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FERONIA Confers Resistance to Photooxidative Stress in Arabidopsis
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Plants absorb light energy required for photosynthesis, but excess light can damage plant cells. To protect themselves, plants have developed diverse signaling pathways which are activated under high-intensity light. Plant photoprotection mechanisms have been mainly investigated under conditions of extremely high amount of light; thus, it is largely unknown how plants manage photooxidative damage under moderate light intensities. In the present study, we found that FERONIA (FER) is a key protein that confers resistance to photooxidative stress in plants under moderate light intensity. FER-deficient mutants were highly susceptible to increasing light intensity and exhibited photobleaching even under moderately elevated light intensity (ML). Light-induced expression of stress genes was largely diminished by the fer-4 mutation. In addition, excitation pressure on Photosystem II was significantly increased in fer-4 mutants under ML. Consistently, reactive oxygen species, particularly singlet oxygen, accumulated in fer-4 mutants grown under ML. FER protein abundance was found to be elevated after exposure to ML, which is indirectly affected by the ubiquitin-proteasome pathway. Altogether, our findings showed that plants require FER-mediated photoprotection to maintain their photosystems even under moderate light intensity.

Keywords: FERONIA, photoprotection, photooxidative damage, stress resistance, ROS


INTRODUCTION

Light is an essential energy source during plant photosynthesis, but excess light can cause damage to the photosynthetic machinery (Murchie and Niyogi, 2011; Takahashi and Badger, 2011). Excess excited energy due to high amount of light leads to electron transfer to oxygen, thus generating various types of reactive oxygen species (ROS) including hydrogen peroxide, superoxide, and singlet oxygen (Logan et al., 2006; Takahashi and Badger, 2011; Agati et al., 2013). Plants have both physical and chemical responses to avoid photodamage. Under high light conditions, plant leaves are rearranged and chloroplasts are repositioned to avoid direct exposure to light (Kasahara et al., 2002; Takahashi and Badger, 2011). Plants with mutations in chloroplast avoidance movement are highly susceptible to high light and exhibit photobleaching (Kagawa et al., 2001; Kasahara et al., 2002), suggesting that physical avoidance of light is important for managing photodamage. Meanwhile, plants have developed molecular systems that convert excess excited energy to thermal energy, which is harmless to plant cells (Pascal et al., 2005; Murchie and Niyogi, 2011). In addition, diverse antioxidants, including flavonoids, ascorbate, and glutathione, along with antioxidant enzymes such as superoxide dismutase, ascorbate peroxidase, and glutathione reductase scavenge destructive ROS generated as a consequence of high light intensity (Logan et al., 2006; Agati et al., 2013).

To date, most studies have been performed under high light conditions (500–1,500 μmol m–2 s–1) to investigate plant photoprotection responses (Kasahara et al., 2002; Hubbart et al., 2018; Garcia-Molina and Leister, 2020). However, it is largely unknown how plants manage photodamage under moderate light conditions (60–150 μmol m–2 s–1), because plants exhibit relatively normal growth phenotype in these conditions. While plants grown under moderate light conditions (100 μmol m–2 s–1) show similar photosystem II (PSII) excitation pressure to those grown under low light conditions (30 μmol m–2 s–1), exposure to high light (500 μmol m–2 s–1) triggers a large increase in PSII excitation pressure (Mikko et al., 2006). In addition, high light treatment to the Arabidopsis leaves grown under moderate light conditions decreases maximum PSII quantum yield (Mikko et al., 2006). These results indicate that unlike moderate light, high light triggers severe photoinhibition in plants. Application of high light (1000 μmol m–2 s–1) to the Arabidopsis changes expression of more than 180 genes compared with the moderate light (100 μmol m–2 s–1; Rossel et al., 2002), suggesting that different signaling pathways are activated by different light intensities.

FERONIA (FER) is a receptor-like kinase localized in the plasma membrane, and it possesses extracellular and cytoplasmic domains (Höfte, 2015; Li et al., 2016a). Pleiotropic phenotypes of fer mutants indicated that FER has diverse functions in plant growth and development including hypocotyl and root elongation, root hair development, and flowering time (Deslauriers and Larsen, 2010; Duan et al., 2010; Wang et al., 2020; Zhu et al., 2020). Rapid alkalinization factor 1 (RALF1) is a small peptide known as a growth regulator recognized by FER (Haruta et al., 2014). The binding of RALF1 to the extracellular domain induces FER phosphorylation (Haruta et al., 2014). The RALF1-FER complex is an active kinase which phosphorylates interacting proteins, including H+-adenosine triphosphatases (H+-ATPases), RNA-binding proteins, and eukaryotic translation initiation factors (Haruta et al., 2014; Li et al., 2016a; Wang et al., 2020; Zhu et al., 2020). RALF1-FER signaling regulates cell growth. Treatment of wild type seedlings with RALF1 peptide inhibits cell expansion and negatively affects hypocotyl and root elongation, but its effects are diminished by fer mutations (Bergonci et al., 2014; Haruta et al., 2014; Li et al., 2016a). The RALF1-FER complex phosphorylates H+-ATPases and negatively regulates their H+-pumping activity, which plays a key role in cell growth regulation (Haruta et al., 2014). The interaction of FER with growth-regulating phytohormones, such as brassinosteroid (BR) and ethylene, further suggests the role of FER in shaping plant architecture (Deslauriers and Larsen, 2010). FER is also important for fertilization, as it induces the production of ROS in the ovules at the entrance of the pollen tube in order for the pollen tube to rupture and thereby facilitate sperm release (Duan et al., 2014). These observations indicate that FER is a multi-functional protein which affects growth and reproduction in different tissues.

Plant responses to environmental signals include the FER signaling pathways. FER enhances plant resistance against bacterial pathogens by phosphorylation and destabilization of MYC2, which is a key transcription factor in jasmonic acid signaling (Guo et al., 2018). In contrast, FER is a target protein of the fungus Fusarium oxysporum which uses the RALF peptide to increase the extent of fungal infection (Masachis et al., 2016). In addition to biotic stress responses, FER controls plant stress responses under abiotic conditions, including salt, gravity, and mechanical stress (Shih et al., 2014; Chen et al., 2016; Feng et al., 2018; Dong et al., 2019). For example, the extracellular domain of FER interacts with pectin to control cell wall integrity and induce resistance responses against salt stress through a transient increase in cytosolic Ca2+ concentration (Feng et al., 2018). Mechanical stimulation, such as touch, also generates Ca2+ signatures in the root cells through FER, which is important for root obstacle avoidance (Shih et al., 2014). FER is involved in general stress responses by interacting with signaling pathways of plant stress hormone abscisic acid (ABA) (Yu et al., 2012), indicating that FER has a key role in plant-environmental interactions.

In the present study, we found that plants need to alleviate photodamage even under moderate light intensity, and that FER is required for these responses. FER mutation caused photobleaching and cell death under moderately elevated light intensity (ML), but did not affect chlorophyll content and survival under dim light (DL). Induction of stress-responsive gene expression and ROS scavenging after exposure to ML were dependent on FER functions. In addition, excitation pressure on PSII was increased in fer-4 mutants. Meanwhile, the FER protein abundance was elevated by increased light intensity. Our findings indicate which mechanisms plants use to manage and protect themselves from moderate light intensity.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was used for the assays. The fer-4 (N69044; Yu et al., 2012), the1-4 (CS829966; Guo et al., 2009), llg1-2 (CS66106; Li et al., 2015), gef1 gef4 gef10 (N69175; Li et al., 2016c), abi1-2 (CS859686; Chen et al., 2016), abi2-2 (N515166; Chen et al., 2016), aba2-1 (N156; Léon-Kloosterziel et al., 1996c), bri1-201 (N9532; Bouquin et al., 2001), gapc1-1 (Salk_129091; Yang et al., 2015), gapc2-2 (Salk_016539; Yang et al., 2015), and ralf1-2 (N589792; Feng et al., 2018) mutants were obtained from the Nottingham Arabidopsis Stock Centre (NASC, Nottingham, United Kingdom) and the Arabidopsis Biological Resource Center (ABRC, Ohio State University, Columbus, OH, United States). Their seeds were surface-sterilized in 75% (v/v) ethanol with 0.03% (v/v) Triton X-100 and then washed twice using 70% (v/v) ethanol before stratification at 4°C. After 3 days of stratification, the seeds were transferred to a growth room set at 24°C with 40–50% humidity under long-day conditions. The seedlings were grown on 1/2 × Murashige and Skoog-agar (MS-agar) plates containing 0.7% (w/v) plant agar without sucrose supplementation. The plates were exposed to different light intensities ranging from 1.4 to 154 μmol m–2 s–1 using fluorescent FL40EX-D tubes (Focus, Bucheon, South Korea).

To generate FERpro:FER-MYC transgenic plants, ∼1,240 bp upstream of the FER gene and FER-coding sequence fragments, which have been described previously (Shih et al., 2014), were amplified and combined into a modified myc-pBA vector (Kim et al., 2017) using AvrII-BamHI and BamHI-AscI restriction enzyme sites. The vector constructs were transformed into Col-0 plants using the Agrobacterium-mediated floral dip method (Zhang et al., 2006). Complementation lines were generated by crossing FERpro:FER-MYC transgenic plants with fer-4 mutants.



Chlorophyll Content Measurement

For chlorophyll content measurement, fresh weights of the seedlings were measured, and 20–40 mg of plant materials were incubated in the 1 mL of methanol at 4°C for ∼16 h. Absorbance was measured at 652 nm (A652) and 665 nm (A665) using a spectrophotometer (Beckman Coulter, Brea, CA, United States). Chlorophyll content was calculated as described previously (Porra et al., 1989). Chlorophyll a and b contents were calculated as follows:
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The sum of chlorophyll a and b contents was divided by fresh weight of plant materials. Relative values were calculated to compare the relative chlorophyll content in each treatment.



Trypan Blue Staining

The seedlings grown on MS-agar plates under long-day conditions with ML or DL (154 or 14 μmol m–2 s–1, respectively) were subjected to trypan blue staining. The seedlings were immersed in trypan blue solution containing 10 mL lactic acid (85% w/w), 10 ml phenol (pH 7.5–8.0), 10 mL glycerol, 10 mL distilled water, and 40 mg trypan blue. The seedlings were incubated in the solution for 1 h at room temperature. After the staining, the solutions were removed and plant materials were washed twice with 98–100% (v/v) ethanol. Then, the seedlings were incubated in ethanol until their tissues became colorless. Plant materials were mounted on slide glasses and photographed using a Nikon D5600 digital camera.



Reverse-Transcription Quantitative PCR (RT-qPCR)

Total RNA was extracted from the seedlings using the RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). Reverse transcription was performed using the TOPscript cDNA Synthesis Kit (Enzynomics, Daejeon, South Korea). Reverse-transcription quantitative PCR (RT-qPCR) reactions were performed using a CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States) in 96-well plates. TOPreal qPCR PreMIX (Enzynomics) was used for qPCR. The primers used in the RT-qPCR reactions are listed in Supplementary Table 2. The reference gene UBQ10 (AT4G05320) was included for internal control. The comparative ΔΔCT method was used to evaluate the relative values of each amplified product in the reaction according to the manufacturer’s instructions. The threshold cycle (CT) was automatically determined for each reaction by the system. Melting curve analysis was performed to evaluate the specificities of each primer.



RNA-Sequencing

Total RNA was extracted from the Col-0 and fer-4 seedlings grown on MS-agar plates under long-day conditions for 7 days at ML. Three biological replicates were analyzed. The RNA samples were subjected to RNA sequencing by LAS. Raw RNA-sequencing data were produced through MGISEQ-2000. Sequencing adapters and low quality bases in the raw reads were trimmed and then high quality reads were mapped to the TAIR10 reference genome1. Expression of genes in Col-0 and fer-4 seedlings was compared and the genes with Q-value ≤ 0.01 and fold change ≥ 2 were regarded as differentially expressed genes (DEGs). GO analysis was performed using the Biological Networks Gene Ontology tool (BiNGO) with Benjamini-Hochberg-corrected P < 0.05. The significantly overrepresented GO terms were displayed with the network diagram.



Chlorophyll Fluorescence Measurement

The Col-0 and fer-4 seedlings were grown on MS-agar plates under long-day conditions with three different light conditions: DL for 7 days, DL for 4 days and ML for 3 days, and ML for 7 days. Average fluorescence levels were measured with FluorCam 800MF (PSI, Drasov, Czechia) with an optimized kinetic quenching protocol. The zero fluorescence level was measured under the low intensity of measuring light (Fo), and then the maximum fluorescence level was measured with a saturating flash of light (Fom). Then, actinic light was applied. After a period of time, fluorescence level was measured before (Ft) and with (F’m) application of another saturating light flash. Then, actinic light was turned off and zero fluorescence level was measured (F’o). Photochemical quenching parameters were calculated as described previously (Maxwell and Johnson, 2000):
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ROS Staining

Seedlings grown on MS-agar plates under long-day conditions with ML or DL were subjected to ROS staining. For 3,3′-diaminobenzidine (DAB) staining, the seedlings were immersed in DAB staining solution containing 40 mg DAB and 20 μL Tween 20 in 40 mL distilled water, and the solution with the seedlings was subjected to gentle vacuuming for 5 min. The seedlings were then incubated for ∼8 h in the dark at room temperature, after which the DAB staining solution was removed. After washing twice with 70% (v/v) ethanol, plant materials were incubated for 24 h until their tissues became colorless. The plant materials were mounted on slide glasses and photographed using a Nikon D5600 digital camera. The ImageJ software2 was used to quantify the staining intensity. For nitroblue tetrazolium (NBT) staining, the seedlings were immersed in NBT staining solution containing 70 mg NBT and 13 mg sodium azide in 20 mL of 10 mM potassium phosphate buffer (pH 7.8). The plant materials were subjected to vacuuming for 2 min after which they were incubated for 2 h in the dark at room temperature. The NBT staining solution was then removed and the plant materials were washed twice with 70% (v/v) ethanol. The plant materials were mounted on slide glasses and photographed using a Nikon D5600 digital camera. The ImageJ software was used to quantify the staining intensity.

For singlet oxygen sensor green (SOSG) staining, the seedlings were immersed in SOSG staining solution containing 100 μM SOSG in 10 mM potassium phosphate buffer (pH7.8). After 10 min of incubation, the plant materials were mounted on slide glasses and SOSG signals were observed using an LSM 800 confocal microscope (Carl Zeiss, Jena, Germany). The excitation and emission wavelengths were 488 and 500–600 nm, respectively. For chlorophyll autofluorescence measurement, excitation and emission wavelengths were 561 and 560–700 nm, respectively. Fluorescence images were analyzed using the ZEN 2.5 LITE software. The ImageJ software was used to quantify the staining intensity.



Analysis of Ca2+ Signals

Ca2+ signals were visualized using the Fluo-3 AM calcium indicator (Thermo Fisher Scientific, Waltham, MA, United States) as described previously (Wang et al., 2016). The seedlings grown on MS-agar plates under long-day conditions with ML or DL were transferred to a Fluo-3 staining solution containing 10 μM Fluo-3 AM in 10 mM Tris-MES (pH 6.1). Plant materials were then incubated for 2 h in the dark. After staining, the plant materials were washed twice with 10 mM Tris-MES (pH 6.1) and mounted on slide glasses. The plant materials were incubated for another hour in the dark for resting touch-induced Ca2+ signals. An LSM 800 confocal microscope (Carl Zeiss) was used to analyze Fluo-3 AM signals with excitation and emission wavelengths of 506 and 500–550 nm, respectively. For chlorophyll autofluorescence measurement, excitation and emission wavelengths were 561 and 560–700 nm, respectively. Fluorescence images were analyzed using the ZEN 2.5 LITE software.



Analysis of Chloroplast Avoidance

The seedlings grown on MS-agar plates under long-day conditions with dim light for 6 days were incubated in the dark for 16 h and then exposed to DL or ML for 3 h. The adaxial side of the cotyledons was observed using an LSM 800 confocal microscope (Carl Zeiss) to analyze chloroplast avoidance. Excitation and emission wavelengths were 561 and 560–700 nm, respectively. Fluorescence images were analyzed using the ZEN 2.5 LITE software.



Immunoblot Assays

The aerial parts of the FERpro:FER-MYC transgenic seedlings grown on MS-agar plates under long-day conditions with ML or DL were harvested and ground in liquid nitrogen and 1 volume of 2 × SDS-loading buffer containing 150 mM Tris–HCl (pH 6.8), 4.8% (w/v) SDS, 24% (v/v) glycerol, and 672 mM β-mercaptoethanol was added for total protein extraction. The obtained protein extracts were used for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using protein electrophoresis equipment (Bio-Rad). The proteins were then transferred to Immobilon-P polyvinylidene difluoride membranes (Millipore, Burlington, MA, United States). Anti-MYC (Millipore, Cat. No. 05-724) and anti-α-tubulin (Sigma-Aldrich, St. Louis, MO, United States, Cat. No. T5168) were used to detect FER-MYC fusion and tubulin proteins, respectively.



Analysis of Protein Ubiquitination

Col-0 and FERpro:FER-MYC seedlings were ground in liquid nitrogen and 2 volumes of IP buffer containing 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 10% (v/v) glycerol, 5 mM EDTA, 1% (v/v) Triton X-100, 1% (v/v) NP-40, 1 × protease inhibitor cocktail (Sigma-Aldrich), and 50 μM MG132 (Sigma-Aldrich) were added for total protein extraction. The 5% (v/v) of protein extracts were transferred to new tubes as input controls. They were then mixed with 40 μL of protein G magnetic beads (Bio-Rad) and incubated for 1 h at 4°C with rotation to remove non-specific binding proteins. During the incubation, 5 μg of anti-MYC antibody was mixed with 40 μL of protein G magnetic beads for 1 h at 4°C with rotation to build antibody-protein G magnetic bead complex. After removing the free beads from protein extracts, antibody-bead complexes were added to protein extracts and incubated for 2 h at 4°C with rotation for immunoprecipitation. After incubation, the IP buffer was removed and the beads were washed two times with 1 mL of low salt wash buffer containing 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 10% (v/v) glycerol, 5 mM EDTA, 1% (v/v) Triton X-100 and 1% (v/v) NP-40. The beads were then washed twice with 1 mL of high salt wash buffer containing 50 mM Tris–HCl (pH 7.5), 500 mM NaCl, 10% (v/v) glycerol, 5 mM EDTA, 1% (v/v) Triton X-100 and 1% (v/v) NP-40. After washing, the wash buffers were removed and the immunoprecipitated proteins were eluted with 100 μL of 2 × SDS loading buffer. The proteins were immunoblotted to analyze the polyubiquitination of FER-MYC fusion proteins using anti-MYC and anti-ubiquitin antibodies (Santa Cruz Biotechnology, Dallas, TX, United States, Cat. No. sc-8017).



Polysome Profiling Assay

The Col-0 seedlings grown on MS-agar plates under long-day conditions for 7 days at DL or ML were used for polysome profiling. Polysomes were fractionated over sucrose gradients as described previously (Lecampion et al., 2016). Sucrose gradients (20–50%) were prepared in 13.5 ml ultracentrifuge tube. For cytosolic extracts, ∼100 mg of Col-0 seedlings were ground in liquid nitrogen and then 1.2 ml of pre-cooled polysome buffer containing 160 mM Tris–HCl pH 8.4, 80 mM KCl, 40 mM MgCl2, 5.26 mM EGTA, 0.5% (v/v) Octylphenoxy poly(ethyleneoxy)ethanol, branched, 50 μg ml–1 cycloheximide, and 50 μg ml–1 chloramphenicol was added. The mixture was centrifuged at 16,000 × g for 15 min at 4°C and the supernatant was transferred to a new tube. Then, 100 μl of the supernatant was collected as input and 1 ml of the supernatant was loaded on top of the sucrose gradient. The mixture was centrifuged at 175,000 × g for 2 h 45 min at 4°C using ultracentrifuge. Then, the centrifuged mixture was subjected to the gradient collection system with continuous measurement of absorbance at 280 nm. Among 11 fractions, we collected bottom 8–11 fractions for extraction of polysome-associated mRNAs. RNA was extracted from the input and polysome fractions using TRIzol (Thermo Fisher Scientific). Translation efficiency was analyzed as described previously (Zhu et al., 2020). The relative content of the FER transcripts in input and polysome fractions was measured by RT-qPCR. Then, the relative proportion of the polysome-associated FER transcripts in the total FER transcripts was calculated. We used eIF4A as the reference gene.



Statistical Analysis

All statistical methods as well as the number of biological replicates in each assay are annotated in the figure legends. To determine statistically significant differences, one-way analysis of variance (ANOVA) with post hoc Tukey’s test and Student’s t-test were performed using Rstudio and Excel software, respectively.



RESULTS


FER Is Required for Survival Under ML

In our previous research, we used FER-deficient fer-4 mutants to examine root obstacle avoidance (Lee et al., 2020). During the experiments, we found that the leaf color of fer-4 seedlings faded and growth decreased when the seedlings were grown for more than 10 days under the growth conditions with the light intensity of 67 μmol m–2 s–1 (Figure 1A). Chlorophyll loss is usually observed in wild type plants exposed to high light intensity (Kasahara et al., 2002; Havaux et al., 2005). However, it is unknown whether FER is related to photobleaching under moderate light conditions. Therefore, we investigated the phenotype of fer-4 seedlings under different light conditions. To examine the effects of light intensity, we exposed the fer-4 seedlings to different light intensities for 10 days. Phenotypes of Col-0 and fer-4 seedlings were similar under DL (14 μmol m–2 s–1), but fer-4 seedlings exhibited photobleaching and retarded growth under ML (154 μmol m–2 s–1; Figure 1A and Supplementary Figure 1). Consistently, the chlorophyll content in fer-4 seedlings was significantly reduced by exposure to light of more than 67 μmol m–2 s–1 (Figure 1B). Because the photobleaching phenotype was clearer at the light intensity of 154 μmol m–2 s–1 than at 67 μmol m–2 s–1, we set 154 μmol m–2 s–1 as ML for following experiments. Next, we performed time-course measurements of chlorophyll content in Col-0 and fer-4 seedlings grown for 4, 6, and 10 days under ML, and we found that photobleaching could be observed after 10 days of ML treatment (Supplementary Figure 2). Photobleaching was also observed in fer-4 mutants under short-day conditions (8 h light, 16 h dark) with ML, showing that FER function in light resistance is not dependent on photoperiod (Supplementary Figure 3). These results suggest that FER is required to maintain chlorophyll content, which is important for photosynthesis (Kato et al., 2020).
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FIGURE 1. Photobleaching of the fer mutants under ML. In bar graphs, whiskers indicate standard deviations (SD). (A,B) Phenotypes of the fer-4 mutants under different light conditions. Seedlings were grown for 10 days under different light intensities (A). X-axis numbers indicate photon flux density (PFD) (μmol m–2 s–1). Whole seedlings were harvested for chlorophyll measurement (B). Relative chlorophyll content (Rel. chl. content) was measured. Biological triplicates were averaged and statistically analyzed using Student’s t-test (*P < 0.01; difference from Col-0). Scale bars indicate 1 cm. (C,D) Effects of ML at different seedling ages. Seedlings were grown for the indicated periods under DL (14 μmol m–2 s–1). Seedlings were then transferred to ML (154 μmol m–2 s–1) and incubated for 9 days (C). Whole seedlings were harvested for chlorophyll measurement (D). Biological triplicates were averaged and statistically analyzed using Student’s t-test (*P < 0.01; difference from Col-0). Scale bars indicate 1 cm. (E) Trypan blue staining. Ten-day-old seedlings grown under ML or DL were subjected to Trypan blue staining. Trypan blue signal intensities from cotyledons and leaves were measured using ImageJ software. For DL, only those from the cotyledons were measured. Ten replicates were averaged and statistically analyzed using Student’s t-test (*P < 0.01; difference from Col-0). ns, not significant. Scale bars indicate 0.2 cm. (F) Complementation of fer-4 with the FER gene. FERpro:FER-MYC × fer-4 (FER fer-4) and fer-4 seedlings were grown under ML for 10 days. Whole seedlings were harvested for chlorophyll measurements. Biological triplicates were averaged and statistically analyzed using Student’s t-test (*P < 0.01; difference from FER fer-4). Scale bar indicates 1 cm.


Chlorophyll biosynthesis occurs within 48 h of germination under long-day conditions (16 h light, 8 h dark), and it is an important step for heterotroph-to-autotroph transition in plants (Mansfield and Briarty, 1996; Ha et al., 2017). During this stage, plants need to induce molecular signals to maintain optimal chlorophyll biosynthesis despite environmental changes (Ha et al., 2017). To investigate whether FER function in photoprotection is dependent on seedling developmental stages, we carried out an ML treatment for 9 days on Col-0 and fer-4 seedlings that were grown for 0–6 days under DL conditions. Their growth phenotypes and chlorophyll content showed that exposure to ML caused photobleaching in fer-4 seedlings regardless of seedling age (Figures 1C,D). Next, we analyzed growth phenotype of Col-0 and fer-4 plants which were grown firstly under DL for 3 weeks and then transferred to ML or left under DL for additional 3 weeks to examine the role of FER at adult stage. While photobleaching phenotype was not observed in fer-4 plants under ML, growth parameters were significantly decreased in fer-4 mutants in compared to those in Col-0 plants (Supplementary Figure 4). The adult fer-4 plants grown under DL also showed reduced growth, but the difference of growth parameters between Col-0 and fer-4 under DL was much smaller than that under ML (Supplementary Figure 4D). These results suggest that FER is required for photoprotection and maintaining growth performance at both seedling and adult stages.

Photobleaching can result in cell death, because the ROS produced in chloroplasts as a consequence of excess light induce photooxidative damage which not only disrupts photosystems but also affects cell viability (Hideg et al., 1998; Laloi and Havaux, 2015). We examined the role of FER in cell viability under different light intensities using trypan blue staining. Histochemical observations revealed that cell death was observed in both cotyledons and leaves of fer-4 seedlings grown under ML (Figure 1E). In contrast, the intensity of trypan blue staining was largely reduced in fer-4 seedlings grown under DL, suggesting that FER-deficient mutants cannot manage photodamage under ML. As we only used a single mutant line, we generated a complementation line by expressing the FER gene in the fer-4 mutant under the control of the native FER promoter (FERpro:FER-MYC × fer-4). Expression of the FER gene in fer-4 seedlings restored the photobleaching phenotype under ML (Figure 1F), verifying the role of FER in plant photoprotection. Because fer-4 mutants exhibited a photodamaged phenotype at ML that was far below the usual high light intensity (500–1,500 μmol m–2 s–1), these results indicate that plants need to manage photodamage even under ML, and that FER plays a key role in these responses.



FER Induces the Expression of Stress Genes Under ML After Night-Day Transition

FERONIA is involved in diverse plant signaling pathways, including ABA signaling, which is necessary for plant responses to high amounts of light (Galvez-Valdivieso et al., 2009). FER is known as a suppressor of ABA signaling, which occurs by activation of ABA INSENSITIVE 2 (ABI2) phosphatase (Yu et al., 2012). In the present study, to investigate whether FER function in ABA signaling is related to photoprotection, we analyzed the expression of ABA-responsive genes encoding KINASE 1 (KIN1) and RESPONSIVE TO DESICCATION 29B (RD29B). In a previous study, the expression of both of these genes in a fer mutant was constitutively elevated even under normal conditions and was highly responsive to ABA treatment (Chen et al., 2016). Consistent with this previous study, we found that the expression of KIN1 was higher in fer-4 mutants than in Col-0 seedlings under all analyzed light intensity conditions (Figure 2A). However, KIN1 was not induced by increasing light intensity, suggesting that ABI2-FER signaling module is not involved in plant responses to ML. On the other hand, the expression of RD29B in Col-0 seedlings significantly increased under 154 μmol m–2 s–1 in comparison to that under 67 μmol m–2 s–1 and 14 μmol m–2 s–1, but it was not responsive to increasing light intensity in fer-4 mutants (Figure 2A). Because RD29B is a representative gene whose expression is responsive to abiotic stresses, including drought and salt (Chen et al., 2010; Msanne et al., 2011), we analyzed other stress- and ABA-responsive genes in fer-4 mutants under different light intensities. While ABI genes did not show noticeable differences between Col-0 and fer-4 seedlings (Supplementary Figure 5), ASCORBATE PEROXIDASE 2 (APX2) exhibited similar expression patterns to those of RD29B; it was highly induced under ML in Col-0 seedlings but not in fer-4 mutants (Figure 2A). Increased expression of stress genes, including RD29B and APX2, is generally related to enhanced stress tolerance (Galvez-Valdivieso et al., 2009; Jin et al., 2013; Shi et al., 2015). These results suggest that plants need to protect themselves even under moderate light conditions possibly by inducing expression of stress genes via FER functions.
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FIGURE 2. FERONIA (FER) induces the expression of stress genes under ML. Whiskers indicate SD. (A) Expression of stress genes in fer-4 mutants under different light intensities. Seedlings grown under different light intensities for 7 days were harvested at zeitgeber time (ZT) 3. X-axis numbers indicate PFD (μmol m–2 s–1). Biological triplicates were averaged. Letters indicate groups that are statistically significantly different from each other (P < 0.05, Tukey’s test). (B) Time-course expression of stress genes in fer-4 mutants. Seedlings were grown under ML for 7 days. Whole seedlings were harvested at ZT0, 1, 3, and 6. Biological triplicates were averaged and statistically analyzed using Student’s t-test (*P < 0.05; difference from Col-0). (C) Recovery of RD29B expression by complementation of fer-4 with the FER gene. FER fer-4 and fer-4 seedlings were treated as described in panel (B). Biological triplicates were averaged and statistically analyzed using Student’s t-test (*P < 0.05; difference from FER fer-4). (D) Diurnal expression of the RD29B gene. Seedlings grown under long-day conditions at ML for 7 days were incubated in the dark after the end of the light period for 8 h (LD; left panel) or 11 h (ED; right panel). For LL, seedlings grown under long-day conditions at ML for 7 days were kept in light without a dark period (middle panel). Seedlings treated with LD and LL were harvested at the same time points. Seedlings treated with ED were harvested at 0, 1, 3, and 6 h after the end of the dark treatment. Biological triplicates were averaged and statistically analyzed using Student’s t-test (*P < 0.05; difference from Col-0).


As the plants in the present study were grown under long-day conditions, light stress occurred during light periods. To examine how quickly the plants respond to light stress, we analyzed the time-course expression of RD29B and APX2 genes in seedlings grown under ML. We found that both genes significantly increased within 3 h after the end of the dark period, but decreased during the light period until zeitgeber time (ZT) 6 (Figure 2B). However, gene expression was largely suppressed in fer-4 mutants during the analyzed time periods. Complementation of fer-4 mutants restored gene expression, confirming the role of FER in stress gene expression under ML (Figure 2C). Because the expression of stress genes transiently increased during early light periods, we hypothesized that the abrupt transition from dark to light might trigger light stress; thus, inducing stress responses in plants. To verify our hypothesis, the seedlings grown for 7 days under long-day and ML conditions were incubated in the dark for 8 h (LD), in continuous light (LL), and in the dark for 11 h (ED) after the end of the light periods. They were then exposed to ML for up to 6 h (Figure 2D). We found that the expression of RD29B in Col-0 was elevated 3 h after the end of the dark periods, but in fer-4 mutants, it was significantly suppressed in both LD and ED (Figure 2D). Notably, RD29B expression was not induced in any seedlings, not even in Col-0 seedlings in LL, at all analyzed time points. These results suggest that night-day transition with ML induced stress responses in plants, which was mediated by FER.

To further examine FER-mediated gene expressions under ML, we performed transcriptome analysis in Col-0 and fer-4 seedlings grown under ML. DEGs were analyzed by comparing RNA-sequencing results of Col-0 and fer-4 seedlings and then the DEGs were divided by two groups, which are up-regulated and down-regulated genes in fer-4 mutants (Supplementary Table 1). Next, we analyzed gene ontology (GO) in each group to investigate the function of FER in photoprotection. Because fer-4 mutants exhibit pleiotropic phenotypes (Deslauriers and Larsen, 2010; Duan et al., 2010; Wang et al., 2020; Zhu et al., 2020), the fer-4 mutation resulted in altered gene expressions in diverse GO terms. Genes involved in oxidative stress responses and photosynthesis was down-regulated by fer-4 mutation under ML (Figure 3A and Supplementary Figure 6). Also, genes related to electron carrier and peroxidase activity were down-regulated in the mutants (Figure 3B and Supplementary Figure 7). In addition, genes encoding proteins that are potentially located in Photosystem I, thylakoid membrane, stroma, and chloroplast inner membrane were found to be suppressed by fer-4 mutation (Figure 3C and Supplementary Figure 8). These results suggest that management of electron transport during the photosynthesis might be disrupted in fer-4 mutants under ML. GO analysis using up-regulated genes showed that genes involved in photoprotection, ROS metabolic pathway, and NAD(P)H oxidoreductase activity were regulated by FER under ML (Figures 3D,E and Supplementary Figures 9, 10). Notably, GO terms related to the chloroplast compartments were not significantly overrepresented in this group (Figure 3F and Supplementary Figure 11). Overall, transcriptome analysis showed that genes located in chloroplast and related to ROS metabolism and photosynthesis were regulated by FER under ML, suggesting that FER plays a role in managing photosynthetic electron transport for photoprotection.
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FIGURE 3. Transcriptome analysis of FER-regulated genes under ML. The Col-0 and fer-4 seedlings grown for 7 days under ML were harvested for transcriptome analysis. GO analysis of the down-regulated genes (A–C) and the up-regulated genes (D–F) in fer-4 mutants was performed using BiNGO. Biological process (A,D), molecular function (B,E), and cellular component (C,F) annotations in each set of genes were displayed. Colored nodes indicate GO terms that are significantly overrepresented (Benjamini-Hochberg-corrected P < 0.05). Scale bars indicate P-values.




FER Is Necessary for Reducing ROS Accumulation Under ML

Based on the transcriptome analysis, we performed chlorophyll fluorescence analysis in Col-0 and fer-4 seedlings under ML to verify whether FER is involved in the photosynthetic electron transport. Because fer-4 seedlings grown for 7 days under ML were severely damaged, we included seedlings grown under mild conditions: 4 days under DL and then 3 days under ML. Photosynthetic parameters including maximum PSII quantum yield, PSII quantum yield, excitation pressure on PSII, and non-photochemical quenching (NPQ) were analyzed. Maximum PSII quantum yield represents maximum efficiency of PSII when all PSII reaction centers are open (Maxwell and Johnson, 2000). PSII quantum yield represents the proportion of absorbed light energy used for photochemistry in PSII. Excitation pressure on PSII indicates the proportion of the PSII reaction centers that are closed, thus reflects redox state of the PSII electron transport chain (Khanal et al., 2017). NPQ is a parameter related to heat dissipation of absorbed light energy. In our experiments, while maximum PSII quantum yield was not changed by fer-4 mutation in all conditions (Figure 4A), PSII quantum yield was significantly decreased in fer-4 mutants when they were exposed to ML (Figure 4B). Notably, excitation pressure on PSII was increased in fer-4 mutants but NPQ was not altered under ML (Figures 4C,D), showing imbalance in the redox state of the photosynthetic electron transport chain.
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FIGURE 4. Photosynthetic performance in fer-4 mutants under different light intensities. Whiskers indicate SD. Seedlings were grown under DL or ML for 7 days, or grown under DL for 4 days and then transferred to ML for three additional days (DL to ML). Maximum PSII quantum yield (A), PSII quantum yield (B), excitation pressure on PSII (C), and NPQ (D), were determined by imaging chlorophyll fluorescence. Three biological replicates were averaged and statistically analyzed using Student’s t-test (*P < 0.05; difference from Col-0).


Excess excitation pressure could result in generation of ROS (Khanal et al., 2017). Also, photooxidative damage by ROS causes photobleaching and chlorophyll loss in plants (Rossel et al., 2007; Ksas et al., 2015), which were observed in fer-4 mutants grown under ML (Figures 1A,B and Supplementary Figure 1). We thus analyzed the accumulation of ROS in Col-0 and fer-4 seedlings grown under ML or DL. We performed histochemical assays using DAB and NBT to detect hydrogen peroxide and superoxide, respectively (Dunand et al., 2007; Daudi and O’Brien, 2012). DAB staining showed that hydrogen peroxide levels were higher in fer-4 mutants than in Col-0 seedlings under both ML and DL, while the difference was enhanced under ML conditions (Figure 5A). Meanwhile, the results of NBT staining showed that superoxide levels were similar in Col-0 and fer-4 seedlings under DL, but superoxide accumulated significantly more in the leaves of fer-4 mutants than in the leaves of Col-0 seedlings under ML (Figure 5B).
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FIGURE 5. Accumulation of ROS in the fer-4 mutants under ML. Whiskers indicate SD. (A) DAB staining assay. Seedlings grown under ML or DL conditions were subjected to DAB staining at ZT3. Ten replicates were averaged and statistically analyzed using Student’s t-test (*P < 0.05; difference from Col-0). Scale bars indicate 0.2 cm. (B) NBT staining assay. Seedlings grown at ML or DL were subjected to NBT staining at ZT3. Ten replicates were averaged and statistically analyzed using Student’s t-test (*P < 0.05; difference from Col-0). Scale bars indicate 0.2 cm. (C) SOSG staining assay. Seedlings were grown under ML or DL for 7 days, or grown under DL for 4 days and then transferred to ML for three additional days before SOSG staining. Seedlings were immersed in SOSG staining solution at ZT3. A confocal microscope was used for detection of SOSG fluorescence. Scale bars indicate 0.2 mm.


In addition to hydrogen peroxide and superoxide, singlet oxygen is the main molecule involved in photooxidative damage and impairment of photosystems in chloroplasts (Hideg et al., 1994, 1998; Woodson, 2019). We used SOSG to detect singlet oxygen with fluorescence (Flors et al., 2006). Under DL, the SOSG signal intensity was low and similar in the leaves of Col-0 and fer-4 seedlings (Figure 5C). However, SOSG signals in fer-4 mutants under ML were significantly increased than those in Col-0 seedlings (Figure 5C and Supplementary Figure 12), suggesting that singlet oxygen highly accumulates in fer-4 mutants under ML. Notably, the regions with high SOSG signals showed low chlorophyll autofluorescence in fer-4 mutants grown for 7 days under ML (Figure 5C), which is possibly due to chloroplast disruption by singlet oxygen. Altogether, these results indicate that FER protects chloroplasts from accumulation of ROS under moderate light conditions, particularly singlet oxygen.



Investigation of FER Molecular Functions in Photoprotection

While we found that FER affects the expression of stress genes and accumulation of ROS under ML, the molecular function of FER in photoprotection is still unknown. FER plays multiple roles in plant development, growth, fertility, and cell wall integrity (Duan et al., 2014; Haruta et al., 2014; Feng et al., 2018; Wang et al., 2020; Zhu et al., 2020). In order to find the connections between known FER functions and photoprotection, we screened the chlorophyll content of mutants related to FER under ML conditions. Because FER is known to be related with THESEUS1 (Guo et al., 2009), LORMLEI-LIKE-GPI-ANCHORED PROTEIN 1 (LLG1; Li et al., 2015), GUANINE NUCLEOTIDE EXCHANGE FACTORs (Yu et al., 2012; Huang et al., 2013), ABA signaling (Yu et al., 2012), BR responses (Deslauriers and Larsen, 2010), GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASEs (Yang et al., 2015), and RALF signaling peptides (Haruta et al., 2014), we analyzed the chlorophyll content in the1-4, llg1-2, gef1 gef4 gef10, abi1-2, abi2-2, aba2-1, bri1-201, gapc1-1, gapc2-2, and ralf1-2 mutants under ML. None of the analyzed mutants showed any defects in chlorophyll content under ML, except for LLG1-defective llg1-2 mutants (Figure 6A). Chlorophyll content was significantly reduced in llg1-2 mutants under ML, which was highly similar to the fer-4 mutants. LLG1 interacts with FER to deliver it to the plasma membrane (Li et al., 2015). In llg1 mutants, FER fails to move from the endoplasmic reticulum (ER) to the plasma membrane (Li et al., 2015). Therefore, these results suggest that FER functions in photoprotection are related to distinct signaling pathways other than previously known FER-related signaling pathways.
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FIGURE 6. Investigation of FER signaling pathways in photoprotection. Whiskers indicate SD. (A) Chlorophyll content of mutants related to FER functions. Seedlings were grown under ML for 10 days. Whole seedlings were harvested for the measurement of chlorophyll content. Biological triplicates were averaged and statistically analyzed using Student’s t-test (*P < 0.01; difference from Col-0). (B) Effects of borate and calcium supplementation on the fer-4 mutants. Seedlings were grown on MS-agar plates containing 3 mM H3BO3 and 5 mM CaCl2 (B+C) at ML for 10 days. Whole seedlings were harvested for the measurement of chlorophyll content. Biological triplicates were averaged and statistically analyzed using Student’s t-test (*P < 0.01; difference from mock). (C) Effects of Na3VO4 supplementation on the fer-4 mutants. Seedlings were grown on MS-agar plates containing different concentrations of Na3VO4 under ML for 10 days. Seedlings treated with mock and 10 μM Na3VO4 were photographed (left panel). Biological triplicates were averaged. Letters indicate groups that are statistically significantly different from each other (P < 0.05, Tukey’s test). (D) Effects of AgNO3 supplementation on the fer-4 mutants. Seedlings were grown on MS-agar plates containing 5 μM AgNO3 under ML for 10 days. Whole seedlings were harvested for the measurement of chlorophyll content. Biological triplicates were averaged. Letters indicate groups that are statistically significantly different from each other (P < 0.05, Tukey’s test).


Further, we tried to investigate how the plasma membrane-localized FER alleviates photooxidative stress occurring in chloroplasts. Because treatment with borate and calcium was found to restore the defective growth of fer-4 roots under salt stress conditions by enhancing cell wall integrity (Feng et al., 2018), we examined the phenotype and chlorophyll content in fer-4 mutants supplemented with both borate and calcium. However, photobleaching was not restored in fer-4 mutants after the pharmacological treatment (Figure 6B), suggesting that cell wall integrity defects are not involved in photoprotective role of FER. FER also controls cell expansion by inhibiting proton transport through H+-ATPase phosphorylation (Haruta et al., 2014). However, the treatment with the H+-ATPase inhibitor sodium orthovanadate did not affect the photobleaching phenotype of fer-4 mutants under ML (Figure 6C). We also treated Col-0 and fer-4 seedlings with silver nitrate, because a previous study showed that reduced elongation of hypocotyls in fer mutants was restored by silver nitrate, which is an ethylene perception inhibitor (Deslauriers and Larsen, 2010). We found that silver nitrate did not recover the defective phenotype in fer-4 mutants under ML (Figure 6D). These results suggest that the FER possibly has distinct molecular functions in photoprotection.

Cytoplasmic Ca2+ influx is an initial step by which plants react to environmental signals, including abiotic and biotic cues (Lecourieux et al., 2006; Kudla et al., 2018). FER controls cytoplasmic Ca2+ concentrations in response to salt and touch stimulation (Shih et al., 2014; Feng et al., 2018). We thus examined Ca2+ signals using the Ca2+ probe Fluo-3 (Wang et al., 2016). Unlike other environmental signals, we could not detect any strong Ca2+ signals in Col-0 and fer-4 seedlings exposed to 3 days of ML (Figure 7A). However, strong Ca2+ signals were detected in the regions of abnormal chlorophyll autofluorescence signals in fer-4 mutants exposed to 7 days of ML (Figure 7B and Supplementary Figure 13). In these regions, chlorophyll autofluorescence was not restricted to the chloroplast, but was spread outside of the cells, which was similar to the pattern observed in burst cells exposed to strong light (Kasahara et al., 2002). As chloroplasts contain high concentrations of Ca2+ and control cytoplasmic Ca2+ levels (Rocha and Vothknecht, 2012; Navazio et al., 2020), it seems that the disruption of cells and chloroplasts by photooxidative damage in fer-4 mutants caused the loss of Ca2+ homeostasis, which resulted in the accumulation of Ca2+ in damaged cells. In addition, stimulation-induced cytoplasmic Ca2+ signals are mainly observed at the very early time points after the stimulation (Lee and Seo, 2021), but noticeable increase of Ca2+ signals were not observed up to 3 days after ML exposure. Therefore, we concluded that increased Ca2+ signals in fer-4 mutants under ML are not the primary factor for the disrupted photoprotection, but the results of cell damage.
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FIGURE 7. Ca2+ signals in the fer-4 mutants under different light intensities. Seedlings were grown under DL for 3 days and then transferred to ML or left under DL for three additional days (A). To increase ML exposure, seedlings were grown under DL or ML for 6 days (B). After the light treatment, seedlings were subjected to Fluo-3 AM staining. Abaxial side of the leaves was used for observing Ca2+ signals. Confocal microscope was used for analyzing fluorescence signals. DIC, differential interference contrast. Size markers indicate 40 μm in panel (A) and 20 μm in panel (B).


To avoid the exposure of chloroplasts to high-intensity light, chloroplasts move to the side walls of the cells, which is called chloroplast avoidance (Kagawa et al., 2001; Kasahara et al., 2002). Because FER is involved in photooxidative damage in chloroplasts, we observed chloroplast locations under different light intensities. However, chloroplasts in both Col-0 and fer-4 seedlings similarly exhibited chloroplast avoidance (Figure 8), suggesting that FER is not involved in these responses.
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FIGURE 8. Chloroplast avoidance in the fer-4 mutants under different light intensities. Six-day-old seedlings grown under DL were incubated in the dark for 16 h, and then exposed to DL or ML for 3 h. Adaxial side of the cotyledons was used for observing chlorophyll autofluorescence. Confocal microscope was used to analyze fluorescence. Size markers indicate 50 μm.




FER Accumulates Under ML

Next, we analyzed FER abundance under different light intensities. The expression of FER was not affected by changes in light intensities (Figure 9A); thus, we examined FER protein abundance using FERpro:FER-MYC transgenic seedlings. Time-course analysis of 7-day-old seedlings showed that FER proteins accumulated more under ML than under DL (Figures 9B,C and Supplementary Figure 14). Then, we transferred the seedlings from DL to ML and analyzed their FER protein abundance, and found that ML treatment induced FER accumulation within 24 h (Figures 9D,E and Supplementary Figure 15). As protein abundance changed, but gene expression was unaffected by changes in light intensity, we analyzed translation efficiency of FER mRNA under DL and ML. However, analysis of total and polysome-associated FER mRNAs showed that translation efficiency was not altered by changing light intensity (Supplementary Figure 16). To determine the molecular mechanisms of protein regulation, we treated the seedlings grown under DL with 26S proteasome inhibitor MG132 and protease inhibitor cocktails. While protease inhibitor cocktails only slightly affected FER protein abundance, MG132 significantly increased FER protein stability under DL (Figures 9F,G and Supplementary igure 17). To examine the proteasome-mediated regulation of FER, we analyzed protein ubiquitination, which is a pre-requisite for proteasomal degradation (Vierstra, 2009). Immunoprecipitation of FER-MYC fusion proteins using the anti-MYC antibody showed that FER proteins were not ubiquitinated (Figure 9H and Supplementary Figure 18). These results indicate that the ubiquitin-proteasome system indirectly controls FER protein abundance in response to changing light intensity.
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FIGURE 9. FERONIA (FER) proteins accumulate under ML. Whiskers indicate ± SD. (A) Expression of the FER gene under different light intensities. Seedlings were grown under different light intensities for 7 days. Whole seedlings were harvested at ZT3. X-axis numbers indicate PFD (μmol m–2 s–1). Biological triplicates were averaged. Letters indicate groups that are statistically significantly different from each other (P < 0.05, Tukey’s test). (B,C) Time-course analysis of FER protein abundance. FERpro:FER-MYC seedlings were grown under ML or DL for 7 days. Aerial parts of the seedlings were harvested at the indicated time points. Immunoblot analyses with anti-MYC and anti-a-tubulin (anti-tub) were performed. Representative images were displayed in panel (B). Intensities of FER-MYC immunoblot bands were divided by those of tub bands (C). Three replicates were averaged and statistically analyzed using Student’s t-test (*P < 0.05; difference from DL). (D,E) Effects of increasing light intensity on FER protein abundance. FERpro:FER-MYC seedlings were grown under DL for 4 days and then transferred to ML or left under DL for the indicated time periods. Aerial parts of the seedlings were harvested at ZT3. Representative images (D) and relative intensities of FER-MYC immunoblot bands (E) were displayed. Three replicates were averaged and statistically analyzed using Student’s t-test (*P < 0.05; difference from “DL to DL”). (F,G) Effects of MG132 and protease inhibitors (PI) on FER protein abundance. FERpro:FER-MYC seedlings were grown under DL for 6 days and then transferred to ML or left under DL with mock, MG132 (5 μM), or PI treatment for the indicated time periods. Aerial parts of the seedlings were harvested. Representative images (F) and relative intensities of FER-MYC immunoblot bands (G) were displayed. Three replicates were averaged and statistically analyzed using Student’s t-test (*P < 0.05; difference from DL). (H) Analysis of FER ubiquitination. The Col-0 and FERpro:FER-MYC (FER-MYC) seedlings were grown under DL or ML for 6 days and then subjected to MG132 treatment for 24 h. Whole seedlings were harvested after MG132 treatment. IP, immunoprecipitation; anti-ub, anti-ubiquitin.


Altogether, we found that plants require protection against photooxidative damage not only under extremely high light but also under moderate light conditions, and that FER plays a pivotal role in their photoprotection. FER proteins accumulate under ML via indirect ubiquitination-proteasome pathways. Plasma membrane-localized FER alleviates excitation pressure on PSII and accumulation of ROS possibly by regulation of genes involved in stress responses, ROS metabolism, and photosynthesis.



DISCUSSION


Plasma Membrane-Localized FER Regulates Photooxidative Stress

Our data showed that FER protein abundance is regulated by light intensity. High-intensity light generally produces excess excitation energy in the photosynthetic machinery; thus, chloroplasts are the main sites for sensing excess light (Mullineaux and Karpinski, 2002). However, FER is localized in the plasma membrane and its precise location is possibly important for its function in photoprotection, because disruption of FER localization by llg1 mutation resulted in photobleaching (Li et al., 2015; Figure 6A). Regarding how excess light signals control FER abundance, we suspected that a possible mechanism for these responses is chloroplast retrograde signaling. ROS produced during photosynthesis in the chloroplast trigger retrograde signaling to the nucleus and regulate gene expression involved in stress responses (Maruta et al., 2012; Leister, 2019). It is also possible that altered redox states in the photosynthetic electron transport components as a consequence of excess light produce retrograde signaling. It has been reported that light-induced changes in redox states in the plastoquinone send retrograde signals to control alternative splicing in the nucleus (Petrillo et al., 2014). Although the detailed mechanisms of ROS- and redox change-induced chloroplast retrograde signaling remain unknown, it is possible that ML-induced chloroplast retrograde signals directly or indirectly affect plasma membrane-located FER. On the other hand, blue light receptor phototropins (PHOTs) are putative upstream regulators of FER. High light-induced chloroplast avoidance is mediated by PHOTs; thus, defective chloroplast movement in phot mutants triggers photobleaching and inhibition of photosynthetic ability under high light conditions (Kasahara et al., 2002). Screening of FER-interacting proteins under different light intensity is necessary for identifying the molecular mechanisms of FER function in photoprotection.

Based on our data, we concluded that FER regulates the expression of genes involved in stress responses and ROS metabolism under ML conditions (Figures 2B,D, 3). In addition, FER reduces ROS accumulation under the same conditions (Figure 5). While we observed these two different responses separately, it is possible that the FER-controlled gene expressions block photooxidative damage by scavenging ROS. The expression of stress genes is related to stress tolerance. For example, overexpression of the rice gene OsAP21 in Arabidopsis induces salt and drought tolerance with high expression of RD29B (Jin et al., 2013). In addition, Arabidopsis PEROXISOME DEFECTIVE 2 (PED2)-deficient mutants exhibit reduced drought tolerance and decreased expression of stress genes, including RD29B (Shi et al., 2015). ROS content in ped2 mutants is higher than that in wild type plants under drought conditions (Shi et al., 2015), implying that the expression of stress genes is related to the management of ROS content in plants. We also observed that the expression of APX2 increased under ML and depended on FER (Figure 2B). APX2 plays a key role in antioxidant functions and modulates ROS homeostasis to protect chloroplasts (Wu et al., 2018). Along with the results of these studies, our results suggested that FER-mediated gene expressions might confer resistance to photooxidative damage by suppressing ROS accumulation under ML.



Function of FER in Photoprotection

While the expression of stress genes was induced at 154 μmol m–2 s–1 in Col-0 seedlings, their expression did not increased at 67 μmol m–2 s–1 in either Col-0 or fer-4 seedlings (Figure 2A). However, fer-4 mutants exhibited reduced growth and chlorophyll content not only at 154 μmol m–2 s–1 but also at 67 μmol m–2 s–1 (Figure 1A), suggesting that the induction of stress genes is not the only role of FER. Because FER is a receptor-like kinase (Höfte, 2015), it is possible that FER phosphorylates the proteins related to photoprotection. Further studies on the interactions between light-responsive proteins and FER under different light intensities would be helpful to fully understand how plants manage light stress under different light conditions.

FERONIA is a plasma membrane-localized protein which senses cell wall integrity and peptide signals via its extracellular domain and sends downstream signals by protein phosphorylation through its intracellular kinase domain (Haruta et al., 2014; Höfte, 2015; Feng et al., 2018). FER affects gene expression that occurs in the nucleus; thus, there should be intermediating proteins that link FER with gene expression. Membrane-localized transcription factors are possible candidates for these responses because they are known to be activated under stress conditions and transported to the nucleus for the expression of target genes (Seo et al., 2008). In combination with the observations that excess light triggers ROS accumulation and changes membrane structure (Mullineaux and Karpinski, 2002; Das and Roychoudhury, 2014), ML-induced ROS may affect membrane structure, which can influence FER activity for stress responses. The possible scenario is that the activated FER proteins in the plasma membrane control membrane-localized transcription factors to regulate gene expressions related to photoprotection in the chloroplasts. Further studies on the role of each FER domain in photoprotection would provide important information on the detailed molecular mechanisms of FER-mediated photoprotection.

While FER-deficient mutant showed strong photobleaching phenotype at seedling stage, adult fer-4 mutants did not show defects in chlorophyll content under ML (Figure 1C and Supplementary Figure 4). Instead, significant reduction of growth parameters was observed in this condition. Decrease of growth was also observed under DL, but the magnitude of difference was much smaller than that under ML. The growth inhibition of FER-deficient mutant has been reported previously (Guo et al., 2009; Deslauriers and Larsen, 2010), but the detailed molecular mechanisms and related signaling pathways were poorly identified. It is possible that increased ethylene signals in fer mutants is one of the reasons, but it cannot fully explain reduced growth phenotype because inhibition of ethylene signaling in fer mutants did not recover growth retardation (Deslauriers and Larsen, 2010). Our data suggest that growth inhibition of fer-4 mutants was due to reduced ability of photoprotection even under moderate light conditions. However, it remains unknown why FER-deficient mutant did not exhibit photobleaching phenotype at adult stage. Because abiotic stress resistance is different at different plant ages (Rankenberg et al., 2021), one possibility is that other FER-independent photoprotection pathways are activated at adult stage, while they are not sufficient to fully complement loss of FER functions.

FERONIA is highly conserved in land plants including Arabidopsis, rice, poplar, and moss (Escobar-Restrepo et al., 2007; Li et al., 2016b), which are directly exposed to increased intensity of light compared to aquatic plants. Therefore, it is possible that plants need to develop photoprotection systems for adaptation to non-aquatic environment. In support of this idea, submerged aquatic freshwater plant species are highly susceptible to increasing light intensity. Exposure of these aquatic plant species to moderate light (100 μmol m–2 s–1) results in rapid decrease of maximum PSII quantum yield (Hussner et al., 2010). In combination with our data, FER-mediated photoprotection might be a key factor to maintain photosystems after land plant evolution.



Putative Role of FER in Sun and Shade Plants

Previous studies have mainly focused on plant responses to high light with the intensity of 500–1,500 μmol m–2 s–1. Our findings showed that fer-4 mutants exhibited chlorophyll loss and cell death at 67–154 μmol m–2 s–1, which is a relatively low light intensity. These results suggested that plants need to manage light stress even under moderate light intensity through the function of FER. In nature, different plant species have different levels of light sensitivity. Sun and shade plants have developed different photosynthetic and photoprotective mechanisms; thus, they require different light intensities for optimal growth (Mathur et al., 2018). For example, Panax ginseng is a shade plant which exhibits impaired photosynthetic machinery functions and ROS accumulation in the chloroplasts under high light intensities that are normal for sun plants (Powles, 1984; Jung et al., 2020). Based on the role of FER in Arabidopsis, we anticipated that different functions of FER can determine if plants are sun or shade plants. A combination of phylogenetic analysis and comparison of molecular functions among FER homologs in sun and shade plants would provide clues for identifying evolutionary events in these plants.
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