantum efficiency of photosystem II (PSII) photo-

chemistry (Fv/Fm). PPFD was then increased in steps of 50, 100,

150, 200, 250, 500, 1,000, 1,500 and 2000 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 maximum (Fm
0) and minimum (F0

0) 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

8,500 μmol m−2 s−1, flash intensity decreased by 60% during the sec-

ond phase of the MPF and the durations of the three flash phases

were 0.3, 0.7 and 0.4 s, respectively.

Response curves of photosynthesis against leaf internal CO2 par-

tial pressure (Ci; A/Ci) were performed in non-photorespiratory and in

photorespiratory conditions. Leaves were adapted in the LI-6400XT

leaf chamber to 1,500 μmol m−2 s−1 PPFD, 200 μbar CO2 and 2%

oxygen, and CO2 partial pressure was changed stepwise (200, 150,

100, 70, 50, 30 μbar). Then, O2 was increased to 21%, and CO2 partial

pressure was increased in steps of 30, 50, 70, 100, 150, 200,

300, 400, 600, 800, 1,000, 1,200 and 1,500 μbar. Upon reaching

steady-state conditions at each CO2 point (3–5 min), gas exchange

parameters were logged continuously (every 5 s) for 1 min, and aver-

ages of 12 values were used at each CO2 step.

2.2.2 | Analysis of steady-state leaf
photosynthesis

Data were corrected for leakage of CO2 into or out of the cuvette, by

using photosynthetically inactive leaves (Flexas et al., 2007). A non-

rectangular hyperbolic function (Cannell, G, Thornley, & G, 1998) was

fitted to the light response curve measured under photorespiratory

conditions, and parameters were derived including maximum net pho-

tosynthesis rate (Amax) and apparent quantum yield (α). Linear electron

transport rate (J) through PSII was calculated according to Tomeo and

Rosenthal (2018) as J = 4*(ΦPSII-b)/k, where, ΦPSII = (Fm
0 − Fs)/Fm

0;

k and b are the slope and intercept of the linear regression of ΦPSII

and quantum yield of CO2 fixation (ΦCO2) under non-photorespiratory

conditions, which were 8.88 and 0.045 in all treatments. Maximum

electron transport rate (Jmax) was derived according to Sharkey (2016)

using calculated J of the A/Q curve under photorespiratory conditions.

Mesophyll conductance (gm) at 400 μbar CO2 was calculated using

the variable J method (Harley, Loreto, di Marco, & Sharkey, 1992).
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Maximum carboxylation rate (Vcmax) and triose phosphate use (TPU)

were derived according to Sharkey, Bernacchi, Farquhar, and Sin-

gsaas (2007) on A/Ci curves under photorespiratory conditions. Non-

photochemical quenching (NPQ) was calculated as NPQ = Fm/Fm
0 − 1.

Photosynthetic parameters were expressed in two ways: area-

based and mass-based. All measurements above were at first recorded

on an area basis. They were later converted to units per leaf mass by

multiplying them with specific leaf area (SLA; leaf area: leaf mass ratio)

for the given leaves.

2.2.3 | Dynamic photosynthetic responses to step
changes in irradiance

To assess the response of gas exchange and chlorophyll fluores-

cence to a step increase in PPFD, leaves were dark-adapted in the

Li-6400 XT 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

(approximately 30 min). Then, PPFD was increased in a single-step

change to 1,500 μmol m−2 s−1 for 30 min, and A, gs and Ci were

logged automatically once per second. Fs and Fm
0 were logged

every minute during the first 10 min of induction, and every 2 min

thereafter.

To examine the responses of photosynthetic gas exchange to reg-

ular changes between high and low irradiance (lightflecks), leaves

were adapted to 1,500 μmol m−2 s−1 PPFD until A and gs were stable

(30–40 min). Then, leaves were subjected to four cycles of 2 min of

low (50 μmol m−2 s−1) followed by 2 min of high (1,500 μmol m−2 s−1)

PPFD, and gas exchange was logged once per second.

2.3 | Growth analysis

Destructive measurements (described below) were taken after

14 days of treatment. Leaf area was measured using the Li-3100 leaf

area meter (LI-COR Biosciences, Lincoln, NE). Leaves, stems and roots

were dried at 80�C for 3 days. Total biomass and allometric relation-

ships [specific leaf area (SLA) and shoot: root ratio (S:R)] were

calculated.

2.4 | Leaf chemical components and pigments

2.4.1 | Leaf chemical components

Dry leaf material from whole plants was pooled for each treat-

ment after every round of experiment, and 3 g per sample were

used to determine leaf N, C, Na+ and K+ contents. N and C con-

tents were determined with a C/N analyzer (IsoPrime 100;

Isoprime Ltd., Manchester, UK). Na+ and K+ were determined with

Shimadzu AA-6800 atomic absorption spectrophotometer

(Shimadzu, Tokyo, Japan).

2.4.2 | Leaf pigments

Leaf discs (1.0 cm2), taken from the youngest fully expanded leaves,

were collected and stored in 10 ml 95% ethanol in the dark at 4�C for

72 hr. The absorbance of the extract was measured at 470, 649 and

664 nm using a UV–Vis spectrophotometer (UV-1800, Shimadzu,

Japan). The chlorophyll a, chlorophyll b and total carotenoid contents

were calculated using the equations derived by Lichtenthaler and

Buschmann (Lichtenthaler & Buschmann, 2001).

2.5 | Stomatal morphological traits

Stomatal features were determined using the silicon rubber impres-

sion technique (Savvides, Fanourakis, & van Ieperen, 2012) on both

leaf surfaces of the youngest fully expanded leaves. Epidermal impres-

sions were placed on microscope slides and analyzed using an optical

microscope (XSP-13 CC, Caikon, China) equipped with a digital cam-

era (CK-300, Caikon, China). Five fields of view (0.08 mm2) were ran-

domly selected from each sampling area (i.e., five technical replicates),

where stomatal and epidermal cell numbers were counted. Stomatal

density (SD) was calculated as the number of stomata per unit leaf

area and stomatal index (SI) was calculated as ratio of stomatal to epi-

dermal cells. To estimate stomatal and pore area, 20 stomata were

randomly selected from each sampled area and stomatal length and

width along with pore length and aperture were measured (Savvides

et al., 2012). To calculate pore and stomatal area (i.e., including guard

cell area), it was assumed that pores and stomata were elliptical

(Savvides et al., 2012). Pore area per leaf area was calculated as the

average of pore area per stoma × SD of each leaf surface (Savvides

et al., 2012).

2.6 | Leaf optical properties

Leaf light reflectance and transmittance of the youngest fully

expanded leaves were measured with a spectroradiometer (Ocean

optics USB2000+, Dunedin, FL) in combination with two integrating

spheres (FOIS-1, ISP-REF, Dunedin, FL) and a built-in tungsten-

halogen light source. Leaf light absorptance (A) was calculated as:

A = 1 − (R + T), where R and T are the reflectance and transmittance

of light by leaf samples.

2.7 | Leaf cross-section microscopy and
transmission electron microscopy

2.7.1 | Leaf cross-section microscopy

Leaf segments of 1 × 1 cm of the central leaf blade next to the main

vein of the youngest fully expanded leaves were cut and fixed for at

least 24 hr in a formaldehyde-based fixative (FAA). Then, leaf seg-

ments were dehydrated and embedded in paraffin, and sectioned with
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a microtome (RM2016, Leica Microsystems, Shanghai, China). The

sections were stained with both safranin and Fast Green and then

examined under a microscope (BX53, Olympus Optical Co. Ltd.,

Tokyo, Japan).

2.7.2 | Leaf transmission electron microscopy

Leaf segments (4 mm2) of the central leaf blade next to the main vein

of the youngest fully expanded leaves were cut and fixed with 2.5%

glutaraldehyde in 0.2 M sodium phosphate buffer (pH 7.2) at 4�C for

8 hr. Thereafter, samples were washed 3× with phosphate buffer, and

incubated with 1% osmium tetroxide in the same buffer for 2 hr. Sub-

sequently, three washes with phosphate buffer were performed. Sam-

ples were then dehydrated with an ethanol series (30–100% ethanol;

rest H2O) and propylene oxide, and then embedded in Epon-812

resin. Polymerized blocks were sectioned into 60–80 nm slices with a

ultramicrotome (UC7, Leica Microsystems, Shanghai, China). Then,

sections were collected on copper grids and stained with uranyl ace-

tate and thereafter with lead citrate. Finally, the thickness and width

of grana stacks were examined under a transmission electron micro-

scope (HT7700, Hitachi Co. Ltd., Tokyo, Japan).

2.8 | Protein extraction and western blotting

The youngest fully expanded leaves were collected, immediately

plunged into liquid nitrogen, and stored at −80�C. Samples from three

replicate plants were pooled for each treatment. Protein was

extracted in extraction buffer (20 mM Tris–HCl, pH 7.5, 100 mM

NaCl, 2.5 mM MgCl2, 1 mM EDTA, 1 mM DTT, 0.5 mM PMSF), and

insoluble material was removed by centrifugation at 1,200 rpm for

20 min (4�C). Protein was quantified after Bradford (Bradford, 1976).

Samples containing 12 μg total protein were loaded and then sepa-

rated using 12% (W/V) SDS-PAGE, transferred to a polyvinylidene

difluoride membrane, and probed using antibodies raised against the

photosystem II PsbD/D2 and Lhcb2 proteins, the photosystem I

Lhca1 protein, and the cytochrome b6f complex protein Cyt b6; all

antibodies were purchased from Agrisera (Umea, Sweden). Blots were

detected using Clarity Western ECL Substrate (Bio-Rad, CA) and visu-

alized by Image Lab (Bio-Rad). Protein content was quantified using

ImageJ (https://imagej.nih.gov/ij/) and expressed as a percentage of

protein levels in CL0 treated plants.

2.9 | Statistical design and analysis

Statistics were performed using Genstat 19th edition (VSN Interna-

tional, Hempstead, UK). Data were analysed by split-plot design with

light pattern (I) as the whole plot, salt stress (S) as the sub-plot, and

each independent experiment as a block. If there was an interaction

effect on a given trait (i.e., I × S), least significant differences (LSD) of

treatment effects were determined (p = .05), and if not, main effects

of I and S were tested. In case of the immunoblot analysis, treatments

were compared against C0 using a two-tailed one-sample Student's

t test.

3 | RESULTS

3.1 | Steady-state photosynthesis

Salt stress affected steady-state photosynthesis regardless of light

regime. Maximum steady-state net photosynthesis rate (Amax) as well

as electron transport rate (Jmax) were decreased by 10% due to salt

stress (Figure 2a, b; Table 1). Quantum yield (α) and maximum car-

boxylation rate (Vc,max) were also decreased 7–10% by salt stress

(Table 1). Mesophyll conductance (gm) was unaffected by both light

regime and salt stress (Table 1), while stomatal conductance (gs) was

only significantly affected by salt stress (17–54% reduction;

Figure 2c). When expressing photosynthesis per unit leaf mass

rather than per unit leaf area, neither salt stress nor light regime had

an effect on traits of steady-state photosynthesis (Table S1). Steady-

state responses of ΦPSII and NPQ to different PPFD were unaffected

by the treatments (Figure S2). Dark-adapted Fv/Fm was approxi-

mately 0.83 in all cases without significant treatment effects,

suggesting that leaves were not strongly photo-inhibited under any

treatment.

3.2 | Dynamic responses of leaf photosynthesis to
changes in irradiance

After the transition from shade (50 μmol m−2 s−1) to high light

(1,500 μmol m−2 s−1), A gradually increased in all treatments

(Figure 3a). At any time during photosynthetic induction, A was 10%

lower in salt-stressed leaves than in non-stressed leaves, while light

pattern had no effects (Figure 3a). However, the rate of photosyn-

thetic induction was similar in all treatments (Figure 3a), as shown by

similar times to reach 50% (t50) and 90% (t90) of final photosynthesis

rates (Table 1). This lack of a treatment effect on photosynthetic

induction rate was surprising, given that initial gs in shade-adapted

leaves was significantly lower (33%) in salt-stressed leaves, compared

to non-salt stressed leaves (Figure 3b, Table 1), resulting in a in lower

Ci (Figure 3c). The gs after induction (gs1500) was also 30% lower in

salt-stressed leaves than in non-stressed leaves, while light pattern

had no effects (Table 1). All treatments showed similar ΦPSII during

photosynthetic induction (Figure 3d, Table 1). In all treatments, NPQ

reached a plateau within 5 min, but with a 6% higher value in FL

grown leaves than C grown leaves and with no effect of salt stress

(Figure 3e, Table 1). When leaves initially adapted to high light were

exposed to a series of lightflecks (2 min of 1,500 μmol m−2 s−1, inter-

spersed with 2 min of 50 μmol m−2 s−1), average A and gs were

reduced by 12 and 30% in salt-stressed leaves compared to non-

stressed leaves, with no effect of the growth light regime

(Figure 3f–j).
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3.3 | Leaf optical properties, pigmentation and
chemical composition

In leaves growing under FL, there was a tendency for leaf light absorp-

tion to be slightly reduced in photosynthetically active radiation (PAR,

400–700 nm, PI = 0.099, Figure S3 and Table S2). This slight reduction

in leaf irradiance absorption was caused both by increases in reflec-

tion and transmission (Figure S3). Concomitant with the tendency for

reduced leaf light absorption, in leaves grown under FL, chlorophyll

and carotenoid contents were both 5% lower compared to C irradi-

ance (Table 2), with no effect of salt stress. Per unit dry mass, how-

ever, all effects due to light pattern were nullified, while salt stress

significantly (6%) reduced leaf carotenoid concentration (Table 2).

Thus, leaves under all treatments allocated just as much energy to leaf

chlorophyll pigmentation.

As expected, leaf Na+ content increased strongly in salt-stressed

leaves, whereas K+ content halved, strongly increasing the Na+/K+

ratio in salt-stressed leaves (Table 2). Within the same salt treatment,

the values of Na+ and K+ were similar (Table 2). Besides, total contents

of Na+ and K+ were similar between the four treatments (41–-

45 mg g−1 DW). Salt stress further led to a significant (8%) reduction

in leaf nitrogen content, as well as a slight (3%) but significant reduc-

tion in leaf carbon content (Table 2). FL slightly (5%) decreased leaf

nitrogen content per unit leaf area (Table 2).

3.4 | Leaf anatomy and stomatal traits

Specific leaf area (SLA) was slightly (7%) larger under FL than C

(p = .04; Figure 4a), indicating a reduced leaf thickness, which was

confirmed by measurements on leaf cross sections (Figure 4b). The

change in leaf thickness was predominantly driven by changes in the

spongy parenchyma (Figure S4).

Stomatal index and stomatal area on both sides of the leaf were

largely (20–40%) reduced in salt-stressed leaves, whereas the irradi-

ance pattern caused no significant effects (Table 3). Stomatal density

was reduced by both salt stress and light regime on the adaxial side of

the leaf, with a 20% reduction in FL and 50% reduction in salt stress,

but curiously it was unaffected on the abaxial side (Table 3). Salt stress

decreased total pore area per leaf area on both sides of the leaf by

60%, but this reduction was only significantly different on the adaxial

side (Table 3).

T A B L E 1 Parameters characterizing steady-state and dynamic photosynthesis

Treatment p-value

C0 FL0 C80 FL80 I S I × S

Steady-state Amax (μmol m−2 s−1) 31.2 29.3 27.7 27.1 .266 .007 .319

Rdark (μmol m−2 s−1) 2.20 2.01 1.93 1.97 .784 .138 .224

α (μmol μmol−1) 0.073 0.073 0.068 0.070 .53 .030 .514

Vcmax (μmol m−2 s−1) 115.1 109.8 103.4 103.3 .364 .030 .394

TPU (μmol m−2 s−1) 11.7 11.5 11.3 10.9 .673 .104 .559

Jmax (μmol m−2 s−1) 212.8 216.5 191.3 196.0 .459 .014 .932

gm (mol m−2 s−1) 0.34 0.28 0.29 0.33 .436 .981 .280

Photosynthetic induction A50 (μmol m−2 s−1) 2.0 2.0 1.9 2.3 .087 .582 .368

A1500 (μmol m−2 s−1) 24.8 25.9 22.1 21.9 .376 .035 .595

gs50 (mol m−2 s−1) 0.24 0.25 0.16 0.16 .857 .002 .553

gs1500 (mol m−2 s−1) 0.50 0.51 0.35 0.35 .981 .036 .989

IS60 (%) 39.3 41.6 41.7 42.3 .830 .595 .772

t50 (min) 1.7 1.4 2.2 1.9 .484 .145 .860

t90 (min) 6.2 5.1 7.8 6.8 .529 .120 .964

ΦPSII1500 0.31 0.32 0.30 0.29 .674 .195 .432

NPQ1500 1.57 1.42 1.51 1.48 .031 .886 .126

Note: Tomato plants were grown for 14 days under four treatments: C0 (constant irradiance +0 mM NaCl), FL0 (fluctuating irradiance +0 mM NaCl), C80

(constant irradiance +80 mM NaCl) and FL80 (fluctuating irradiance +80 mM NaCl). Amax, light-saturated net photosynthesis rate; Rdark, dark respiration

rate; α, quantum yield; Vcmax, maximum carboxylation rate; TPU; triose phosphate use; Jmax, maxmum electron transport rate; gm, mesophyll conductance.

A50 and A1500, steady-state net photosynthesis rate at 50 and 1,500 μmol m−2 s−1 PPFD, respectively; gs50 steady-state stomatal conductance at

50 μmol m−2 s−1 PPFD; gs1500, stomatal conductance after 30 min of photosynthetic induction. IS60, the photosynthetic induction state at 60 s; t50 and

t90, the time required to reach 50% and 90% of full photosynthetic induction, respectively. ΦPSII1500 and NPQ1500, steady-state values (average values dur-

ing 26–30 min of high light) of ΦPSII and NPQ at the end of photosynthetic induction, respectively. Mean values of three independent experiments are

shown (n = 3), with 2–3 replicate plants per experiment. p-values of main effects of light pattern (I) and salt stress (S) and interaction effect (I × S) are

shown, significant effects are printed bold.
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3.5 | Chloroplast ultrastructure and photosynthetic
protein contents

Chloroplast ultrastructure and photosynthetic protein contents were

measured in one experiment. In the chloroplasts of leaves growing in

the absence of salt stress, the grana lamellae were organized in stacks,

whereas salt stress reduced grana stacking and dilated the thylakoid

lumen (Figure S5). Western blot analysis revealed that relative to C0,

leaves of salt-stressed plants growing under constant light showed a

approximately 40% reduction in the photosystem I Lhca1 protein

(Figure S6). There were no differences in the concentrations of photo-

system II D2 and Lhcb2 proteins, nor for cyt b6 (Figure S6).

3.6 | Plant growth

Salt stress severely reduced plant size (Figure 5a), and this effect

interacted with the growth light regime. Under constant light (C0 and

C80), salt stress reduced whole plant dry mass by approximately 33%,

while under fluctuating light (FL0 and FL80), it had an even stronger

impact (46% reduction; Figure 5b). Strikingly, in non-stressed plants

(C0 and FL0), FL by itself did not reduce plant biomass compared to C

(Figure 5b), while under salt stress (C80 and FL80) FL significantly

decreased plant growth by 17%. Similar patterns as for whole plant

biomass were observed for leaf area and whole shoot fresh weight

(Table 4), with significant interactions (p < .05) between the two treat-

ment factors in these cases. Salt stress significantly affected almost all

evaluated plant growth parameters, except leaf dry matter content

and the shoot: root ratio (Table 4). Growth under fluctuating light sig-

nificantly reduced leaf number, stem diameter (increased specific stem

length) and the shoot: root ratio (Table 4).

4 | DISCUSSION

We have for the first time analysed the effects of fluctuating irradi-

ance in combination with salt stress on growth and photosynthetic

physiology. We chose an experimental approach in which fluctuating

irradiance was applied such that it followed a sinusoidal pattern during

the day with additional short-term fluctuations that were substantial,

but hardly stressful. We found that salt stress and fluctuating light

affected anatomy, biochemistry and photosynthetic parameters of

tomato leaves separately, but affected biomass interactively.

4.1 | Photosynthetic acclimation to fluctuating
light, depending on species and light regime

Plant morphology and physiology exhibits plasticity in response to

light (Hoshino, Yoshida, & Tsukaya, 2019; Niinemets, 2007). Growing

under FL, leaves may show different acclimation traits compared to

leaves grown under constant light (C) (Pao, Stutzel, & Chen, 2019;

Vialet-Chabrand et al., 2017). Here, compared to C, acclimation to FL

resulted in thinner leaves with lower N and chlorophyll contents (per

unit leaf area), coinciding with a tendency for reduction in leaf irradi-

ance absorption (Figures 4 and Figure S3; Table 2), but maintained

similar properties of steady-state and dynamic leaf photosynthesis

(Figures 2 and 3; Table 1). To explore whether acclimation to FL is

similar across species and light regimes, we compared our results with

published data. We selected studies in which a constant irradiance

treatment as control and an identical average irradiance between

treatments was kept.

F I G U RE 2 Steady-state photosynthesis traits. Responses of leaf
net photosynthesis rate (A; a), linear electron transport rate (J; b) and
stomatal conductance (gs; c) to PPFD absorbed by the leaf. The inset in
(a) shows responses of A to leaf internal CO2 partial pressure (Ci). Plants
were grown for 14 days under four treatments: C0 (constant irradiance
+0 mM NaCl), FL0 (fluctuating irradiance+0 mM NaCl), C80 (constant
irradiance+80 mM NaCl) and FL80 (fluctuating irradiance+80 mM
NaCl). Mean values ± SEM of three independent experiments are
shown (n = 3) and SEM can only be observed when larger than data
point symbol. Asterisks indicate significant difference between salt-

stressed (80 mM) and non-stressed (0 mM) group, *p < .05, **p < .01
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F I G U RE 3 Dynamic photosynthetic responses to step changes in irradiance. Time course of leaf net photosynthesis rate (A; a), stomatal
conductance (gs; b), leaf internal CO2 partial pressure (Ci; c), photosystem II electron transport efficiency (ΦPSII; d) and non-photochemical
fluorescence quenching (NPQ; e) when a leaf adapted to low irradiance (50 μmol m−2 s−1) was exposed to a sudden increase in irradiance to
1,500 μmol m−2 s−1. Time courses of A (f ), gs (g), Ci (h) and the averages of A and gs (i, j) to light fluctuations: high light (1,500 μmol m−2 s−1)
adapted leaves were exposed to five repeated cycles of 2 min illumination of 50 μmol m−2 s−1 PPFD, followed by 2 min of 1,500 μmol m−2 s−1

PPFD. Shade- and lightflecks are visualized as grey and white bars, respectively. Plants were grown for 14 days under 4 treatments: C0 (constant
irradiance+0 mM NaCl), FL0 (fluctuating irradiance+0 mM NaCl), C80 (constant irradiance+80 mM NaCl) and FL80 (fluctuating irradiance+80 mM
NaCl). Mean values ± SEM of two to three independent experiments are shown (n = 2–3) and SEM can only be observed when larger than data
point symbol. The main effect of salt stress was significant (p<.05) at all time points in (a), (b) and (c). The main effect of light regime was
significant (p<.05) at all time points in (e). p-value of the main effect of salt stress (PS) during lightflecks is shown in (i) and (j)
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