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COR413 genes belong to a poorly characterized group of plant-specific cold-regulated genes initially identified as part of the transcriptional activation machinery of plants during cold acclimation. They encode multispanning transmembrane proteins predicted to target the plasma membrane or the chloroplast inner membrane. Despite being ubiquitous throughout the plant kingdom, little is known about their biological function. In this study, we used reverse genetics to investigate the relevance of a predicted chloroplast localized COR413 protein (PpCOR413im) from the moss Physcomitrella patens in developmental and abiotic stress responses. Expression of PpCOR413im was strongly induced by abscisic acid (ABA) and by various environmental stimuli, including low temperature, hyperosmosis, salinity and high light. In vivo subcellular localization of PpCOR413im-GFP fusion protein revealed that this protein is localized in chloroplasts, confirming the in silico predictions. Loss-of-function mutants of PpCOR413im exhibited growth and developmental alterations such as growth retardation, reduced caulonema formation and hypersensitivity to ABA. Mutants also displayed altered photochemistry under various abiotic stresses, including dehydration and low temperature, and exhibited a dramatic growth inhibition upon exposure to high light. Disruption of PpCOR413im also caused altered chloroplast ultrastructure, increased ROS accumulation, and enhanced starch and sucrose levels under high light or after ABA treatment. In addition, loss of PpCOR413im affected both nuclear and chloroplast gene expression in response to ABA and high light, suggesting a role for this gene downstream of ABA in the regulation of growth and environmental stress responses. Developmental alterations exhibited by PpCOR413im knockout mutants had remarkable similarities to those exhibited by hxk1, a mutant lacking a major chloroplastic hexokinase, an enzyme involved in energy homeostasis. Based on these findings, we propose that PpCOR413im is involved in coordinating energy metabolism with ABA-mediated growth and developmental responses.
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INTRODUCTION

As sessile and autotrophic organisms, plants have a unique lifestyle that requires the ability to sense and adapt to changing environmental conditions by adjusting metabolism and growth.

Abiotic stress caused by unfavorable environmental conditions greatly disturbs plant growth and influences the geographical distribution of plants in nature. In agriculture, crop productivity is highly limited by major environmental factors such as water deficit, extreme temperatures and salinity. These stress factors, despite the nature of the primary environmental signal, can lead to similar secondary effects, including cellular dehydration, photosynthesis impairment, metabolic dysfunction and oxidative damage to membranes and other cellular components (Zhu, 2016). Abiotic stress often affects photosynthesis by disturbing the photosynthetic electron transport and generating reactive oxygen species (ROS) which can cause severe injury to chloroplasts (Niyogi, 1999; Apel and Hirt, 2004; Asada, 2006; Miller et al., 2010).

Plants respond to abiotic stress by inducing a number of mechanisms to prevent cell damage and to sustain or resume metabolic activity during or after stress. Many stress-response mechanisms are well conserved among all plants, but others have diverged during evolution and are expressed as important differences between plant species. Some of these differences derive from the presence or absence of specific anatomical adaptations to the terrestrial environment. For example, tracheophytes display adaptive traits that allow them to control water content by means of thick cuticles, stomata, vascular tissues and root systems. In contrast, bryophytes lack such adaptations and, in order to survive in the terrestrial environment, they must rely on efficient molecular/biochemical strategies to limit the stress-induced cell damage to a repairable level (Oliver et al., 2005).

Bryophytes, comprising mosses, liverworts and hornworts, are at the base of the evolution of land plants and as such, they can provide insight into the adaptive mechanisms that allowed the transition from water to land from their common ancestor with vascular plants (Kenrick, 2017; Rensing, 2018). Among the conserved adaptive mechanisms, is the synthesis and function of the plant hormone abscisic acid (ABA), which acts as a central regulator of water stress responses in all land plants (Cutler et al., 2010; Umezawa et al., 2010; Takezawa et al., 2011; Amagai et al., 2018; de Vries et al., 2018). Several environmental signals, including light and extreme temperatures, induce ABA accumulation in different plant species. However, dehydration and salinity are considered the most important factors controlling ABA accumulation (Xiong and Zhu, 2003).

In higher plants, ABA regulates many aspects of plant growth and development, such as seed development and maturation, germination and stomatal closure (Chater et al., 2011; Finkelstein, 2013). In addition, ABA is required for transcriptional activation of genes involved in responses to dehydration, low temperature and other stresses (Verslues and Bray, 2006; Nakashima et al., 2009). Activation of ABA responsive genes leads to the synthesis of proteins belonging to different families, including chloroplastic proteins involved in photosynthesis performance and ROS production and detoxification (Rook et al., 2006). Other genes regulated by ABA encode transcription factors, chaperones, enzymes for osmolyte biosynthesis, late embryogenesis abundant (LEA) proteins and cold regulated (COR) proteins (Bray, 1997; Thomashow, 1999; Finkelstein and Gibson, 2002; Vishwakarma et al., 2017). COR genes are named as such because they were initially identified in Arabidopsis as part of the transcriptional activation of plants during cold acclimation (Thomashow, 1999). Cold acclimation is a process based on exposure to low, non-freezing temperatures, that enables the acquisition of freezing tolerance in some plant species (Thomashow, 1999). This process has been largely conserved during plant evolution, and involves the accumulation COR proteins belonging to different families, including the LEA proteins (Thomashow et al., 1997; Thomashow, 1999; Hundertmark and Hincha, 2008; Nakayama et al., 2008; Thalhammer et al., 2010; Bhyan et al., 2012; Beike et al., 2015; Tan et al., 2017). The best characterized COR gene is COR15A, which accumulates in the chloroplast stroma and participate in freezing tolerance by protecting chloroplast membranes during stress (Steponkus et al., 1998; Thalhammer et al., 2014; Bremer et al., 2017).

A much less characterized group of COR genes belong to the COR413 family, encoding plant-specific multispanning transmembrane proteins of unknown function (Breton et al., 2003). COR413 proteins are grouped into two distinct subclasses according to their predicted intracellular localization: chloroplast COR413-TM/IM (thylakoid membrane/inner membrane) and plasma membrane COR413-PM (Breton et al., 2003). Although chloroplast COR413 proteins were originally predicted to localize on thylakoid membranes (Breton et al., 2003), more recently, Arabidopsis AtCOR413IM-1 and AtCOR413IM-2 were experimentally shown to target the inner membrane of these organelles (Okawa et al., 2008, 2014).

In the past years, COR413 genes have been described in various plant species, including Arabidopsis, wheat, rice, sorghum, tomato, cotton, rape, Xerophyta viscosa and Chrysanthemum (Breton et al., 2003; Garwe et al., 2006; Wang et al., 2007; Okawa et al., 2008; Chen et al., 2011, 2014; Ma et al., 2017; Su et al., 2018). Accumulation of COR413 proteins is associated with the development of freezing tolerance in cereals (Breton et al., 2003; Colton-Gagnon et al., 2014). In addition, expression of COR413 genes has been shown to be upregulated by ABA, low temperature or dehydration treatments in different plants (Machuka et al., 1999; Seki et al., 2002; Garwe et al., 2006; Cuming et al., 2007). Moreover, heterologous overexpression of genes encoding plasma membrane COR413 proteins, XvSAP1 or PsCOR413pm2, isolated from the desiccation tolerant plant X. viscosa, or Phlox subulata respectively, enhanced tolerance to salinity, osmotic stress, heat or low temperature in transgenic Arabidopsis (Garwe et al., 2006; Zhou et al., 2018). Similarly, a gene encoding a chloroplast COR413 from tomato (SlCOR413IM1) increased drought tolerance in tobacco plants (Ma et al., 2017) and overexpression of rice COR413-TM1 resulted in drought tolerance in this plant species (Zhang et al., 2017).

Recently, an Arabidopsis knockout (KO) mutant unable to accumulate AtCOR413-PM1 protein, was shown to be more sensitive to freezing stress than the wild type genotype (Zhang et al., 2017). Nevertheless, Arabidopsis KO mutants of genes encoding chloroplast variants of COR413, showed no substantial phenotypic differences with the wild type (Okawa et al., 2008). Thus, genetic evidence revealing the in vivo function of this type of genes in plants is still lacking.

The moss Physcomitrella patens is an important model for investigating gene function due to the remarkable simplicity of the system to perform targeted mutagenesis via homologous recombination (Kamisugi et al., 2006). As a representative ancestor of land plants, this moss is also an ideal model for studying the evolution of gene function in plants using reverse genetics (Cove et al., 1997).

Mosses, like most plants, show an alternation of generations, but unlike higher plants, the haploid gametophyte stage is dominant. This represents an additional advantage of P. patens as a model for reverse genetics, as mutant phenotypes are not masked by the presence of homologous alleles.

Like other plant species, growth and development of P. patens are regulated by environmental signals and phytohormones, such as auxin and cytokinin (Cove et al., 1978; Thelander et al., 2005). Moreover, ABA regulates growth and development by inhibiting plant growth and promoting the differentiation of brood cells (brachycytes), which serve as vegetative diaspores under adverse environmental conditions (Arif et al., 2019). Since the whole genome sequence of P. patens became available (Rensing et al., 2008), all the components of the core ABA signaling pathway known to operate in angiosperms have been identified in this plant species (Komatsu et al., 2009, 2013; Khandelwal et al., 2010; Chater et al., 2011; Takezawa et al., 2015). In addition, classical genetics approaches have led to the identification of a novel regulator of ABA responses in P. patens, the ANR protein kinase, which was not predictable from studies in flowering plants (Stevenson et al., 2016).

Physcomitrella patens has been proven to be an excellent system to study the function of genes involved in abiotic stress adaptations, since this plant is highly tolerant to a variety of environmental stress factors, including cold, freezing, salinity, dehydration and oxidative stress (Frank et al., 2005; Oliver et al., 2005; Oldenhof et al., 2006; Saavedra et al., 2006; Cuming et al., 2007; Charron and Quatrano, 2009; Koster et al., 2010; Pressel and Duckett, 2010; Stevenson et al., 2016; Tan et al., 2017).

In this study, we employed reverse genetics to characterize a novel ABA-induced COR413 gene from P. patens (PpCOR413im), which was isolated from a subtractive library enriched in ABA upregulated genes (Ruibal et al., 2013). PpCOR413im encodes a chloroplast-targeted protein that is phylogenetically related to other members of the chloroplast subgroup of COR413 protein family from higher plants. We demonstrated that disruption of PpCOR413im affected plant growth and development, as well as responses to high light, osmotic stress, cold and dehydration. In addition, ABA mediated growth and developmental traits, as well as transcriptional responses were altered in the mutants, indicating a fundamental role for this type of proteins in plant adaptation to changing environmental conditions. Our study provides the first genetic evidence concerning the function of a chloroplast targeted COR413 protein in ABA-mediated developmental and stress responses.



MATERIALS AND METHODS


Plant Material, Growth Conditions, and Treatments

Physcomitrella patens Grandsen strain (Schaefer et al., 1991) was used as wild type strain for all experiments, and as a background strain for gene targeted knockout genotypes. hxk1 strain was kindly donated by Mattias Thelander. Plants were grown and maintained axenically on cellophane overlaid BCDAT medium as described by Ashton and Cove (1977). Protonemal cultures were generated by macerating moss colonies with ultra-turrax in sterile milliQ and plated onto cellophane-overlaid Petri dishes. For micropropagation, moss colonies or protonema were cut with a scalpel and plant fragments were transferred to fresh medium. Plants were grown at 22°C under a photoperiod of 16 h light, with a photon flux of 50 μmol m–2 sec–1, unless otherwise indicated. Three weeks-old colonies were used for most experiments.

Arabidopsis thaliana (Col-0) was used for stable transformation and confocal microscopy. For in vitro growth, seeds were surface sterilized for 10 min in 7% of bleach with 0.05% Tween-20, washed with sterile water, incubated at 4°C for 3 days and plated in Petri dishes with half strength MS medium (2.4 g L–1 Murashige and Skoog, 5 g L–1 sucrose, 0.5 g L–1 Monohydrate 2-ethanesulfonic acid and 10% agar). Plants were grown at 22°C with a photoperiod of 16/8 h and a photon flux of 120 μmol m–2 sec–1.

Treatment of P. patens with ABA, salicylic acid, NaCl and mannitol were performed by transferring plants onto plates with medium supplemented with these compounds at the indicated final concentrations. High light treatments were performed by exposing 20-days-old colonies to a photon flux of 200 μmol m–2 sec–1 (for medium high light: MHL) or to 350 μmol m–2 sec–1 (for high light: HL), or by continuous exposure to the indicated light conditions during 20 days. Heat stress and low temperature treatments were done by exposing 20-day-old colonies at 37°C or at 0–2°C, respectively, for the indicated times, with a photoperiod of 16/8 h and a photon flux of 50 μmol m–2 sec–1. Dehydration stress was done by transferring 7-day-old protonema to sterile Petri dishes overlaid with Whatman paper, and incubating them for 24 h inside a laminar flow. Osmotic stress was performed by growing colonies on BCDAT medium supplemented with mannitol, to a final concentration of 200 mM.



Phylogeny and in silico Expression Analysis

Translated protein sequences from P. patens, Arabidopsis and wheat COR413 genes were retrieved from Phytozome database and aligned with ClustalW (MEGA version 6) for phylogenetic analysis. The phylogenetic tree was constructed with the Neighbor joining method, using 1000 bootstrap replications.

In silico expression analysis of P. patens COR413 genes were performed using microarray data from Genevestigator1 (Hruz et al., 2008) and from Physcomitrella eFP database2 (Ortiz-Ramírez et al., 2016).



Construct Design

The construct for gene disruption of PpCOR413im was done using the vector pUBW302 (Saavedra et al., 2006), containing the nptII gene driven by the c 35S promoter and the 3′ UTR of the ocs gene. A 803 bp genomic fragment from the 5′ region of PpCOR413im (bases −314 to 488 from the start codon) was cloned upstream from the 35S promoter, whereas a 771 bp DNA fragment (bases 745 to 1511) from the 3′ genomic region was inserted downstream of ocs terminator. Primers used for PCR amplification of the 5′ genomic fragment were Fw: 5′-ggggtaccgtgcatgggtcagg-3′ and Rev 5′-aaagcttacccacagaccatactcgc-3′, containing KpnI or HindIII restriction sites, respectively. The 3′ sequence of the gene was PCR amplified from genomic DNA using the primers Fw: 5′-cttggatccgcttcctgggtatggtgt-3′ and Rev: 5′-tgtctagagcaggagaggatggat-3′, containing BamHI and XbaI restriction sites, respectively.

The construct for in vivo subcellular localization of PpCOR413im included the complete coding sequence of the intronless gene (without the stop codon), which was PCR amplified from genomic DNA using primers Fw: 5′-tgatggtaccgatggcctctcacatcgt-3′ and Rev:5′-atatctcgagtgcaacaccatacccaggaa-3′, containing KpnI and XhoI restriction sites, respectively. The resulting PCR fragment was cloned into the pENTR2B vector (Gateway, Invitrogen), and recombined via LR clonase (Invitrogen) into the destination binary vector pK7FWG2 (Karimi et al., 2002). The resulting construct (35S:PpCOR413im-GFP) was introduced into Agrobacterium tumefaciens strain pGV3101/pMP90 by electroporation or used as such for protoplast transformation.



Arabidopsis Transformation and Molecular Characterization of Transgenic Lines

The 35S:PpCOR413im-GFP construct was transformed into Arabidopsis by Agrobacterium-mediated floral dip transformation according to Clough and Bent (1998). Individual T2 kanamycin resistant plants were selected for molecular characterization. Expression of the transgene and presence of the PpCOR413im:GFP fusion protein was tested by RT-PCR. Plants were analyzed for in vivo intracellular localization of PpCOR413im:GFP.



Generation and Molecular Characterization of PpCOR413im Knockout Mutants in P. patens

Preparation and transformation of P. patens protoplasts were done according to Schaefer et al., 1991. Thirty μg linearized DNA plasmid (KnpI digested) were used for PEG-mediated protoplast transformation. After two rounds of incubation with selection, alternated with non-selective conditions, resistant colonies were analyzed for the correct incorporation of the replacement construct at PpCOR413im locus by PCR amplification of genomic DNA using the primers: Fw-a: 5- cgatcgcgatggacaattctctct-3′, Rev-b: 5′-ctaactgcatcaagaacacagagaaag-3′, Fw-c: 5′-ctacccgtgatattgctgaagagc-3′ and Rev-d: 5′-cacctggaatctgtgaaaactaac-3′. To confirm the loss-of-function of the PpCOR413im, gene expression was analyzed by Northern blot using total RNA samples from wild type and mutant strains, from control or ABA (10 μM), treated during 24 h. Blotted samples were hybridized using the complete coding sequence of PpCOR413im labeled with [α32P]-dCTP, as a probe.



In vivo Subcellular Localization of PpCOR413im-GFP

Physcomitrella patens protoplasts and transformation procedures were performed according to Schaefer et al., 1991. Fifteen μg of circular DNA plasmid (35S:PpCOR413im-GFP) were used for PEG-mediated protoplast transformation. Transgenic Arabidopsis leaves or transiently transformed protoplasts were analyzed for GFP signal using confocal laser scanning microscope Leica TCS-SP5 at 488 nm excitation. GFP fluorescence was measured at 503 to 515 nm (green) emission spectra, while chlorophyll autofluorescence was measured at 650–710 nm (red). All images were acquired using the same microscope settings.



Northern Blot

RNA analysis from control or treated P. patens plants were performed as described in Ruibal et al., 2012. For probe preparation, the cDNA regions of the target genes were amplified with the following primers: PpCOR413im (Fw-5′-tgatggtaccgatggcctctcacatcgt-3′ and Rev-5′-cacagcggccgcgaaaattcaatcac-3′), PsbA (Q6YXN7) (Fw-5′-cttgctacatgggtcgtgagtg-3′ and Rev-5′-tgctgatacctaatgcagtgaacc-3′), PsbD (Q6YXN8) (Fw-5′-ttgtaggttggtctggtctattac-3′ and Rev-5′-aattcagggtcttcagctgcacga-3′). Probes were labeled using the MegaPrime DNA Labeling System kit (GE Healthcare, Amersham) and purified by G-25 columns from GE Healthcare, Amersham. Radioactive membranes were exposed on a cassette for 1 day and revealed in a photoimage.



qRT-PCR

Total RNA samples from P. patens were isolated with RNeasy Plant Mini Kit according to manufacturer’s instructions (Qiagen, Germany). For cDNA synthesis, 2 μg of total RNA were reverse transcribed with QuantiNova Reverse Transcription (RT) Kit (Qiagen, Germany). To estimate amounts of cDNA templates of the selected genes, quantitative RT-PCR assays were performed using specific primers listed in Supplementary Table 2, designed by Primer3Plus (Untergasser et al., 2012). qPCR was performed in an Applied Biosystems StepOne real-time PCR system. Each 10 μL reactions contained 5 μL of SYBR Green PCR Master mix (2 X), 0.5 μM primers mix and 2 μL of template cDNA (1/10 dilution). The thermocycler was programmed to run for 5 min at 95°C, followed by 40 cycles of 15 s at 94°C, 30 s at 60°C. Transcript accumulation of each gene was normalized relative to the constitutively expressed E3 ubiquitin ligase (Le Bail et al., 2013). Amplification efficiencies of the different primer combinations were all > 90%. Relative expression was determined using the 2–Δ Δ Ct method (Livak and Schmittgen, 2001). Each data point is the mean value of three biological replicates. Two technical replicates were used for each sample.



Transmission Electron Microscopy

Wild type and Δcor-5 mutants strains were grown in normal medium for 20 days (controls) and then transferred to high light conditions (350 μmol m–2 sec–1) for 48 h. Gametophytes were fixed overnight in 3.5% glutaraldehyde in phosphate buffer pH 7.2. Samples were washed 5 times in phosphate buffer for 10 min and incubated at 4°C overnight in phosphate buffer containing 1% OsO, and washed again 5 times for 10 min in phosphate buffer. Subsequently, samples were dehydrated for 20 min successively in ethanol 25%, 50%, 75%, 95% (twice), 100% (twice) and acetone (twice). The impregnation of the samples was carried out in acetone:araldite for 30 min in a ratio of 2:1, 60 min in a ratio of 1:1, 60 min in a 1:2 ratio, and finally in pure araldite overnight at 4°C. Samples were acclimatized at RT and blocks were made with fresh pure araldite and allowed to polymerize for 48 h at 60°C. Three hundred nm slices were prepared using a RMC, MT-X ultramicrotome, equipped with a glass blade. Sections were stained with 1% methylene blue and the fields from the ultrathin sections (50 nm), were selected, mounted on 200 mesh lattice copper grids and subsequently contrasted with 2% uranyl acetate and 1% lead citrate. The grids were visualized in a Jeol Transmission Electron Microscope, JEM 1010, operated at 100 kV. The images of interest were captured with a digital camera HAMAMATSU C4742-95, coupled to MET.



Analysis of Plant Growth and Development

Plant growth was monitored by measuring the area of at least 32 colonies of each genotype grown directly on BCDAT, using ImageJ program. Dry weight was measured after incubation of individual plant colonies for 16 h at 80°C. For the determination of chlorophyll content, each plant was ground up in a mortar containing 5 mL of 80% (volume in volume, v/v) acetone and the homogenized plant material was filtered to remove cell debris. Total chlorophyll was calculated as chlorophyll a + chlorophyll b (mg g–1 fresh weight) using the following formula: Chla mg.g–1 = [(12.7 × Abs663) – (2.6 × Abs645)] × mL acetone mg–1 fresh tissue; Chlb mg g–1 = [(22.9 × Abs645) – (4.68 × Abs663)] × mL acetone mg–1 fresh tissue. Chlorophyll content, fresh weight and dry weight of plants were determined in three independent experiments using 3 plates containing 6 colonies of each genotype and per plate and stress condition.

For morphological studies, colonies were grown for 20 days on ammonium tartrate-free BCD plates or in BCDAT plates without cellophane, with the addition of 1 μM 1-Naphthaleneacetic acid (NAA), 1 μM ABA, 0.15 M glucose or 200 mM mannitol. For visualization of protonemal filaments, moss colonies were stained for 1 min with 0.05% toluidine blue in citrate-citric acid buffer and rinsed in water to remove excess dye.



Fv/Fm and NPQ Measurements

Protonemal cultures of WT and Δcor-5 mutants were propagated using ultra-turrax and grown in the same 6-wells Petri dishes, under standard conditions for 7 days at 23°C. Treatments were carried out for 2 days with high light (350 μmol m–2 sec–1) and low temperatures (0–2°C). For dehydration treatments, protonemal tissues were dehydrated in a Petri dish with whatman paper in a laminar flow for 24 h. Controls corresponded to plants grown during 7 days with standard light (50 μmol m–2 sec–1) and temperature of 23°C, with a photoperiod of 16/8 h.

Chlorophyll fluorescence was measured in a Hansatech FSMII PAM fluorometer, using a saturating light at 6000 μmol m–2 sec–1 and actinic light of 830 μmol m–2 sec–1. Before the measurements, disks were dark adapted for 20 min at RT. The parameters Fv/Fm and non-photochemical quenching (NPQ) were calculated as (Fm - Fo)/Fm and (Fm - Fm′)/Fm′. Data are presented as mean ± standard deviation of three to six independent experiments.



Starch and Sucrose Content

Starch and sucrose contents were determined according to Sánchez et al. (1998) and Brányiková et al. (2011), respectively, with minor modifications. For soluble sugar content, approximately 30 mg of fresh plant material from plant colonies, were grounded with liquid nitrogen. Two hundred and fifty μL of 80% ethanol were added to each tube, vortexed, incubated at 80°C for 20 min with shaking, and centrifuged at 15,000 × g for 5 min at 4°C. Supernatants were transferred to fresh pre-cooled eppendorf tubes and kept on ice. One hundred and fifty μL of 80% ethanol were added to the pellet, vortexed, incubated at 80°C for 20 min with shaking, and centrifuged at 15,000 × g for 5 min at 4°C. Supernatants from these tubes were pooled with the respective supernatants from the first step. Finally, 250 μL of 50% ethanol were added to the pellet, vortexed, incubated at 80°C for 20 min, and centrifuged at 15,000 × g for 5 min at 4°C. Once again, supernatants were pooled and the soluble carbohydrate content was spectrophotometrically determined using the Megazyme Sucrose/D-Fructose/D-Glucose Assay Kit (Megazyme Inc.) following the manufacturer’s instructions.

For starch content, 100 mg of fresh plant material were grounded with liquid nitrogen and extracted with 500 μL of 80% ethanol. 0.1 mL of a 1/5 dilution of the final extract were added to 1 ml of 0.2% anthrone solution [0.2 g of anthrone in 100 mL of 72% (v/v) H2SO4]. The mixtures were kept in a water bath at 100°C for 10 min and cooled to 20°C, and the Absorbance was measured at 625 nm. A standard curve using glucose was performed simultaneously. The starch contents were obtained by multiplying the interpolated values by 0.9.

For both measurements, wild type and Δcor-5 mutant plants were grown under optimal conditions (Ctrl) for 20 days, and then transferred to 10 μM ABA supplemented plates, or exposed to light intensities of 200 μmol m–2 sec–1 (MHL) or 350 μmol m–2 sec–1 (HL) for 48 h.



NBT Staining

In situ detection of superoxide was performed according to Jabs et al. (1996). P. patens colonies were grown for 20 days, transferred for 48 h to stress conditions and thereafter incubated with 1 mg mL–1 of nitro blue tetrazolium (NBT) in 10 mM potassium phosphate buffer pH 7.8, 10 nM NaN3. Colonies were incubated for 1 h prior to ethanol bleaching.



Thylakoid Extraction and Large Pore Blue Native Gel Electrophoresis

Thylakoids from wild type or Δcor-5 strains were isolated exactly as described by Gerotto et al. (2019), except for the fact that, instead of protonema tissue, gametophytic colonies were used as plant material. Twenty days-old plant colonies, grown at standard light conditions (50 μmol m–2 sec–1) during the entire growth period (controls), or plants grown under identical conditions but transferred for 48 h to HL (350 μmol m–2 sec–1). Thylakoid extracts were solubilized with 1% (w/v) n-dodecyl β-D-maltoside (β-DM) at a final concentration of chlorophyll of 1 μg/μL and separated in large pore Blue Native-PAGE as described by Järvi et al. (2011). Gels were prepared using an acrylamide gradient of 3.5–12.5%(w/v) T and 3%(w/v) C in the separation gel, and 3%(w/v) T and 20% (w/v) C in the stacking gel, as described by Gerotto et al. (2019). Two independent experiments were performed.



ABA Quantification

For ABA quantification, wild type and Δcor-5 mutant plants were grown under optimal conditions (Ctrl) or exposed during 48 h to MHL (200 μmol m–2 sec–1) or LT (0–2°C).

The extraction and purification of ABA was performed using the modified technique of Durgbanshi et al. (2005). As internal standards, 50 ng of the deuterated compound (2 H5) ABA was added. The separation was done by chromatography with an HPLC Alliance 2695 (Waters, Inc., CA, United States) equipped with a C18 reverse phase column (100 mm × 2.1 mm, 3-μm) with ionization by electrospray in negative form (ESI-) coupled with a triple-quadrupole mass spectrometer (Quattro Ultima pt; Micromass, Manchester, United Kingdom). Identification and quantification of ABA was carried out by injection of the samples in MRM mode (Multiple Reaction Monitoring), using the transitions for ABA 263 > 153 and for the deuterated form 268 > 159. The software used was MassLynx TM v. 4.1, Micromass (Manchester, United Kingdom). The results are expressed in pmol mg–1 of dry weight of plant tissue.



Statistical Analysis

Statistically significant differences were determined based on the Student’s t-tests.



RESULTS


Physcomitrella patens Genome Encodes a Single Chloroplast-Targeted COR413 Protein

A gene belonging to the COR413 gene family was isolated from a previously constructed P. patens-subtracted cDNA library enriched in ABA-upregulated genes (Ruibal et al., 2013). The gene, designated here as PpCOR413im, is annotated in GenBank and in Phytozome databases with the accession numbers XP_024379790.1 and Pp3c7_22090V3.2, respectively. PpCOR413im encodes a 258-amino acid (27.02 kDa) deduced protein containing a single conserved multispanning transmembrane COR413 domain and a potential chloroplast transit peptide.

Using Phyre2 topology predictor program (Kelley et al., 2015), we analyzed the topology of PpCOR413im protein and compared the results with the predicted structure of AtCOR413IM1, an Arabidopsis ortholog for which there is significant structural information based on experimental data (Okawa et al., 2008, 2014). The results showed high degree of structural similarity between these two proteins, both of them containing 6 putative transmembrane helixes with N and C-termini facing the same side of the membrane (Supplementary Figure 1).

A search for the presence of COR413 genes in the P. patens genome using the conserved COR413 domain of PpCOR413im (residues 108–252 of the deduced protein), revealed the existence of four other genes encoding COR413 proteins (Phytozome ID Pp3c10 12250, Pp3c3 23240, Pp2c10 22800, and Pp3c20 22310). The phylogenetic relationship between the COR413 gene family from P. patens, Arabidopsis and wheat, was analyzed using ClustalW sequence alignment (Thompson et al., 1997) followed by the neighbor-joining algorithm employing the MEGA 6 program (Tamura et al., 2011). PpCOR413im was placed in the same group together with chloroplast thylakoid membrane/inner membrane COR413 encoding genes from other species, while the other members of P. patens COR413 genes were grouped with the PM variants from other species (Figure 1).


[image: image]

FIGURE 1. Phylogenetic relationships between COR413 proteins from P. patens (Pp) Arabidopsis thaliana (At), and Triticum aestivum (Ta) species. The phylogenetic tree was constructed by the Neighbor-joining method using ClustalW and MEGA6 software. For each sequence, gene ID (Phytozome database), GenBank accession number (in parenthesis, when it differs from Gene ID), and encoded protein name (when available), are shown to the right of the tree branches. PIL: Predicted intracellular localization of the encoded protein; Exp: Existing experimental evidence for the intracellular localization of the encoded protein; PM: Plasma Membrane; Chl: Chloroplast; IM: inner membrane. Bootstrap values are indicated in each node. Scale bar represents a distance of 10 substitutions per amino acid position.


The predicted subcellular localization of P. patens COR413 protein family was analyzed using GTP-Pp, a prediction tool trained with sequences from P. patens (Fuss et al., 2013). Analysis using GTP-Pp revealed that PpCOR413im was potentially targeted to chloroplasts but all other members of the protein family were likely to enter the secretory pathway and target the PM (Supplementary Table 1). Consistently, TargetP-2.0 analysis predicted the presence of a chloroplast transit peptide located within the first 71 amino acids of PpCOR413im. However, no consensus targeting signals were found in all other members of the protein family, which is in line with previous studies on other PM variants of COR413 proteins from different plant species (Breton et al., 2003).

To confirm the intracellular localization of PpCOR413im, we used in planta assays for visualization of PpCOR413im-GFP fusion proteins via transient expression in P. patens protoplasts as well as by the generation of stable transgenic Arabidopsis lines. For that purpose, we cloned the coding region of PpCOR413im fused in frame to GFP, and expressed the recombinant protein under the control of the constitutive CaMV 35S promoter (Figure 2A). Confocal microscopy was used to visualize Arabidopsis transgenic lines (Figure 2A I-III) or transformed P. patens protoplasts (Figure 2A IV-VI). In both systems, PpCOR413im-GFP localized in chloroplasts of P. patens or Arabidopsis cells, consistent with the predicted intracellular localization of the protein.
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FIGURE 2. Subcellular localization, gene expression and predicted topology of PpCOR413im. (A) Subcellular localization of PpCOR413im. Confocal microscopy images of: Transgenic Arabidopsis lines overexpressing PpCOR413im-GFP fusion protein: I: GFP emission; II: chloroplast fluorescence; III: overlapping images. P. patens protoplasts transiently overexpressing PpCOR413im-GFP were photographed 48 h after transformation: IV: GFP signal; V: chloroplast fluorescence; VI: overlapping images. Untransformed P. patens protoplasts: VII: GFP signal; VIII: chloroplast fluorescence; IX: overlapping images. Scale bar, 10 μm (B) Northern blot analysis of PpCOR413im gene expression. Ten micrograms of total ARN were separated by electrophoresis, blotted onto nylon membranes and hybridized with [α−−32P]-dCTP labeled PpCOR413im full length sequence. Ctrl: untreated plants; ABA: treatment with 10 μM ABA; NaCl: 200 mM NaCl; Mtl: 400 mM mannitol (Mtl), SA: 1 mM salicylic acid; LT: low temperature (0–2°C); HT: high temperature (37°C), HL: high light (350 μmol m–2 sec–1). Treatments were done for 24 h. Ethidium bromide staining of rRNA was used to ensure equal loading of RNA samples.


Based on the chloroplast localization of PpCOR413im and the structural similarities between this protein and AtCORIM-1, it is likely that PpCOR413im is an integral protein from the chloroplast inner membrane as shown for the Arabidopsis counterpart (Okawa et al., 2008, 2014).



Expression of PpCOR413im Is Regulated During Development and Abiotic Stress

To gain insight into the biological function of PpCOR413im we assessed the expression profile of the gene in moss gametophyte colonies exposed to different hormonal treatments or stress conditions. RNA samples were extracted from plants treated for 24 h with 10 μM ABA or 1 mM salicylic acid (SA), or exposed to low temperature (LT: 0–2°C), high temperature (HT: 37°C), high light (HL: 350 μmol m–2 sec–1), osmotic stress (400 mM mannitol) or salinity (200 mM NaCl). Transcript accumulation of PpCOR413im was analyzed by Northern blot using the full-length cDNA sequence of the gene as a probe.

PpCOR413im exhibited a basal constitutive expression in gametophytes grown under control conditions, and was strongly induced by ABA, osmotic stress and salinity. In addition, the gene was upregulated in response to LT and HL treatments, while no increase in mRNA levels was observed in response to HT or SA treatments (Figure 2B).

In silico analysis of the expression profile of PpCOR413im and the four other COR413 genes from P. patens were carried out using the microarray and RNA-seq based expression data from P. patens genes, available at Genevestigator (Hruz et al., 2008) and at the P. patens eFP database (Ortiz-Ramírez et al., 2016). Comparative expression profiles indicated that of the 25 assessed stimuli, only protoplasting, dehydration, rehydration and strong light treatments resulted in significant increases in PpCOR413im transcript levels (Supplementary Figure 2A). This analysis also indicated that the expression of different PpCOR413 genes is independent of the predicted subcellular localization of the encoded proteins, as PpCOR413im exhibits almost identical expression profile as Pp3c20_22310, a gene encoding a deduced PM localized protein.

In addition, all COR413 genes showed some level of expression under non-stress conditions during specific stages of the plant’s life cycle, but their expression pattern varied significantly between the genes (Supplementary Figure 2B). While most transcripts from PM variants of COR413 were abundant in sporophytes and gametophytes, PpCOR413im was found to be specifically expressed in the gametophytic phase of the plant’s life cycle (Supplementary Figures 2B,C).

Interestingly, PpCOR413im was significantly more expressed in caulonema than in chloronema, the last one being a far more chloroplast-rich type of tissue. This is intriguing since PpCOR413im is a chloroplast-targeted protein, and thus, is expected to exert its function in these organelles.

Promoter sequences up to 1.5 kbp upstream from the translation initiation site of the different COR413 genes from P. patens were scanned using PLACE (Higo et al., 1999), PlantCARE (Lescot et al., 2002) and PlantPAN 3.0 (Chow et al., 2019) programs for the identification of cis-acting regulatory elements. Elements associated with stress and hormone responses were found in PpCOR413im and other members of the COR413 gene family. The study revealed the presence of ABA response elements (ABRE and G-Box), light regulation and light stress (G-Box, Box-4, Box-II, GATA-motif), responses to dehydration (MBS, MYB and MYC), and auxin response (TGA) (Lam and Chua, 1989; Block et al., 1990; Ulmasov et al., 1995; Chen et al., 2002; Abe et al., 2003; Yamaguchi-Shinozaki and Shinozaki, 2006; Moabbi et al., 2012; Kaur et al., 2017). Regulatory elements associated with ABA, light regulation and dehydration stress were found in most gene promoters, with the exception of P3c10-22800, where only a few dehydration responsive elements were found (Supplementary Figure 2D). These results are consistent with the in silico analysis of gene expression, where P3c10-22800 was the only gene that showed no induction, or even down-regulation under excess light or dehydration and rehydration conditions (Supplementary Figure 2A). Interestingly, the TGA regulatory element was only present in PpCOR413im promoter region, suggesting a role for this gene in auxin responses.



Generation of PpCOR413im Loss of Function Mutants

To investigate the physiological function of PpCOR413im, we generated gene-targeted mutants lacking a functional version of the gene. A gene-replacement construct was generated by replacing the second half of the single exon present in the gene, by the nptII gene, driven by the CaMV 35S promoter and nos terminator (Supplementary Figure 3A) and used for protoplast transformation.

Screening of a number of moss transformants lead to the identification of two independent KO lines (Δcor-1 and Δcor-5). PCR analyses showed that both lines underwent homologous recombination at the 5′ end of PpCOR413im locus, while only Δcor-5 underwent homologous recombination at the 3′ end (Supplementary Figure 3B). Transcript accumulation of PpCOR413im was analyzed by Northern blot in ABA (50 μM)-treated WT and mutant lines, using the full-length cDNA fragment of PpCOR413im as hybridization probe. The results showed that neither of the two analyzed mutants showed expression of the target gene, indicating full disruption of PpCOR413im (Supplementary Figure 3C). Based on these results, both Δcor-1 and Δcor-5 lines were selected for phenotypic analysis.



Disruption of PpCOR413im Alters Growth Rates Under High Light

The intensity and quality of light are important factors regulating development, growth and responses to stress in plants. P. patens has relatively low light requirements for optimal growth (30–50 μmol m–2 sec–1), while stronger light intensities represent stressful conditions that have a negative impact on plant growth. This prompted us to analyze the KO lines for phenotypic alterations under different light intensities. To assess whether disruption of PpCOR413im affected plant growth under excess light conditions, plant colonies of KO mutants and WT were incubated at increasing light intensities (50 to 350 μmol m–2 sec–1) and growth rates were monitored after 20 days. Increasing light intensities resulted in a reduction of colony diameter when compared to control conditions, but this reduction was more significant for the KO mutants (Figure 3A). Exposure to light intensities of 200 μmol m–2 sec–1 or above, resulted in a significant reduction in growth rate of KO plants compared to the wild type. This reduction was particularly dramatic at the highest light intensity (HL: 350 μmol m–2 sec–1), as evidenced by the fresh weight and dry weight values of plant colonies (Figures 3C,D, respectively).
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FIGURE 3. Effect of different light intensities on growth of wild type or PpCOR413im KO mutants. (A) Wild type (WT) or PpCOR413im KO mutants (Δcor-1 and Δcor-5) were grown for 20 days under increasing light intensities (50–350 μmol m–2 sec–1). Pictures correspond to two representative colonies of each strain per treatment. (B) Pictures of representative colonies from WT or Δcor-1 and Δcor-5 lines grown during 20 days under standard light (50: 50 μmol.m–2.sec–1) or low light conditions (10: 10 μmol m–2 sec–1). (C) Fresh weight (FW), and (D) Dry weight (DW) per colony (mg) of control plants grown for 20 days under standard light conditions (50: 50 μmol m–2 sec–1), or under high light (350: 350 μmol m–2 sec–1) (E) Relative water content (%) per colony of plants grown as C and D. (F) Relative colony size of plants grown as B. The size of 32 individual colonies was quantified from photographic images using ImageJ software and the data is expressed as relative to WT controls: the values obtained for WT grown under optimal conditions were set as 100%. In all cases, the values shown are means from one representative technical replicate. Error bars indicate SD (n = 32). Three biological replicates were carried out. Significant differences of at least 0.05 confidence level between the WT and the KO lines are marked with an asterisk.


Interestingly, mutant plants grown under standard light conditions (50 μmol m–2 sec–1), showed a reduction of approximately 20% of the average colony diameters compared to the WT. However, no significant differences between the genotypes were observed when plants were grown at low light (10 μmol m–2 sec–1), indicating that the phenotypic alteration in growth rates is dependent on light intensity (Figures 3B,F).

As a consequence of prolonged exposure to HL, in vitro grown P. patens plants tend to experience certain level of dehydration. Interestingly, KO mutants exhibited significantly lower relative water contents than the WT when grown at HL (Figure 3E), suggesting that lack of PpCOR413im may also interfere with responses to plant dehydration.

In addition to HL, other abiotic stress factors causing cellular dehydration, such as osmotic stress, salinity or low temperature, induced high expression levels of PpCOR413im (Figure 2B). We therefore investigated the effect of loss of PpCOR413im in plant growth under osmotic and low temperature stresses by measuring the area of WT and KO colonies grown for 20 days on 200 mM mannitol supplemented plates (osmotic stress), or after 10 days exposure to ∼0–2°C. The presence of mannitol in the growth medium resulted in a larger reduction of colony sizes in the mutants (30%) than in the WT (10%), indicating that lack of PpCOR413im resulted in enhanced sensitivity to osmotic stress (Supplementary Figures 4A,B). However, no significant growth rate differences were observed between the WT and mutant lines after prolonged exposure to low temperature (Supplementary Figures 4C,D).



Disruption of PpCOR413im Alters Caulonema Formation and Responses to ABA

In all conditions assayed, the two independent disruption lines were phenotypically indistinguishable from each other. Therefore, only Δcor-5 was included in further experiments of this study.

According to the RNA-seq and microarray available data, PpCOR413im is expressed primarily in the gametophores and caulonemal filaments (Supplementary Figures 2B,C). This prompted us to search for possible alterations of growth and developmental progression of Δcor-5 strain under different conditions. To evaluate responses to excess light, we selected a light intensity that was sufficient to induce a significant growth retardation phenotype in the mutants, and yet not high enough to cause apparent harm to the plants. This condition was defined as medium high light (MHL: 200 μmol m–2 sec–1). Stereoscopic images were taken from colonies of WT and Δcor-5 strains after 20 days of growth at control light conditions or at MHL (Figure 4A I-IV). In addition, WT and mutant colonies were stained with toluidine blue for proper visualization of the protonemal filaments (Figure 4A V-VIII). These experiments revealed important anatomical differences in the protonemal filaments of the KO mutant compared to the WT strain. First, caulonemal filaments were very poorly developed in Δcor-5. Second, side-branching of protonemal filaments was significantly increased in the mutant compared to the WT, which is consistent with other reports showing modified filament branching phenotype in mutants of P. patens with altered caulonema differentiation (Thelander et al., 2005; Rawat et al., 2017).
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FIGURE 4. Morphological alterations of PpCOR413im KO mutant under different growth conditions. All plants were grown at 50 μmol m–2 sec–1, unless otherwise mentioned. Colonies from wild type (WT) and Δcor-5 mutants were grown under standard light conditions (50 μmol m–2 sec–1) unless otherwise indicated. (A) Stereoscopic images from protonemal tissue of 20 days-old WT and Δcor-5 colonies, grown under medium high light (MHL: 200 μmol m–2 sec–1) (I,II), or standard light conditions (Ctrl: 50 μmol m–2 sec–1) (III-VIII). Representative colonies of both genotypes, stained with toluidine blue are shown (V-VIII). Magnifications are 6.3 X or otherwise specified in the photograph. (B) WT and Δcor-5 were grown for 20 days under standard light conditions and exposed to MHL or low temperature (LT: 0-2°C) during 48 h. Samples from controls (Ctrl) or treated plants were used for quantification of ABA content, expressed in pmol mg–1 of dry weight (DW). The values shown are means from 4 biological replicates. Error bars indicate SD. Significant differences of at least 0.05 confidence level between the WT and KO lines are marked with an asterisk. (C) Stereoscopic images correspond to WT and Δcor-5 colonies grown for 20 days under standard light conditions. Ctrl: plants growing on BCDAT medium (I,II); Gluc: plants growing on BCDAT medium supplemented with 0.15 M glucose (III,IV); NAA: plants growing on BCDAT medium supplemented with 1 μM NAA (V,VI); (-) NH4+: plants growing on ammonium tartrate-free BCD medium (VII,VIII); ABA: plants growing on BCDAT medium supplemented with 1 μM ABA (IX-XIV). Magnifications are 6.3 X or otherwise specified in the photograph.


The transition from chloronema to caulonema, as well as chloronemal branching, have been shown to be stimulated by auxin and high energy growth conditions (HL or glucose) (Ashton et al., 1979; Reski, 1998; Thelander et al., 2005, 2018). To further investigate caulonemal development in PpCOR413im-deficient mutants, we examined the effect of auxin treatment (1 μM naphthaleneacetic acid) or glucose supplementation (0.15 M) on the growth of WT and Δcor-5 strains (Figure 4C I-VI). Both treatments induced similar responses in WT and Δcor-5 genotypes. In fact, glucose supplementation reverted the reduced growth phenotype observed in Δcor-5 plants grown in the absence of glucose or under standard light intensity (Figure 4C III, IV). Thus, it is conceivable that the reduced growth observed in mutant plants is due to a reduction in energy availability, which can be compensated by adding glucose as an external carbon source. Protonemal growth is promoted by low nitrogen availability (Ashton and Cove, 1977; Jenkins and Cove, 1983; Thelander et al., 2005). To investigate whether PpCOR413im was required for the induction of protonemal growth by lack of nitrogen, Δcor-5 and WT colonies were cultivated in ammonium-free culture media and visualized after 20 days. No major phenotypic alterations were observed in the disruption mutants under these conditions (Figure 4C VII, VIII), indicating that PpCOR413im is not necessary for nitrogen-mediated growth responses.

Since PpCOR413im was strongly induced by ABA, and this hormone regulates protonemal development in P. patens (Thelander et al., 2005; Arif et al., 2019), we searched for possible alterations in ABA-mediated growth responses in PpCOR413im mutants. Treatment with 1 μM ABA severely attenuated plant growth in all genotypes, but growth inhibition was more dramatic in Δcor-5 than in the WT (Figure 4C IX, X). In addition, protonemal filaments of Δcor-5 were shorter than WT protonema, probably due to increased number of brood cells (Figure 4C XI-XIV). Taken together, these results suggest that disruption of PpCOR413im resulted in enhanced ABA sensitivity.

To examine whether growth defects of Δcor-5 mutants were due to elevated levels of endogenous ABA, we determined ABA content in WT and KO mutants grown under standard light conditions (Ctrl) or after 48 h exposure to MHL or LT. No significant differences in ABA levels were observed between the WT and KO plants when grown under standard light and temperature conditions, or after exposure to LT, suggesting that the observed developmental alterations were not due to changes in the endogenous levels of ABA (Figure 4B). However, treatment with MHL resulted in a slight but significant increase in ABA levels (30%) in Δcor-5 lines but not in the WT, suggesting that disruption of PpCOR413im altered both sensitivity to ABA and ABA accumulation in response to HL.



PpCOR413im KO Mutants Exhibit Alterations in Photochemical Parameters Depending on the Environmental Stimuli

Extreme light intensities, cold and dehydration are among the many environmental factors that can compromise photosynthesis efficiency. To examine whether disruption of PpCOR413im affected photosynthesis performance, we used chlorophyll fluorescence to monitor the activity of photosystem II (PSII). Maximum PSII photochemical efficiencies (Fv/Fm) and other chlorophyll fluorescence parameters were measured in controls or after 48 h treatment of plants with HL, LT or after 24 h of dehydration. All treatments induced a decrease of Fv/Fm values in WT and Δcor-5 strains, but clear signs of photoinhibition were only observed after dehydration stress (Table 1). LT was the only treatment that induced significant differences between the genotypes, the KO strain showing slightly lower values of Fv/Fm than the WT.


TABLE 1. Fv/Fm.

[image: Table 1]Lowering Fv/Fm can arise from inactivation damage of PSII as a result from photooxidation (photoinhibition) and/or from inhibition of excess energy dissipation (Long et al., 1994; Tsonev et al., 2003; Demmig-Adams and Adams, 2006; Murchie and Lawson, 2013). One of the most important photoprotective mechanisms which helps plants to cope with over-excitation of the photosynthetic apparatus, is the non-photochemical quenching of chlorophyll a (NPQ). In this process, the excess chlorophyll excitation energy is dissipated by heat, preventing the formation of free radicals and thus mitigating photodamage (Kasakima et al., 2011). Consequently, mutants impaired in NPQ induction have shown to be more sensitive to environmental stress (Cousins et al., 2002; Dall’Osto et al., 2007; Allorent et al., 2013; Neto et al., 2014; Zhao et al., 2017).

The ability of WT and Δcor-5 strains to induce NPQ was evaluated in pulse fluorometry time courses following illumination of dark-adapted plants with saturating light (Figure 5). NPQ levels were analyzed following 48 h exposure to HL or LT, or after 24 h dehydration treatment. NPQ maximum values in Δcor-5 were 8%, 18% or 46% lower than in the WT, for HL, LT or dehydration treatments, respectively, indicating that under all assessed stress conditions, WT plants underwent stronger light induced fluorescence quenching compared to the mutant lacking PpCOR413im. This indicates that Δcor-5 has reduced ability to induce photoprotective measures to cope with the excess of energy generated as a consequence of the stress-induced over-excitation of the photosynthetic apparatus. Interestingly, compared to the WT, Δcor-5 strain was only marginally affected in NPQ values under HL, but particularly altered in response to dehydration, the treatment that produced the highest level of photoinhibition. Nevertheless, the most noteworthy phenotypic differences between Δcor-5 and WT strains were observed under excess light conditions, where PpCOR413im KO mutants exhibited a marked increase in growth inhibition. The fact that photochemical parameters were only marginally altered PpCOR413im KO mutants after exposure to HL conditions, suggests that this protein plays distinct roles in light-mediated growth regulation and in dehydration or low temperature adaptive responses.
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FIGURE 5. Non-photochemical quenching (NPQ) of PpCOR413im KO mutants and the WT. NPQ induction and relaxation of 7-days-old protonemal tissue from WT or Δcor-5, grown under optimal conditions (Ctrl: 50 μmol m–2 sec–1), or exposed for 48 h to high light (HL: 350 μmol m–2 sec–1) or low temperature (LT: 0–2°C). Dehydration treatment was done for 24 h in the hood (DH). WT (white circles), Δcor-5 plants (black squares). Data are presented as mean ± standard deviation of six independent experiments.


Taking into account that the biological roles of plant COR413 genes have been predominantly studied in the context of cold or drought stress conditions (Breton et al., 2003; Garwe et al., 2006; Colton-Gagnon et al., 2014; Ma et al., 2017; Zhang et al., 2017; Zhou et al., 2018), in the present work we focused on deepen knowledge of the function of PpCOR413im in ABA and light responses.



Disruption of PpCOR413im Alters Chloroplast ROS Accumulation and Expression of Photosynthetic Genes

Excess light and other environmental factors can induce the accumulation of chloroplastic ROS, such as singlet oxygen (1O2), superoxide anion radicals (O2–), hydrogen peroxide (H2O2), and hydroxyl radicals (Niyogi, 1999; Dietz et al., 2016). In addition, ROS production can be stimulated by ABA and act as secondary signals to regulate growth and transcriptional responses to stress.

To assess whether high light and ABA hypersensitivity observed in Δcor-5 mutants, were accompanied by enhanced ROS accumulation, nitro blue tetrazolium (NBT) staining was used for histochemical detection of O2– in plants grown under standard conditions (controls), and 48 treatment with ABA (10 μM), or exposure to two different excess light conditions: medium high light (MHL: 200 μmol m–2 sec–1) or high light (HL 350 μmol m–2 sec–1). Excess light treatments, particularly MHL, induced higher accumulation of O2– in the protonemal filaments of Δcor-5 than in WT filaments tissues, suggesting a reduced ability to suppress stress-induced ROS accumulation in chloroplasts of mutant lines (Figure 6A).
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FIGURE 6. Stress-induced biochemical and molecular responses of WT and PpCOR413im KO mutants. (A) In situ determination of O2– by NBT staining of P. patens WT or Δcor-5 colonies. Plants were allowed to grow for 20 days under optimal light and temperature conditions and thereafter were transferred to 10 μM ABA containing plates or exposed for 48 h to low temperature (LT: 0–2°C), medium high light (MHL: 200 μmol m–2 sec–1) or high light (HL: 350 μmol m–2 sec–1). Stereoscopic images from representative moss colonies of a pool of 6 individual colonies per genotype and per treatment are shown. Magnifications are 6.3 X (B) Northern blot analysis of photosynthetic genes of WT and Δ-cor5 strains. Total RNA was isolated from control plants (Ctrl) or plants treated for 24 h with ABA (10 μM), or exposed to high light (HL: 350 μmol m–2 sec–1), or low temperature (LT: 0–2°C). The full-length cDNA sequences of PsbA and PsbD were labeled with [α−−32P]-dCTP and used as hybridization probes. Ethidium bromide staining of rRNA was used to ensure equal loading of RNA samples. (C,D) Effect of excess light intensity and ABA treatment on starch and sucrose accumulation of WT and Δcor-5 strains. Plants were grown and treated as A, and exposed for 48 h to MHL, HL or transferred 10 μM ABA containing plates for determination of starch content (C) or sucrose content (D). Data are expressed as μg per mg of fresh weight (FW). Values shown are means from one representative technical replicate. Three biological replicates were carried out. Error bars indicate SD (n = 5). Significant differences of at least 0.05 confidence level between the WT and the KO lines are marked with an asterisk.


Regulation of chloroplast gene expression is crucial for photosynthesis and development. Transcription and mRNA stability of chloroplast genes are modulated by developmental cues, environmental factors, ROS and hormones (reviewed in Börner et al., 2015). Many abiotic stress factors, including drought and high light, induce chloroplast-nucleus communication to activate adaptive responses (Chan et al., 2016; de Vries and Archibald, 2018), and ABA has been shown to be involved in this process (Holzinger and Becker, 2015; Zhao et al., 2019). For example, in higher plants, ABA represses the transcription of many plastid genes (Yamburenko et al., 2013, 2015). Moreover, redox alterations in chloroplasts, triggered by altered light conditions, influence the expression of genes encoding core proteins of PSI and PSII (Pfannschmidt et al., 1999; Kollist et al., 2019). In P. patens, transcription of PsbA and PsbD genes, encoding D1 and D2 core components of PSII, has been shown to be induced by HL conditions (Ichikawa et al., 2008).

In order to assess whether loss of PpCOR413im altered mRNA accumulation of PsbA and PsbD in response to HL or ABA, we used Northern blot hybridization to monitor transcript accumulation of these genes in WT and Δcor-5 strains. Plants were treated for 24 h with 10 μM ABA, or exposed to HL, and total RNA samples were hybridized with PsbA or PsbD cDNA probes. We found that HL treatment resulted in a modest induction of the expression of PsbA and PsbD in the WT, whereas KO plants exhibited no differences in transcript accumulation between HL treatment and controls (Figure 6B). Compared to the WT, Δcor-5 plants showed significant higher expression level of PsbD in controls, suggesting that Δcor-5 was altered in the steady state levels of PsbD transcript accumulation. Interestingly, ABA inhibited the expression of PsbD in WT plants, in contrast to the reported ABA-induction of PsbD gene in barley and Arabidopsis (Yamburenko et al., 2013, 2015). However, ABA treatment of Δcor-5 did not result in a reduction in PsbD mRNA levels, suggesting that PpCOR413im is required for proper ABA-regulation of this gene. Interestingly, gene expression analysis using RT-PCR, showed no significant differences between the WT and KO mutants in the accumulation of transcripts of other photosynthetic genes (PsbS, LhcsR1 and LhcsR2), encoding light harvesting antenna subunits of photosystems, which are required for photoprotection (Supplementary Figure 5).



ABA and High Light-Induced Changes in Sugar Metabolism Are Altered in PpCOR413im KO Mutants

Sugar metabolism can be reorganized in response to abiotic stresses to maintain carbohydrate balance, prevent energy stress and thus, contribute to plant fitness (Smith and Stitt, 2007; Stitt and Zeeman, 2012; Thalmann and Santelia, 2017). In addition, sugars can act as signaling molecules, and interact with the ABA-dependent pathways to activate downstream stress responses (Rook et al., 2006). In P. patens, salinity, LT and ABA treatments were shown to increase the levels of soluble sugars, and decrease starch by accelerating starch degradation (Nagao et al., 2005; Gao et al., 2016).

To assess whether disruption of PpCOR413im altered sugar content and composition, sucrose and starch were quantified in WT or Δcor-5 in controls or after 48 h exposure to MHL or HL intensities, as well as after treatment with 10 μM ABA. Our results showed that Δcor-5 accumulated higher levels of starch than the WT in response to excess light treatments (Figure 6C). Additionally, while all treatments induced sucrose accumulation in both plant strains, sucrose content reached significantly higher levels in Δcor-5 after treatments with MHL or ABA (Figure 6D). Thus, excess light -induced sucrose accumulation did not correlate with a reduction in starch concentration, suggesting that under these conditions, accumulated sucrose may originate from a different source than from starch degradation.



Disruption of PpCOR413im Altered Nuclear Gene Expression in Response to ABA and High Light

To further understand the molecular basis for light stress and ABA hypersensitivity in PpCOR413im mutant plants, we monitored the expression pattern of several genes from P. patens involved in: ABA biosynthesis (NCED), signaling (PP2C), and ABA and stress responsive genes. NCED (9-cis-epoxycarotenoid dioxygenase) is the rate-limiting enzyme in ABA biosynthesis which catalyzes the conversion of violaxanthin to neoxanthin in the chloroplast (Nambara and Marion-Poll, 2005). PP2C encodes a member of the protein phosphatase type 2C family of proteins that act as negative regulators of ABA signaling (Fujii et al., 2009; Santiago et al., 2012; Soon et al., 2012). TSPO encodes a multi stress regulator membrane protein that is rapidly induced by ABA and a variety of abiotic stresses (Lindemann et al., 2004; Guillaumot et al., 2009). DHNA encodes a dehydrin protein that has been shown to confer tolerance to osmotic stress and salinity in P. patens (Saavedra et al., 2006). Finally, SUS encodes a sucrose synthase with participates in sucrose metabolism and starch biosynthesis (Geigenberger and Stitt, 1993; Angeles-Núñez and Tiessen, 2010).

Colonies from WT and Δcor-5 strains were treated with 10 μM ABA or exposed to MHL and total RNA samples were extracted after 12 h or 72 h of treatments for subsequent analysis of gene expression by qRT-PCR (Figure 7). All genes were induced by ABA or by MHL in WT and Δcor-5, but differences between the genotypes were observed in terms of timing or induction level. WT plants consistently showed a significantly stronger transcriptional response of NCED and PP2C genes. ABA treatment resulted in the early and sustained upregulation of PP2C only in the WT genotype, while no or low- induction levels were detected in Δcor-5. The expression of NCED was rapidly induced in WT plants, reaching maximal induction levels at 12 h (15-fold) after ABA treatment, or at 72 h (6-fold induction) upon exposure to MHL. In contrast, KO mutants failed to exhibit a significant induction of NCED in response to ABA or MHL. In this case, maximum induction levels (2-fold induction over the controls) were observed at 12 h after ABA treatment.
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FIGURE 7. Expression of ABA responsive genes and antioxidant enzyme genes in WT and PpCOR413im KO mutant. Twenty-day-old colonies of the WT and Δcor-5 mutant were treated with ABA (10 μM) or exposed to medium high light (MHL: 200 μmol m–2 sec–1), and total RNA samples were isolated after 12 or 72 h after treatments, and from untreated control plants (Ctrl). Quantitative RT-PCR was used to analyze the expression of NCED (Pp3c16_17210), PP2C (Pp3c14_25570), SUS (Pp3c5_19770), TsPO (Pp3c2_17540), DHNA (Pp3c12_900), CAT (Pp3c19_6540), SOD (Pp3c9_24840), and PRX (Pp3c4_14530). The Elongation factor 1α gene (Pp3c2_6770) was used as internal control. Expression levels are reported as relative to control samples, and values represent means ± SE of three biological replicates. Significant differences of at least 0.05 confidence level between the WT and Δcor-5 strains are marked with an asterisk. Specific primers used for PCR amplification are shown in Supplementary Table 3.


Similarly, the induction of SUS, DHNA and TSPO genes by ABA was higher in the WT than in the KO, particularly at early time points. In the WT, the ABA-induced gene expression peaked at 12 h, but the fold increase declined with time, while in KO plants, the induction of these genes by ABA was significantly lower than the WT, particularly at early time points. On the contrary, the expression of SUS and TSPO in response to MHL was higher in the KO than in the WT at early time points but showed an opposite expression pattern after long-term exposure to MHL. In the case of DHNA, genotypic differences in gene expression were only detected after prolonged exposure to MHL, with a higher induction level in the WT than in the KO strain.

The fact that PpCOR413im KO strains exhibited ABA hypersensitivity and at the same time failed to induced genes involved in ABA synthesis or signaling in response to ABA treatment, suggest that PpCOR413im may interfere with the feedback regulatory circuit of ABA accumulation. Particularly relevant to this idea is the fact that members of the PP2C gene family have been suggested to be involved in this ABA self-regulatory loop (Hugouvieux et al., 2001). In addition, miss regulation of ABA accumulation and signaling may in turn interfere with stress regulation of response genes, as both temporal expression and induction levels of SUS, DHNA and TPSO were altered in the mutant. Taking together, these results suggest that PpCOR413im is required for proper modulation of ABA gene expression and ABA homeostasis.

In addition to the observed alterations in ABA responses, disruption of PpCOR413im resulted in accumulation of ROS under stress conditions, particularly altered under light conditions such as MHL and in some degree HL. Excess ROS produced as a result of chloroplast stress can diffuse to the cytoplasm and affect nuclear expression of enzymes involved in ROS detoxification (Nott et al., 2006).

To monitor ROS metabolism, we examined the expression of antioxidant enzyme genes, encoding a Cu-Zn chloroplast superoxide dismutase (SOD), peroxiredoxin (PRX), and a catalase (CAT). Detoxification of superoxide by SOD is an important mechanism to regulate ROS accumulation in chloroplasts (Higashi et al., 2015), while PRX and CAT are crucial for eliminating hydrogen peroxide in the chloroplast and in the cytosol, respectively (reviewed in Pospíšil, 2016).

We found that ABA and MHL induced the expression of CAT to a higher extent in Δcor-5 than in the WT. Expression of SOD was either repressed or slightly induced after 72 h of ABA treatment, but this induction was specifically observed in the KO strain. Nevertheless MHL treatment resulted in similar inhibition levels of SOD gene expression in both genotypes, but in the KO strain, this response was delayed in time compared to the WT. Finally, expression of PRX was repressed by ABA and by MHL in both strains, but the repression levels and timing of expression differed between genotypes). The enhanced induction of antioxidant enzyme genes exhibited by Δcor-5 in response to short and prolonged treatments with ABA or after short term exposure to MHL was consistent with the increased levels of ROS accumulation found in the mutant lines.

To gain insight into the mechanism by which lack of PpCOR413im prevented the ABA-induction of target genes, we compared the ABA-transcriptional activation of target genes, in WT, Δcor-5 and another P. patens strain (hxk1) which exhibit hypersensitivity to ABA (Thelander et al., 2005). hxk1 harbors a KO mutation in a type A hexokinase gene, a major chloroplast stromal- glucose phosphorylating enzyme that has been shown to be involved in light and energy-mediated growth responses (Olsson et al., 2003; Thelander et al., 2005). In addition to ABA hypersensitivity, the reported developmental alterations of hxk1 share striking phenotypic similarities with those exhibited by PpCOR413im KO mutants. Moreover, growth of hxk1 strain under MHL or HL intensities was largely repressed (Supplementary Figures 6A,B).

To compare the transcriptional responses between the different strains, colonies of WT, Δcor-5 and hxk1 were treated for 12 h with 10 μM ABA and RNA samples were analyzed by qRT-PCR for the expression of genes involved in ABA biosynthesis (NCED), ABA responses (TSPO), and ROS detoxification (CAT) (Supplementary Figure 6C). While Δcor-5 showed a significant reduction in the ABA induction of NCED and TSPO genes (but not of CAT), hxk1 mutant showed a complete inhibition of ABA-mediated gene expression, including CAT gene. Taken together, these results suggest that the mechanisms employed by PpCOR413im and HXK1 to regulate gene expression and responses to ABA, are at least partially overlapping.



Disruption of PpCOR413im Resulted in Changes in the Chloroplast Ultrastructure Without Affecting the Photosynthetic Complexes in the Thylakoid Membranes

The predicted subcellular localization of PpCOR413 has led to the suggestion that this type of proteins may play a structural function by preserving membrane stability under stress. To gain insight into this hypothesis, we used electron microscopy to investigate whether disruption of PpCOR413im resulted in alterations in the ultrastructure of chloroplasts. WT and Δcor-5 colonies grown at standard light conditions or exposed for 48 h to HL, were fixed and processed for electron microscopic visualization.

Chloroplasts of WT plants cultivated on standard light conditions had well-structured internal membrane system, with several grana thylakoids and few starch grains in the stroma (Figure 8A I,II). These differed from chloroplasts from Δcor-5 grown under identical conditions in that the later ones had several starch grains and few grana. In addition, stroma thylakoids from Δcor-5 chloroplasts exhibited a more relaxed and disorganized orientation (Figure 8A III, IV).


[image: image]

FIGURE 8. Comparison of chloroplast ultrastructure and thylakoid protein complexes WT or PpCOR413im KO strains. (A) Colonies of P. patens WT and Δcor-5 lines were grown under standard light and temperature conditions during 20 days and thereafter exposed to high light (HL: 350 μmol m–2 sec–1), during 48 h. Samples of gametophores were taken from controls (Ctrl) (I-IV) or after HL treatment (V-VIII) and processed for transmission electron microscopy. G: granum, S: starch, ST: stromal thylakoids. Unstructured thylakoids are indicated with arrowheads. Magnifications and scale bars are shown below each micrograph. (B) Large pore Blue Native-PAGE of thylakoid protein complexes from WT or Δcor-5 strains, grown under standard light conditions (Ctrl) or exposed for 48 h to high light (HL: 350 μmol m–2 sec–1). Thylakoids were isolated from 20 days-old colonies (controls or treated), solubilized with 1% β-DM and proteins corresponding to 15 μg of chlorophyll per sample were loaded in the wells. The complexes in the samples are named according to Gerotto et al. (2019). The high molecular weight complexes in the lpBN-gels correspond to super-complexes (SC); SC1: PSII C2S2M2; SC2: PSII C2S2M; SC3: PSII C2S2; SC4: PSI-large; SC5: PSII C2S; SC6: PSI-LHCI-LHCII.


Exposure of plants to HL did not significantly affect the structure of the chloroplasts from WT plants, except for the presence of a larger number of starch grains (Figure 8A V, VI). In contrast, chloroplasts from KO plants had more and larger starch grains than chloroplasts from WT grown under HL, and thylakoids were unstructured (Figure 8A VII, VIII).

This apparent distortion of chloroplast ultrastructure observed in Δcor-5 is consistent with a structural role of PpCOR413im in chloroplast membrane stabilization. Based on this presumption, a plausible explanation for the dramatic growth inhibition of the mutant lines under high light conditions is that the observed structural alterations in chloroplasts could affect photosynthesis and energy status by altering the composition of chlorophyll–protein complexes in the thylakoid membranes. To investigate this hypothesis, thylakoid membranes (with equal amounts of chlorophyll) were isolated from control or HL treated colonies of WT and Δcor-5 strains, solubilized in 1% n-dodecyl-β-D-maltoside (DM) and analyzed by large pore Blue Native gel electrophoresis (lpBN-PAGE) (Figure 8B). The results showed no qualitative differences in the organization of the photosynthetic protein complexes between WT and Δcor-5 strains under control light or after 48 h exposure to HL. This indicates that the mutant hypersensitivity to HL is not a direct consequence of a defected photosynthesis caused by alterations in protein complexes in the electron transport chain. In turn, other physiological roles dependent on membrane stability should be explored for this type of protein.



DISCUSSION

Physcomitrella patens is considered a valuable non-seed plant model for studying gene function from an evolutionary perspective. Using this model system, this work provides the first direct genetic evidence for the involvement of a chloroplastic COR413 protein, in responses to ABA, light intensity and various other environmental stresses.

Physcomitrella patens contains a single chloroplastic COR413 encoding gene (PpCOR413im) and four other genes encoding PM variants (Figure 1), indicating that the structure of the COR413 gene family has been preserved during plant evolution, with a larger number of genes for PM localized proteins than of genes for chloroplast variants (Breton et al., 2003; Okawa et al., 2008). The absence of COR413 genes in green algae, the closest freshwater relatives of land plants, suggests that these genes originated anciently in plants as part of the necessary mechanisms that plants developed to face new environmental challenges during land colonization.

PpCOR413im was found to reside in chloroplasts when expressed as a fusion to GFP (Figure 2A). Experimental evidence concerning subcellular localization of COR413im proteins from Arabidopsis AtCOR413IM-1 and AtCOR413IM-2 proteins demonstrated that these proteins localize on the inner membrane of chloroplasts with the C-terminus of the protein facing the stroma (Okawa et al., 2008; Lundquist et al., 2017). In addition, these studies also showed that AtCOR413IM form oligomeric complexes in the chloroplast inner membrane. Based on the similarities in subcellular localization, sequence and predicted structures observed between PpCOR413im and the Arabidopsis orthologs, it is conceivable that these proteins have similar biochemical functions.

Like other COR413 genes, PpCOR413im was efficiently induced by ABA treatment and by various abiotic stresses, including LT, salinity and osmotic stress (Figure 2B). In addition, we showed that PpCOR413im was upregulated in response to HL, which has not been previously reported for this type of genes. This is not surprising since responses to HL partially overlap with the responses triggered by other abiotic stress factors. For example, LT interferes with photosynthesis by limiting electron transport and carbon fixation rates (Huner et al., 1998). In mosses, exposure to HL often results in plant dehydration, as these plants fail to control water content in cells (Proctor et al., 2007). Therefore, it is conceivable that mosses could have higher level of overlapping between HL and dehydration-induced adaptive pathways than vascular plants.

Our results showed that targeted disruption of PpCOR413im resulted in pleiotropic alterations in growth, development, and responses to abiotic stresses (excess light, LT, dehydration and osmotic stress).

Regarding growth and development, the main features of PpCOR413im mutants were: reduced growth rate at standard light conditions, alterations in the development of caulonema, and hypersensitivity to ABA.

With regard to stress-related phenotypic alterations of PpCOR413im mutants, we found that mutant lines were affected in photosynthesis performance under all stress conditions assessed, particularly upon exposure to LT and dehydration, suggesting that PpCOR413im is necessary for proper adjustment of photosynthetic activities under changing environmental conditions (Figure 5). Nevertheless, the results also indicated that disruption of PpCOR413im had different effects on photosynthesis depending on the type of stress.

For example, LT stress was the only assessed condition in which mutant lines showed increased susceptibility of PSII to photoinhibition, as no differences in Fv/Fm values were observed between WT and mutant genotypes upon severe dehydration or exposure to HL (Table 1).

Another variable that showed differences between WT and mutant genotypes was the induction of NPQ. This parameter has been shown to be an important mechanism in P. patens responses to HL, salinity, LT and drought (Gerotto et al., 2011; Beike et al., 2015; Gao et al., 2016; Tan et al., 2017). In fact, regulation of NPQ has been suggested to be the main system for suppression of HL-induced ROS formation in chloroplasts of P. patens (Alboresi et al., 2010). However, we found that NPQ levels were only marginally affected in PpCOR413im mutants upon exposure to HL, although these plants accumulated higher levels of ROS (superoxide) than the WT under these conditions (Figure 6A). This suggests that PpCOR413im activity is necessary for protection of plants from HL-induced photo-oxidation via a mechanism that is at least partially independent of NPQ.

Nevertheless, induction of NPQ was highly compromised in KO mutants after severe dehydration, or to a lower extent after exposure to LT, and in all situations assessed, the reduced levels of NPQ induction were not accompanied with differences in the Chl a/b ratio suggesting that the antenna size of photosystems remained unaffected by disruption of PpCOR413im (Supplementary Table 2).

Physcomitrella patens has unique characteristics of NPQ activation, since it relies on the presence of LHCSR and PSBS proteins from the light-harvesting complex superfamily, which are typical from both algae and vascular plants, respectively (Dominici et al., 2002; Peers et al., 2009; Alboresi et al., 2010; Gerotto et al., 2011; Pinnola et al., 2015). Remarkably, our results showed that the expression profiles of LhcsR or PsbS genes were not altered by PpCOR413im KO mutation, suggesting that lower NPQ levels of KO mutants are not directly associated with the misregulation of these genes at the transcriptional level (Supplementary Figure 5).

Despite the alterations in photochemical parameters observed under different stress stimuli, the most striking differences between the KO mutant lines and the WT, was the hypersensitivity to excess light intensities, manifested as a significant reduction of plant growth, particularly dramatic upon exposure to light intensities of 200 μmol m–2 sec–1 and above (Figure 3). To our knowledge, this is the first report describing a functional role for COR413 genes in the regulation of plant growth in response to changing light intensities.

In addition to surviving, plants must have the ability to adjust their growth and development to the existing environmental conditions. Abiotic stress perturbs the photosynthetic balance between the energy supplied and the energy consumed and therefore often induces the inhibition of plant growth (Gray et al., 1997; Miura and Furumoto, 2013; Pinnola et al., 2013). In P. patens, light intensity has been shown to play an important role regulating growth and development (Thelander et al., 2005). For example, energy supply regulates the balance between the two types of protonemal filaments, caulonema and chloronema. High energy, provided by glucose administration or exposure to light intensities ≥ 30 μmol m–2 sec–1, induce caulonema formation. Conversely, lower light intensities inhibit caulonemal growth and stimulate chloronemal branching (Thelander et al., 2005). Interestingly, KO mutants of PpCOR413im exhibited reduced caulonemal growth and increased chloronemal side branching when grown under standard light conditions (50 μmol m–2 sec–1) (Figure 4A). However, mutants were not impaired in caulonemal formation induced by auxin treatment or ammonium deprivation (Figure 4C), indicating that the ability to promote caulonemal growth and differentiation is retained in these strains. These phenotypic alterations very much resembled the reported phenotype of hxk1, a P. patens strain harboring a KO mutation of a gene encoding a chloroplast hexokinase gene encoding a type A hexokinase, a major chloroplast targeted glucose-phosphorylating enzyme (Olsson et al., 2003; Thelander et al., 2005). It was proposed that disruption of PpHxk1 created a condition of artificial starvation as a result of a reduction in hexose phosphorylation and the consequent decrease of ATP production. Interestingly, we showed that exposure of hxk1 to HL completely inhibited plant growth (Supplementary Figures 6A,B). Based on the similarities of PpCOR413im KO mutants with hxk1, it is tempting to hypothesize that deletion of PpCOR413im resulted in changes in energy and metabolism of plant cells, suggesting that PpCOR413im may be involved in stress-induced metabolic reprogramming. This is supported by the fact that PpCOR413im mutant strains exhibited similar growth rates than the WT when grown at low light conditions (10 μmol m–2 sec–1) (Figure 3B) or when the culture media was supplemented with glucose (Figure 4C). In fact, the phenotype of KO lines growing at standard growth conditions resembles the phenotype of WT or KO plants growing at low light. This suggests that under standard light conditions, KO plants exhibit growth and developmental features that are according to a low energy growth mode. Following this line of reasoning, it is likely that loss of PpCOR413im potentiated stress-induced energy imbalance leading to growth and developmental adjustment responses.

ABA is one of the important phytohormones controlling growth and development in P. patens (Komatsu et al., 2013; Zhao et al., 2018) and plays a key role in the regulation of chloroplast physiology during stress. A recent report demonstrated that during cold acclimation, Δabi3 mutants had reduced photosynthetic capacity, increased NPQ levels and alterations in the composition of photosynthetic protein complexes (Tan et al., 2017). Based on these results, the authors suggested that maintenance of PSII activity via ABA signaling pathway contributes to overcome the stress-induced energy imbalance during cold acclimation (Tan et al., 2017).

Our results showed that exposure to HL induced a moderate increase in ABA levels in Δcor-5 but not in the WT (Figure 4B). Since this condition induced higher dehydration levels in KO plants than in the WT, it cannot be ruled out the possibility that ABA accumulation was due to increased water loss. These results also weight the importance of PpCOR413im in responses to dehydration, since mutants were clearly affected in photochemical parameters under this stress condition. This function could be particularly relevant for poikilohydric plants, such as mosses, where photosynthesis is highly dependent on water availability.

In contrast to the reported LT-induced ABA accumulation in P. patens (Beike et al., 2015), we did not detect elevated levels of endogenous ABA in WT or Δcor-5 after 48 h exposure to LT. The discrepancies in the reported ABA levels may be explained by differences in the experimental conditions employed in the studies. In fact, our data is consistent with results from Minami et al., 2005, showing no increase in ABA in response to cold.

Our results showed that PpCOR413im-defective mutants were hypersensitive to ABA as seen by the exacerbated shape of protonemal cells and the enhanced growth inhibition in response to ABA treatment (Figure 4C). This phenotype was remarkably similar to the reported ABA hypersensitivity of hxk1 mutant (Thelander et al., 2005), and opposite to the growth and developmental alterations observed in Δabi3 (Marella et al., 2006; Zhao et al., 2018). In contrast to Δcor-5 and hxk1, Δabi3 showed accelerated caulonema formation and reduced chloronema branching (Zhao et al., 2018). Taking together, these results support the notion that disruption of PpCOR413im interferes with ABA-induced developmental responses.

In Arabidopsis, mutations in some genes involved in the regulation of COR gene expression, have been shown to exhibit ABA hypersensitive phenotypes (Perruc et al., 2007; Belin and Lopez-Molina, 2008; Kang et al., 2018). An example of such a regulatory gene is PKL, a putative CHD3-type chromatin remodeling factor with important roles in plant growth and development and responses to abiotic stress (Yang et al., 2017, 2019). This indicates that, at least some COR proteins have regulatory roles in ABA-dependent responses.

Further evidence supporting a role for PpCOR413im in ABA responses was provided by the observed alterations in Δcor-5 expression profiles of genes involved in ABA synthesis and signaling, as well as stress responsive genes, including genes encoding antioxidant enzymes. For most genes, the induction levels reached after ABA treatment were significantly lower in Δcor-5 than in the WT, particularly after short-term treatments (Figure 7). These results are consistent with a role for PpCOR413im in events occurring downstream of ABA production and suggest that PpCOR43im plays a direct or indirect role in the regulation of nuclear gene expression. Interestingly, in contrast to the WT, Δcor-5 failed to induce the ABA biosynthetic gene NCED in response to HL, which contradicts the increased ABA levels found in the mutant under these conditions. However, the expression of PP2C, a gene involved in inhibition of ABA signaling (Ma et al., 2009; Park et al., 2009; Komatsu et al., 2013), was induced in the WT but not in Δcor-5 after 72 h treatment with HL, suggesting that mutant lines may be affected in the ability to repress ABA signaling after prolonged exposure to stress. Similarly, Δcor-5 plants were unable to trigger and/or sustain stress-related gene expression after long-term exposure to ABA or HL. Interestingly, PpCOR413im defective mutants exhibited higher levels of CAT transcript accumulation than the WT in response to all treatments, but failed in the long-term induction of SOD and PRX. These two genes encode chloroplastic enzymes, suggesting that loss of PpCOR413im interferes with the ability to detoxify ROS within this organelle. The higher levels of stress-induced ROS accumulation detected in PpCOR413im-defective lines supports this observation.

Our results showed that expression of ABA-responsive genes was predominantly inhibited in PpCOR413im disrupted lines, evidencing an apparent inconsistency with the ABA hypersensitivity of the KO mutants. Nevertheless, analysis of the transcriptional response to ABA in the hxk1 mutant, which has been previously reported to be hypersensitive to ABA (Thelander et al., 2005), showed that hxk1 also failed to induce gene expression in response to exogenously added ABA (Supplementary Figure 6C). In fact, disruption of hxk1 resulted in a complete inhibition of ABA-mediated gene expression, including CAT gene. Taken together these results suggest that PpCOR413im and HXK1 regulate responses to ABA via partially overlapping mechanisms, and that these mechanisms probably depend on sensing of cellular energy status.

Besides the effects on nuclear gene expression, disruption of PpCOR413im resulted in the alteration of chloroplast gene expression. Our results showed that in WT plants, exposure to HL induced PsbA and PsbD gene expression and that ABA down-regulated PsbD. However, in KO mutants, PsbA and PsbD gene expression reached similar expression levels under all conditions assessed, suggesting that ABA-mediated transcriptional responses of chloroplastic genes were also altered by the loss of PpCOR413im.

Taking into account that both nuclear and chloroplast gene expression were affected in the KO mutants, it is possible that PpCOR413im plays a role in chloroplast retrograde signaling to regulate the expression of stress-related genes. Following this line of reasoning, PpCOR413im may play a role in the accumulation of specific compounds in chloroplasts which may in turn, act as retrograde signals (Estavillo et al., 2011; Xiao et al., 2013; Norén et al., 2016; Zhu, 2016).

This hypothesis is supported by the knowledge that ABA contributes to stress-induced metabolic reprogramming in P. patens, by regulating the accumulation of a large number of metabolites, including sugars, amino acids and organic acids (Arif et al., 2018).

Concerning sugar metabolites, P. patens suffers important changes in starch and soluble sugar content under a variety of abiotic stresses and in response to ABA (Bhyan et al., 2012; Takezawa et al., 2015; Gao et al., 2016; Arif et al., 2018). Sucrose is the main product of photosynthesis and a dominant regulator of plant growth. When energy supply is limited, chloroplast-stored starch and sucrose can be used for providing energy and metabolites to sustain metabolism and growth (Smith et al., 2005; Fettke et al., 2009). Thus, stress adaptation requires a proper control of sugar metabolism and compartmentation.

Our results showed that chloroplasts of PpCOR413-disrupted plants accumulated more starch than the WT upon exposure to HL, and exhibited higher levels of sucrose in HL- or ABA-treated plants (Figures 6C,D). This result was similar to the observed increases in starch content of P. patens lines harboring KO mutations in Lhcb5 or Lhcb6, and showing reduced NPQ activation in response to HL (Peng et al., 2019). However, in contrast to Lhcb5 and Lhcb6 KO lines, disruption of PpCOR413im did not result in a major reduction of NPQ induction by HL, although significant decreases in NPQ levels were observed after dehydration or LT treatments. Therefore, regarding the responses to HL, it is unlikely that the alterations in starch accumulation of PpCOR413im KO lines occurred as a consequence of a reduced ability to induce NPQ of the mutants. Thus, further experiments are required to determine whether these phenomena are indirectly linked to other physiological processes that could have been affected by this mutation and by mutations of Lhcb5 and Lhcb6.

A possible explanation for the observed changes in sugar content is that loss of PpCOR413im could alter the intracellular distribution of metabolites having roles in chloroplast physiology. This hypothesis is supported by a recent study showing that Arabidopsis KO mutants of a gene encoding a predicted PM targeted COR413 protein (COR413-PM1), showed significant alterations in the accumulation of proteins involved in the metabolisms of fatty acids, fructose, starch and sucrose (Su et al., 2018). Based on these results, it was suggested that the Arabidopsis COR413-PM1 regulates plant tolerance to freezing stress by affecting different metabolic pathways. Moreover, the structural features of COR413 proteins are compatible with those displayed by membrane transporters (Okawa et al., 2008). There is enough evidence showing that different metabolites are transported across membranes via transporter proteins that play a role in plant stress responses (Stitt and Hurry, 2002; Lundmark et al., 2006; Guy et al., 2008; Roston et al., 2012; Patzke et al., 2019). In plants, the intracellular and intercellular distribution of sugars depends on specific sugar transporters that reside in the plasma membrane or in membranes of different organelles (Bush, 1999; Chen et al., 2015; Hedrich et al., 2015; Patzke et al., 2019). A number of sugar transporters have been identified in chloroplasts, including the maltose exporter MEX1 (Niittylä et al., 2004; Findinier et al., 2017), the plastidic glucose transporter pGlcT (Weber et al., 2000) and the plastidic sugar transporter (pSuT) (Patzke et al., 2019). The analysis of KO mutants altered in sugar transporter genes has highlighted the importance of these genes in developmental and stress responses in plants. For example, disruption of MEX1 resulted in accumulation of maltose in chloroplast stroma, inhibition of starch degradation and growth retardation (Niittylä et al., 2004). Moreover, an Arabidopsis mutant defective in pSuT, was affected in glucose and sucrose export out of chloroplasts and exhibited altered developmental responses and responses to cold (Patzke et al., 2019).

Similar to the Arabidopsis COR413im proteins many chloroplast metabolite transporters characterized to date reside in the inner envelope. Therefore, it is possible that COR413im proteins are involved in stress-induced metabolic adjustment by acting as transporters or interacting physically or functionally with other metabolite transporters to regulate their activity. To date, the only candidate protein that has been suggested to interact with COR413im is RETICULATA (RE), a protein of unknown function that is also targeted to the chloroplast inner membrane (Lundquist et al., 2017). Although the function of RE remains unknown, KO mutants of this gene exhibit alterations in lipid and amino acid metabolites and are affected in developmental processes (Lundquist et al., 2014, 2017).

Alternatively, PpCOR413im may play a structural role by stabilizing the chloroplast inner membrane during stress, as suggested for other COR413 proteins (Okawa et al., 2008; Zhu, 2016). The fact that chloroplasts of PpCOR413im defective mutants showed important ultrastructural changes in the organization of the internal membrane system (Figure 8A), supports this hypothesis. However, these changes did not affect the organization of chlorophyll–protein complexes in the thylakoid membranes (Figure 8B). Therefore, it is unlikely that the structural role of PpCOR413im involves stabilizing the photosynthetic protein complexes on the thylakoid membranes, but rather act on other membrane proteins such as transporters, receptors or channels.

Moreover, in other moss species, ABA treatment has been linked with improved membrane stability during desiccation (Werner et al., 1991; Bopp and Werner, 1993; Beckett, 1999; Guschina et al., 2002; Khandelwal et al., 2010; Pressel and Duckett, 2010; Stevenson et al., 2016; Tan et al., 2017). Therefore, it is possible that the ABA-induced accumulation of COR413 proteins improve membrane stability thereby allowing other integral membrane proteins to exert their function during stress.

In summary, we showed that a chloroplast resident COR413 protein from P. patens plays an important role in adaptive responses to various environmental stresses, including HL, dehydration and cold. Moreover, this study extends our understanding of the function of these plant-specific proteins in developmental and growth responses, and suggests that PpCOR413im participate in the regulation of these processes by coordinating cellular energy status information with signaling events derived from ABA and abiotic stress conditions.

Understanding the precise biological function of PpCOR413im by reverse genetics is challenging because it requires the dissociation of the mechanisms underlying the different pleiotropic effects observed in the disruption mutants. Nevertheless, we present a model suggesting that PpCOR413im acts downstream of ABA and contributes to chloroplast homeostasis and metabolic adjustment under challenging environmental conditions. Although our data strongly suggest that PpCOR413im is required for maintaining membrane properties under environmental stress, with the current knowledge is not possible to determine whether this protein exerts its function directly or indirectly via interaction with other membrane integral proteins. Further studies are required to understand the biochemical function of PpCOR413im and other COR413 proteins.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



AUTHOR CONTRIBUTIONS

SV and CR: conceive and design the experiments. Performed the experiments: CR (generation, phenotypical and molecular characterization of KO lines), AC (expression analysis), AF and GQ (photochemical analysis), JQ (participated in construct generation and plant transformation), SV, CR, AC, and AF (analyzed the data), SV (wrote the manuscript). All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by Comisión Sectorial de Investigación Científica (CSIC), Universidad de la República (CSIC) Grupo 1492, Agencia Nacional de Investigación e Innovación (ANII) FCE_2007_534. PEDECIBA (Programa de Desarrollo de las Ciencias Básicas), ANII and CSIC supported graduate fellowships.



ACKNOWLEDGMENTS

We thank Mattias Thelander and Hans Ronne for kindly providing the hxk1 mutant, Jürgen Denecke for help with confocal analysis and Lázló Szabados for advice and help with phenotypic analysis.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.00845/full#supplementary-material


FOOTNOTES

1
https://genevestigator.com/

2
http://bar.utoronto.ca/efp_physcomitrella/cgi-bin/efpWeb.cgi


REFERENCES

Abe, H., Urao, T., Ito, T., Seki, M., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2003). Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid signaling. Plant Cell 15, 63–78. doi: 10.1105/tpc.006130

Alboresi, A., Gerotto, C., Giacometti, G. M., Bassi, R., and Morosinotto, T. (2010). Physcomitrella patens mutants affected on heat dissipation clarify the evolution of photoprotection mechanisms upon land colonization. Proc. Natl. Acad. Sci. U.S.A. 107, 11128–11133. doi: 10.1073/pnas.1002873107

Allorent, G., Tokutsu, R., Roach, T., Peers, G., Cardol, P., and Girard-Bascou, J. (2013). A dual strategy to cope with high light in Chlamydomonas reinhardtii. Plant Cell 25, 545–557. doi: 10.1105/tpc.112.108274

Amagai, A., Honda, Y., Ishikawa, S., Hara, Y., Kuwamura, M., Shinozawa, A., et al. (2018). Phosphoproteomic profiling reveals ABA-responsive phosphosignaling pathways in Physcomitrella patens. Plant J. 94, 699–708. doi: 10.1111/tpj.13891

Angeles-Núñez, J. G., and Tiessen, A. (2010). Arabidopsis sucrose synthase 2 and 3 modulate metabolic homeostasis and direct carbon towards starch synthesis in developing seeds. Planta 232, 701–718. doi: 10.1007/s00425-010-1207-9

Apel, K., and Hirt, H. (2004). Reactive oxygen species: metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 55, 373–399. doi: 10.1146/annurev.arplant.55.031903.141701

Arif, M. A., Alseekh, S., Harb, J., Fernie, A., and Frank, W. (2018). Abscisic acid, cold and salt stimulate conserved metabolic regulation in the moss Physcomitrella patens. Plant Biol. 20, 1014–1022. doi: 10.1111/plb.12871

Arif, M. A., Hiss, M., Tomek, M., Busch, H., Meyberg, R., Tintelnot, S., et al. (2019). ABA-induced vegetative diaspore formation in Physcomitrella patens. Front. Plant Sci. 10:315. doi: 10.3389/fpls.2019.00315

Asada, K. (2006). Production and scavenging of reactive oxygen species in chloroplasts and their functions. Plant Physiol. 141, 391–396. doi: 10.1104/pp.106.082040

Ashton, N. W., and Cove, D. J. (1977). The isolation and preliminary characterization of auxotrophic and analogue resistant mutants of the moss, Physcomitrella patens. Mol. Gen. Genet. 154, 87–95. doi: 10.1007/bf00265581

Ashton, N. W., Grimsley, N. H., and Cove, D. J. (1979). Analysis of gametophytic development in the moss Physcomitrella patens, using auxin and cytokinin resistant mutants. Planta 144, 427–435. doi: 10.1007/bf00380118

Beckett, R. P. (1999). Partial dehydration and ABA induce tolerance to desiccation -induced ion leakage in the moss Atrichum androgynum. S. Afr. J. Bot. 65, 212–217. doi: 10.1016/s0254-6299(15)30976-5

Beike, A. K., Lang, D., Zimmer, A. D., Wuest, F., Trautmann, D., Wiedemann, G., et al. (2015). Insights from the cold transcriptome of Physcomitrella patens: global specialization pattern of conserved transcriptional regulators and identification of orphan genes involved in cold acclimation. New Phytol. 205, 869–881. doi: 10.1111/nph.13004

Belin, C., and Lopez-Molina, L. (2008). Arabidopsis seed germination responses to osmotic stress involve the chromatin modifier PICKLE. Plant Signal. Behav. 3, 478–479. doi: 10.4161/psb.3.7.5679

Bhyan, S. B., Minami, A., Kaneko, Y., Suzuki, S., Arakawa, K., Sakata, Y., et al. (2012). Cold acclimation in the moss Physcomitrella patens involves abscisic acid-dependent signaling. J. Plant Phys. 169, 137–145. doi: 10.1016/j.jplph.2011.08.004

Block, A., Dangl, J. L., Hahlbrock, K., and Schulze-Lefert, P. (1990). Functional borders, genetic fine structure, and distance requirements of cis elements mediating light responsiveness of the parsley chalcone synthase promoter. Proc. Natl. Acad. Sci. U.S.A. 87, 5387–5391. doi: 10.1073/pnas.87.14.5387

Bopp, M., and Werner, O. (1993). Abscisic acid and desiccation- tolerance in mosses. Bot. Acta 106, 103–106. doi: 10.1111/j.1438-8677.1993.tb00344.x

Börner, T., Aleynikova, A. Y., Zubo, Y. O., and Kusnetsov, V. V. (2015). Chloroplast RNA polymerases: role in chloroplast biogenesis. Biochim. Biophys. Acta 1847, 761–769. doi: 10.1016/j.bbabio.2015.02.004

Bray, E. A. (1997). Plant responses to water deficit. Trends Plant Sci. 2, 48–54. doi: 10.1016/s1360-1385(97)82562-9

Brányiková, I., Maršálková, B., Doucha, J., Brányik, J., Bišová, K., Zachleder, V., et al. (2011). Microalgae-novel highly efficient starch producers. Biotechnol. Bioeng. 108, 766–776. doi: 10.1002/bit.23016

Bremer, A., Kent, B., Hauß, T., Thalhammer, A., Yepuri, N. R., Darwish, T. A., et al. (2017). Intrinsically disordered stress protein COR15A resides at the membrane surface during dehydration. Biophys. J. 113, 572–579. doi: 10.1016/j.bpj.2017.06.027

Breton, G., Danyluk, J., Charron, J.-B. F., and Sarhan, F. (2003). Expression profiling and bioinformatic analyses of a novel stress-regulated multispanning transmembrane protein family from cereals and Arabidopsis. Plant Physiol. 132, 64–74. doi: 10.1104/pp.102.015255

Bush, D. R. (1999). “Amino acid transport,” in Plant Amino Acids: Biochemistry and Biotechnology, ed. B. K. Singh (New York: Marcel Dekker), 305–318.

Chan, K. X., Phua, S. Y., Crisp, P., McQuinn, R., and Pogson, B. J. (2016). Learning the languages of the chloroplast: retrograde signaling and beyond. Annu. Rev. Plant Biol. 67, 25–53. doi: 10.1146/annurev-arplant-043015-111854

Charron, A. J., and Quatrano, R. S. (2009). Between a rock and a dry place: the water-stressed moss. Mol. Plant 2, 478–486. doi: 10.1093/mp/ssp018

Chater, C., Kamisugi, Y., Movahedi, M., Fleming, A., Cuming, A. C., Gray, J. E., et al. (2011). Regulatory mechanism controlling stomatal behavior conserved across 400 million years of land plant evolution. Curr. Biol. 21, 1025–1029. doi: 10.1016/j.cub.2011.04.032

Chen, J., Zhang, D., Zhang, C., Xia, X., Yin, W., and Tian, Q. (2015). A putative PP2C-encoding gene negatively regulates ABA signaling in Populus euphratica. PLoS One 10:e0139466. doi: 10.1371/journal.pone.0139466

Chen, L., Zhong, H., Ren, F., Guo, Q.-Q., Hu, X.-P., and Li, X.-B. (2011). A novel cold-regulated gene, COR25, of Brassica napus is involved in plant response and tolerance to cold stress. Plant Cell Rep. 30, 463–471. doi: 10.1007/s00299-010-0952-3

Chen, W., Provart, N. J., Glazebrook, J., Katagiri, F., Chang, H. S., Eulgam, T., et al. (2002). Expression profile matrix of Arabidopsis transcription factor genes suggests their putative functions in response to environmental stresses. Plant Cell. 14, 559–574. doi: 10.1105/tpc.010410

Chen, Y., Jiang, J. F., Chang, Q. S., Gu, C. S., Song, A. P., Chen, S. M., et al. (2014). Cold acclimation induces freezing tolerance via antioxidative enzymes, proline metabolism and gene expression changes in two chrysanthemum species. Mol. Biol. Rep. 41, 815–822. doi: 10.1007/s11033-013-2921-8

Chow, C.-N., Lee, T.-Y., Hung, Y.-C., Li, G.-Z., Tseng, K.-C., Liu, Y.-H., et al. (2019). PlantPAN 3.0: a new and updated resource for reconstructing transcriptional regulatory networks from ChIP-seq experiments in plants. Nucleic Acids Res. 47, D1155–D1163.

Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16, 735–743. doi: 10.1046/j.1365-313x.1998.00343.x

Colton-Gagnon, K., Ali-Benali, M. A., Mayer, B. F., Dionne, R., Bertrand, A., Do Carmo, S., et al. (2014). Comparative analysis of the cold acclimation and freezing tolerance capacities of seven diploid Brachypodium distachyon accessions. Ann. Bot. 113, 681–693. doi: 10.1093/aob/mct283

Cousins, A., Adam, N., Wall, G., Kimball, B., Pinter, P., Ottman, M., et al. (2002). Photosystem II energy use, non-photochemical quenching and the xanthophyll cycle in Sorghum bicolor grown under drought and free-air CO2 enrichment (FACE) conditions. Plant Cell Environ. 25, 1551–1559. doi: 10.1046/j.1365-3040.2002.00935.x

Cove, D., Schild, A., Ashton, N., and Hartmann, E. (1978). Genetic and physiological studies of the effect of light on the development of the moss, Physcomitrella patens. Photochem. Photobiol. 27, 249–254. doi: 10.1016/b978-0-08-022677-4.50026-5

Cove, D. J., Knight, C. D., and Lamparter, T. (1997). Mosses as model systems. Trends Plant Sci. 2, 99–105. doi: 10.1016/s1360-1385(96)10056-x

Cuming, A. C., Cho, S. H., Kamisugi, Y., Graham, H., and Quatrano, R. S. (2007). Microarray analysis of transcriptional responses to abscisic acid and osmotic, salt, and drought stress in the moss, Physcomitrella patens. New Phytol. 176, 275–287. doi: 10.1111/j.1469-8137.2007.02187.x

Cutler, S. R., Rodriguez, P. L., Finkelstein, R. R., and Abrams, S. R. (2010). Abscisic acid: emergence of a core signaling network. Annu. Rev. Plant Biol. 61, 651–679. doi: 10.1146/annurev-arplant-042809-112122

Dall’Osto, L., Cazzaniga, S., North, H., Marion-Poll, A., and Bassi, R. (2007). The Arabidopsis aba4-1 mutant reveals a specific function for neoxanthin in protection against photooxidative stress. Plant Cell 19, 1048–1064. doi: 10.1105/tpc.106.049114

de Vries, J., and Archibald, J. M. (2018). Plant evolution: landmarks on the path to terrestrial life. New Phytol. 217, 1428–1434. doi: 10.1111/nph.14975

de Vries, J., Curtis, B. A., Gould, S. B., and Archibald, J. M. (2018). Embryophyte stress signaling evolved in the algal progenitors of land plants. Proc. Natl. Acad. Sci. U.S.A. 115, 3471–3480.

Demmig-Adams, B., and Adams, W. W. (2006). Photoprotection in an ecological context: the remarkable complexity of thermal energy dissipation. New Phytol. 172, 11–21. doi: 10.1111/j.1469-8137.2006.01835.x

Dietz, K. J., Turkan, I., and Krieger-Liszkay, A. (2016). Redox and reactive oxygen species-dependent signaling into and out of the photosynthesizing chloroplast. Plant Physiol. 171, 1541–1550. doi: 10.1104/pp.16.00375

Dominici, P., Caffarri, S., Armenante, F., Ceoldo, S., Crimi, M., and Bassi, R. (2002). Biochemical properties of the PsbS subunit of photosystem II either purified from chloroplast or recombinant. J. Biol. Chem. 277, 22750–22758. doi: 10.1074/jbc.m200604200

Durgbanshi, A., Arbona, V., Pozo, O., Miersch, O., Sancho, J. V., and Gomez-Cadenas, A. (2005). Simultaneous determination of multiple phytohormones in plant extracts by liquid chromatography-electrospray tandem mass spectrometry. J. Agric. Food Chem. 53, 8437–8442. doi: 10.1021/jf050884b

Estavillo, G. M., Crisp, P. A., Pornsiri-wong, W., Wirtz, M., Collinge, D., Carrie, C., et al. (2011). Evidence for a SAL1-PAP chloroplast retrograde pathway that functions in drought and high light signaling in Arabidopsis. Plant Cell 23, 3992–4012. doi: 10.1105/tpc.111.091033

Fettke, J., Hejazi, M., Smirnova, J., Höchel, E., Stage, M., and Steup, M. (2009). Eukaryotic starch degradation: integration of plastidial and cytosolic pathways. J. Exp. Bot. 60, 2907–2922. doi: 10.1093/jxb/erp054

Findinier, J., Tunçay, H., Schulz-Raffelt, M., Deschamps, P., Spriet, C., Lacroix, J. M., et al. (2017). The Chlamydomonas mex1 mutant shows impaired starch mobilization without maltose accumulation. J. Exp. Bot. 68, 5177–5189. doi: 10.1093/jxb/erx343

Finkelstein, R. (2013). Abscisic acid synthesis and response. Arabidopsis Book 11:0166.

Finkelstein, R. R., and Gibson, S. I. (2002). ABA and sugar interactions regulating development. Cross-talk or voices in a crowd? Curr. Opin. Plant Biol. 5, 26–32. doi: 10.1016/s1369-5266(01)00225-4

Frank, W., Ratnadewi, D., and Reski, R. (2005). Physcomitrella patens is highly tolerant against drought, salt and osmotic stress. Planta 220, 384–394. doi: 10.1007/s00425-004-1351-1

Fujii, H., Chinnusamy, V., Rodrigues, A., Rubio, S., Antoni, R., Park, S. Y., et al. (2009). In vitro reconstitution of an abscisic acid signaling pathway. Nature 462, 660–664.

Fuss, J., Liegmann, O., Krause, K., and Rensing, S. A. (2013). Green targeting predictor and ambiguous targeting predictor 2: the pitfalls of plant protein targeting prediction and of transient protein expression in heterologous systems. New Phytol. 200:1022. doi: 10.1111/nph.12433

Gao, S., Zheng, Z., Huan, L., and Wang, G. (2016). G6PDH activity highlights the operation of the cyclic electron flow around PSI in Physcomitrella patens during salt stress. Sci. Rep. 6:21245.

Garwe, D., Thomson, J. A., and Mundree, S. G. (2006). XVSAP1 from Xerophyta viscosa improves osmotic-, salinity- and high-temperature-stress tolerance in Arabidopsis. Biotechnol. J. 1, 1137–1146. doi: 10.1002/biot.200600136

Geigenberger, P., and Stitt, M. (1993). Sucrose synthase catalyses a readily reversible reaction in vivo in developing potato tubers and other plant tissues. Planta 189, 329–339. doi: 10.1007/bf00194429

Gerotto, C., Alboresi, A., Giacometti, G. M., Bassi, R., and Morosinotto, T. (2011). Role of PSBS and LHCSR in Physcomitrella patens acclimation to high light and low temperature. Plant Cell Environ. 34, 922–932. doi: 10.1111/j.1365-3040.2011.02294.x

Gerotto, C., Trotta, A., Bajwa, A. A., Mancini, I., Morosinotto, T., and Aro, E.-M. (2019). Thylakoid protein phosphorylation dynamics in a moss mutant lacking 10 SERINE/THREONINE Protein Kinase STN8. Plant Physiol. 180, 1582–1597. doi: 10.1104/pp.19.00117

Gray, G. R., Chauvin, L. P., Sarhan, F., and Huner, N. P. A. (1997). Cold acclimation and freezing tolerance (a complex interaction of light and temperature). Plant Physiol. 114, 467–474. doi: 10.1104/pp.114.2.467

Guillaumot, D., Guillon, S., Déplanque, T., Vanhee, C., Gumy, C., Masquelier, D., et al. (2009). The Arabidopsis TSPO-related protein is a stress and abscisic acid-regulated, endoplasmic reticulum-Golgi-localized membrane protein. Plant J. 60, 242–256. doi: 10.1111/j.1365-313x.2009.03950.x

Guschina, I. A., Harwood, J. L., Smith, M., and Beckett, R. P. (2002). Abscisic acid modifies the changes in lipids brought about by water stress in the moss Atrichum androgynum. New Phytol. 156, 255–264. doi: 10.1046/j.1469-8137.2002.00517.x

Guy, C., Kaplan, F., Kopka, J., Selbig, J., and Hincha, D. K. (2008). Metabolomics of temperature stress. Phys. Plant. 132, 220–235.

Hedrich, R., Sauer, N., and Neuhaus, H. E. (2015). Sugar transport across the plant vacuolar membrane: nature and regulation of carrier proteins. Curr. Opin. Plant Biol. 25, 63–70. doi: 10.1016/j.pbi.2015.04.008

Higashi, Y., Takechi, K., Takano, H., and Takio, S. (2015). Maintenance of normal stress tolerance in the moss physcomitrella patens lacking chloroplastic CuZn-superoxide dismutase. Am. J. Plant Sci. 6, 591–601. doi: 10.4236/ajps.2015.65064

Higo, K., Ugawa, Y., Iwamoto, M., and Korenaga, T. (1999). Plant cis-acting regulatory DNA elements (PLACE) database. Nucleic Acids Res. 1, 297–300. doi: 10.1093/nar/27.1.297

Holzinger, A., and Becker, B. (2015). Desiccation tolerance in the streptophyte green alga Klebsormidium: the role of phytohormones. Commun. Integr. Biol. 8:1059978.

Hruz, T., Laule, O., Szabo, G., Wessendorp, F., Bleuler, S., Oertle, L., et al. (2008). Genevestigator v3: a reference expression database for the meta-analysis of transcriptomes. Adv. Bioinformatics 2008:420747.

Hugouvieux, V., Kwak, J. M., and Schroeder, J. I. (2001). An mRNA cap binding protein, ABH1, modulates early abscisic acid signal transduction. Cell 106, 477–487. doi: 10.1016/s0092-8674(01)00460-3

Hundertmark, M., and Hincha, D. K. (2008). LEA (late embryogenesis abundant) proteins and their encoding genes in Arabidopsis thaliana. BMC Genomics 9:118. doi: 10.1186/1471-2164-9-118

Huner, N., Öquist, G., and Sarhan, F. (1998). Energy balance and acclimation to light and cold. Trends Plant Sci. 3, 224–230. doi: 10.1016/s1360-1385(98)01248-5

Ichikawa, K., Shimizub, A., Okadaa, R., Balasaheb Satbhaia, S., and Aokia, A. (2008). The plastid sigma factor SIG5 is involved in the diurnal regulation of the chloroplast gene psbD in the moss Physcomitrella patens. FEBS Lett. 582, 405–409. doi: 10.1016/j.febslet.2007.12.034

Jabs, T., Dietrich, R. A., and Dangl, J. L. (1996). Initiation of runaway cell death in an Arabidopsis mutant by extracellular superoxide. Science 273, 1853–1856. doi: 10.1126/science.273.5283.1853

Järvi, S., Suorsa, M., Paakkarinen, V., and Aro, E.-M. (2011). Optimized native gel systems for separation of thylakoid protein complexes: novel super- and mega-complexes. Biochem. J. 439, 207–214. doi: 10.1042/bj20102155

Jenkins, G. I., and Cove, D. J. (1983). Light requirements for regeneration of protoplasts of the moss Physcomitrella patens. Planta 157, 39–45. doi: 10.1007/bf00394538

Kamisugi, Y., Schlink, K., Rensing, S. A., Schween, G., von Stackelberg, M., Cuming, A. C., et al. (2006). The mechanism of gene targeting in Physcomitrella patens: homologous recombination, concatenation and multiple integration. Nucleic Acids Res. 34, 6205–6214. doi: 10.1093/nar/gkl832

Kang, X., Xu, G., Lee, B., Chen, C., Zhang, H., Kuang, R., et al. (2018). HRB2 and BBX21 interaction modulates Arabidopsis ABI5 locus and stomatal aperture. Plant Cell Environ. 41, 1912–1925. doi: 10.1111/pce.13336

Karimi, M., Inze, D., and Depicker, A. (2002). GATEWAY vectors for Agrobacterium-mediated plant transformation. Trends Plant Sci. 7, 193–195. doi: 10.1016/s1360-1385(02)02251-3

Kasakima, I., Ebana, K., Yamamoto, T., Takahara, K., Yano, M., Kawai-Yamada, M., et al. (2011). Molecular distinction in genetic regulation of non photochemical quenching in rice. Proc. Natl. Acad. Sci. U.S.A. 108, 13835–13840. doi: 10.1073/pnas.1104809108

Kaur, A., Pati, P. K., Pati, A. M., and Nagpal, A. K. (2017). In-silico analysis of cis-acting regulatory elements of pathogenesis-related proteins of Arabidopsis thaliana and Oryza sativa. PLoS One 9:e0184523. doi: 10.1371/journal.pone.0184523

Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N., and Sternberg, M. J. (2015). The Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc. 10, 845–858. doi: 10.1038/nprot.2015.053

Kenrick, P. (2017). How land plant life cycles first evolved. Science 358, 1538–1539. doi: 10.1126/science.aan2923

Khandelwal, A., Cho, S. H., Marella, H., Sakata, Y., Perroud, P.-F., Pan, A., et al. (2010). Role of ABA and ABI3 in desiccation tolerance. Science 327:546. doi: 10.1126/science.1183672

Kollist, H., Zandalinas, S. I., Sengupta, S., Nuhkat, M., Kangasjärvi, J., and Mittler, R. (2019). Rapid responses to abiotic stress: priming the landscape for the signal transduction network. Trends Plant Sci. 24, 25–37. doi: 10.1016/j.tplants.2018.10.003

Komatsu, K., Nishikawa, Y., Ohtsuka, T., Taji, T., Quatrano, R. S., Tanaka, S., et al. (2009). Functional analyses of the ABI1-related protein phosphatase type 2C reveal evolutionarily conserved regulation of abscisic acid signaling between Arabidopsis and the moss Physcomitrella patens. Plant Mol. Biol. 70, 327–340. doi: 10.1007/s11103-009-9476-z

Komatsu, K., Suzuki, N., Kuwamura, M., Nishikawa, Y., Nakatani, M., Ohtawa, H., et al. (2013). Group A PP2Cs evolved in land plants as key regulators of intrinsic desiccation tolerance. Nat. Commun. 4:2219.

Koster, K. L., Balsamo, R. A., Espinoza, C., and Oliver, M. J. (2010). Desiccation sensitivity and tolerance in the moss Physcomitrella patens: assessing limits and damage. Plant Growth Regul. 62:293. doi: 10.1007/s10725-010-9490-9

Lam, E., and Chua, N. H. (1989). ASF-2: a factor that binds to the cauliflower mosaic virus 35S promoter and a conserved GATA motif in cab promoters. Plant Cell 1, 1147–1156. doi: 10.1105/tpc.1.12.1147

Le Bail, A., Scholz, S., and Kost, B. (2013). Evaluation of reference genes for RT qPCR analyses of structure-specific and hormone regulated gene expression in Physcomitrella patens gametophytes. PLoS One 8:e70998. doi: 10.1371/journal.pone.0070998

Lescot, M., Déhais, P., Thijs, G., Marchal, K., Moreau, Y., Van de Peer, Y., et al. (2002). PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 1, 325–327. doi: 10.1093/nar/30.1.325

Lindemann, P., Koch, A., Degenhardt, B., Hause, G., Grimm, B., and Papadopoulos, V. (2004). A novel Arabidopsis thaliana protein is a functional peripheral-type benzodiazepine receptor. Plant Cell Physiol. 45, 723–733. doi: 10.1093/pcp/pch088

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Long, S. P., Humphries, S., and Falkowski, P. G. (1994). Photoinhibition of photosynthesis in nature. Ann. Rev. Plant Phys. Plant Mol. Biol. 45, 633–662.

Lundmark, M., Cavaco, A. M., Trevanion, S., and Hurry, V. (2006). Carbon partitioning and export in transgenic Arabidopsis thaliana with altered capacity for sucrose synthesis grown at low temperature: a role for metabolite transporters. Plant Cell Environ. 29, 1703–1714. doi: 10.1111/j.1365-3040.2006.01543.x

Lundquist, P. K., Mantegazza, O., Stefanski, A., Stühler, K., and Weber, A. P. M. (2017). Surveying the oligomeric state of Arabidopsis thaliana chloroplasts. Mol. Plant 10, 197–211. doi: 10.1016/j.molp.2016.10.011

Lundquist, P. K., Rosar, C., Bräutigam, A., and Weber, A. P. M. (2014). Plastid signals and the bundle sheath: mesophyll development in reticulate mutants. Mol. Plant 7, 14–29. doi: 10.1093/mp/sst133

Ma, X., Wang, G., Zhao, W., Yang, M., Ma, N., Kong, F., et al. (2017). SlCOR413IM1, a novel cold regulation gene from tomato, enhances drought stress tolerance in tobacco. J. Plant Physiol. 216, 88–99. doi: 10.1016/j.jplph.2017.03.016

Ma, Y., Szostkiewicz, I., Korte, A., Moes, D., Yang, Y., Christmann, A., et al. (2009). Regulators of PP2C phosphatase activity function as abscisic acid sensors. Science 324, 1064–1068.

Machuka, J., Bashiardes, S., Ruben, E., Spooner, K., Cuming, A., Knight, C., et al. (1999). Sequence analysis of expressed sequence tags from an ABA-treated cDNA library identifies stress response genes in the moss Physcomitrella patens. Plant Cell Physiol. 40, 378–387. doi: 10.1093/oxfordjournals.pcp.a029553

Marella, H. H., Sakata, Y., and Quatrano, R. S. (2006). Characterization and functional analysis of ABSCISIC ACID INSENSITIVE3-like genes from Physcomitrella patens. Plant Journal 46, 1032–1044. doi: 10.1111/j.1365-313x.2006.02764.x

Miller, G., Suzuki, N., Ciftci-Yilmaz, S., and Mittler, R. (2010). Reactive oxygen species homeostasis and signalling during drought and salinity stresses. Plant Cell Environ. 33, 453–467. doi: 10.1111/j.1365-3040.2009.02041.x

Minami, A., Nagao, M., Ikegami, K., Koshiba, T., Arakawa, K., Fujikawa, S., et al. (2005). Cold acclimation in bryophytes: low-temperature-induced freezing tolerance in Physcomitrella patens is associated with increases in expression levels of stress-related genes but not with increase in level of endogenous abscisic acid. Planta 220, 414–423. doi: 10.1007/s00425-004-1361-z

Miura, K., and Furumoto, T. (2013). Cold signaling and cold response in plants. Int. J. Mol. Sci. 14, 5312–5337. doi: 10.3390/ijms14035312

Moabbi, A. M., Agarwal, N., El Kaderi, B., and Ansari, A. (2012). Role for gene looping in intron-mediated enhancement of transcription. Proc. Natl. Acad. Sci. U.S.A. 109, 8505–8510. doi: 10.1073/pnas.1112400109

Murchie, E. H., and Lawson, T. (2013). Chlorophyll fluorescence analysis: a guide to good practice and understanding some new applications. J. Exp. Bot. 64, 3983–3998. doi: 10.1093/jxb/ert208

Nagao, M., Minami, A., Arakawa, A., Fujikawa, S., and Takezawa, D. (2005). Rapid degradation of starch in chloroplasts and concomitant accumulation of soluble sugars associated with ABA-induced freezing tolerance in the moss Physcomitrella patens. J. Plant Phys. 162, 169–180. doi: 10.1016/j.jplph.2004.06.012

Nakashima, K., Ito, Y., and Yamaguchi-Shinozaki, K. (2009). Transcriptional regulatory networks in response to abiotic stresses in Arabidopsis and grasses. Plant Physiol. 149, 88–95. doi: 10.1104/pp.108.129791

Nakayama, K., Okawa, K., Kakizaki, T., and Inaba, T. (2008). Evaluation of the protective activities of a late embryogenesis abundant (LEA) related protein, Cor15am, during various stresses in vitro. Biosci. Biotechnol. Biochem. 72, 1642–1645. doi: 10.1271/bbb.80214

Nambara, E., and Marion-Poll, A. (2005). Abscisic acid biosynthesis and catabolism. Annu. Rev. Plant Biol. 56, 165–185. doi: 10.1146/annurev.arplant.56.032604.144046

Neto, M. C. L., Lobo, A. K., Martins, M. O., Fontenele, A. V., and Silveira, J. A. G. (2014). Dissipation of excess photosynthetic energy contributes to salinity tolerance: a comparative study of salt-tolerant Ricinus communis and salt-sensitive Jatrophacurcas. J. Plant Physiol. 171, 23–30. doi: 10.1016/j.jplph.2013.09.002

Niittylä, T., Messerli, G., Trevisan, M., Chen, J., Smith, A. M., and Zeeman, S. C. (2004). A previously unknown maltose transporter essential for starch degradation in leaves. Science 303, 87–89. doi: 10.1126/science.1091811

Niyogi, K. K. (1999). Photoprotection revisited: genetic and molecular approaches. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 333–359. doi: 10.1146/annurev.arplant.50.1.333

Norén, L., Kindgren, P., Stachula, P., Rühl, M., Eriksson, M. E., Hurry, V., et al. (2016). Circadian and plastid signaling pathways are integrated to ensure correct expression of the CBF and COR genes during photoperiodic growth. Plant Physiol. 171, 1392–1406.

Nott, A., Jung, H.-S., Koussevitzky, S., and Chory, J. (2006). Plastid-to-nucleus retrograde signaling. Annu. Rev. Plant Biol. 57, 739–759. doi: 10.1146/annurev.arplant.57.032905.105310

Okawa, K., Inoue, H., Adachi, F., Nakayama, K., Ito-Inaba, Y., Schnell, D. J., et al. (2014). Targeting of a polytopic membrane protein to the inner envelope membrane of chloroplasts in vivo involves multiple transmembrane segments. J. Exp. Bot. 65, 5257–5265. doi: 10.1093/jxb/eru290

Okawa, K., Nakayama, K., Kakizaki, T., Yamashita, T., and Inaba, T. (2008). Identification and characterization of Cor413im proteins as novel components of the chloroplast inner envelope. Plant Cell Environ. 31, 1470–1483. doi: 10.1111/j.1365-3040.2008.01854.x

Oldenhof, H., Wolkers, W. F., Bowman, J. L., Tablin, F., and Crowe, J. H. (2006). Freezing and desiccation tolerance in the moss Physcomitrella patens: an in situ Fourier transform infrared spectroscopic study. Biochim. Biophys. Acta 1760, 1226–1234. doi: 10.1016/j.bbagen.2006.03.025

Oliver, M. J., Velten, J., and Mishler, B. D. (2005). Desiccation tolerance in bryophytes: a reflection of the primitive strategy for plant survival in dehydrating habitats? Integr. Comp. Biol. 45, 788–799. doi: 10.1093/icb/45.5.788

Olsson, T., Thelander, M., and Ronne, H. (2003). A novel type of chloroplast stromal hexokinase is the major glucose phosphorylating enzyme in the moss Physcomitrella patens. J. Biol. Chem. 278, 44439–44447. doi: 10.1074/jbc.m306265200

Ortiz-Ramírez, C., Hernandez-Coronado, M., Thamm, A., Catarino, B., Wang, M., Dolan, L., et al. (2016). A transcriptome atlas of Physcomitrella patens provides insights into the evolution and development of land plants. Mol. Plant. 9, 205–220. doi: 10.1016/j.molp.2015.12.002

Park, S.-Y., Fung, P., Nishimura, N., Jensen, D. R., Fujii, H., Zhao, Y., et al. (2009). Abscisic acid inhibits type 2C protein phosphatases via the PYR/PYL family of START proteins. Science 324, 1068–1071.

Patzke, K., Prananingrum, P., Klemens, P. A. W., Trentmann, O., Rodrigues, C. M., Keller, I., et al. (2019). The plastidic sugar transporter pSuT influences flowering and affects cold responses. Plant Physiol. 179, 569–587. doi: 10.1104/pp.18.01036

Peers, G., Truong, T. B., Ostendorf, E., Busch, A., Elrad, D., Grossman, A. R., et al. (2009). An ancient light-harvesting protein is critical for the regulation of algal photosynthesis. Nature 462, 518–521. doi: 10.1038/nature08587

Peng, X., Deng, X., Tang, X., Tan, T., Zhang, D., Liu, B., et al. (2019). Involvement of Lhcb6 and Lhcb5 in photosynthesis regulation in Physcomitrella patens response to abiotic stress. Int. J. Mol. Sci. 20:3665. doi: 10.3390/ijms20153665

Perruc, E., Kinoshita, N., and Lopez-Molina, L. (2007). The role of chromatin remodeling factor PKL in balancing osmotic stress responses during Arabidopsis seed germination. Plant J. 52, 927–936. doi: 10.1111/j.1365-313x.2007.03288.x

Pfannschmidt, T., Nilsson, A., Tullberg, A., Link, G., and Allen, J. F. (1999). Direct transcriptional control of the chloroplast genes psbA and psaAB adjusts photosynthesis to light energy distribution in plants. IUBMB Life 48, 271–276. doi: 10.1080/713803507

Pinnola, A., Cazzaniga, S., Alboresi, A., Nevo, R., Levin-Zaidman, S., Reich, Z., et al. (2015). Light-harvesting complex stress-related proteins catalyze excess energy dissipation in both photosystems of Physcomitrella patens. Plant Cell 27, 3213–3227. doi: 10.1105/tpc.15.00443

Pinnola, A., Dall’Osto, L., Gerotto, C., Morosinotto, T., Bassi, R., and Alboresi, A. (2013). Zeaxanthin binds to light-harvesting complex stress-related protein to enhance nonphotochemical quenching in Physcomitrella patens. Plant Cell 25, 3519–3534. doi: 10.1105/tpc.113.114538

Pospíšil, P. (2016). Production of reactive oxygen species by Photosystem II as a response to light and temperature stress. Front. Plant Sci. 7:1950. doi: 10.3389/fpls.2016.01950

Pressel, S., and Duckett, J. G. (2010). Cytological insights into the desiccation biology of a model system: moss protonemata. New Phytol. 185, 944–963. doi: 10.1111/j.1469-8137.2009.03148.x

Proctor, M. C. F., Oliver, M. J., Wood, A. J., Alpert, P., Stark, L. R., Cleavitt, N. L., et al. (2007). Desiccation-tolerance in bryophytes: a review. Bryologist 110, 595–621.

Rawat, A., Brejšková, L., Hála, M., Cvrèková, F., and Žárský, V. (2017). The Physcomitrella patens exocyst subunit EXO70.3d has distinct roles in growth and development, and is essential for completion of the moss life cycle. New Phytol. 216, 438–454. doi: 10.1111/nph.14548

Rensing, S. A. (2018). Great moments in evolution: the conquest of land by plants. Curr. Opin. Plant Biol. 42, 49–54. doi: 10.1016/j.pbi.2018.02.006

Rensing, S. A., Lang, D., Zimmer, A. D., Terry, S., Salamov, S., Shapiro, H., et al. (2008). The Physcomitrella genome reveals evolutionary insights into the conquest of land by plants. Science 319, 64–69.

Reski, R. (1998). Development, genetics and molecular biology of mosses. Bot. Acta 111, 1–15. doi: 10.1111/j.1438-8677.1998.tb00670.x

Rook, F., Hadingham, S. A., Li, Y., and Bevan, M. W. (2006). Sugar and ABA response pathways and the control of gene expression. Plant Cell Environ. 29, 426–434. doi: 10.1111/j.1365-3040.2005.01477.x

Roston, R. L., Gao, J., Murcha, M. W., Whelan, J., and Benning, C. (2012). TGD1, -2, and -3 proteins involved in lipid trafficking form ATP-binding cassette (ABC) transporter with multiple substrate-binding proteins. J. Biol. Chem. 287, 21406–21415. doi: 10.1074/jbc.m112.370213

Ruibal, C., Castro, A., Carballo, V., Szabados, L., and Vidal, S. (2013). Recovery from heat, salt and osmotic stress in Physcomitrella patens requires a functional small heat shock protein PpHP16.4. BMC Plant Biol. 13:174. doi: 10.1186/1471-2229-13-174

Ruibal, C., Pérez, I., Carballo, V., Castro, A., Bentancor, M., Borsani, O., et al. (2012). Differential contribution of individual dehydrin genes from Physcomitrella patens to salt and osmotic stress tolerance. Plant Sci. 190, 89–102. doi: 10.1016/j.plantsci.2012.03.009

Saavedra, L., Svensson, J., Carballo, V., Izmendi, D., Welin, B., and Vidal, S. (2006). A dehydrin gene in Physcomitrella patens is required for salt and osmotic stress tolerance. Plant J. 45, 237–249. doi: 10.1111/j.1365-313x.2005.02603.x

Santiago, J., Dupeux, F., Betz, K., Antoni, R., Gonzalez-Guzman, M., Rodriguez, L., et al. (2012). Structural insights into PYR/PYL/RCAR ABA receptors and PP2Cs. Plant Sci. 182, 3–11. doi: 10.1016/j.plantsci.2010.11.014

Sánchez, F. J., Manzanares, M., de Andres, E. F., Tenorio, J. L., and Ayerbe, L. (1998). Turgor maintenance, osmotic adjustment and soluble sugar and proline accumulation in 49 pea cultivars in response to water stress. Field Crops Res. 59, 225–235. doi: 10.1016/s0378-4290(98)00125-7

Schaefer, D. G., Zryd, J. P., and Knigh, C. D. (1991). Stable transformation of the moss Physcomitrella patens. Mol. Gen. Genet. 226, 418–424. doi: 10.1007/bf00260654

Seki, M., Ishida, J., Narusaka, M., Fujita, M., Nanjo, T., Umezawa, T., et al. (2002). Monitoring the expression pattern of around 7000 Arabidopsis genes under ABA treatments using a full-length cDNA microarray. Funct. Integr. Genom. 2, 282–291. doi: 10.1007/s10142-002-0070-6

Smith, A. M., and Stitt, M. (2007). Coordination of carbon supply and plant growth. Plant Cell Environ. 30, 1126–1149. doi: 10.1111/j.1365-3040.2007.01708.x

Smith, A. M., Zeeman, S. C., and Smith, S. M. (2005). Starch degradation. Annu. Rev. Plant Biol. 56, 73–97.

Soon, F. F., Ng, L. M., Zhou, X. E., West, G. M., Kovach, A., Tan, M. H., et al. (2012). Molecular mimicry regulates ABA signaling by SnRK2 kinases and PP2C phosphatases. Science 335, 85–88. doi: 10.1126/science.1215106

Steponkus, P. L., Uemura, M., Thomashow, M. F., Joseph, R. A., and Gilmour, S. J. (1998). Mode of action of the COR15a gene on the freezing tolerance of Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A. 95, 14570–14575. doi: 10.1073/pnas.95.24.14570

Stevenson, S. R., Kamisugi, Y., Trinh, C. H., Schmutz, J., Jenkins, J. W., Grimwood, J., et al. (2016). Genetic analysis of Physcomitrella patens identifies ABSCISIC ACID NON-RESPONSIVE, a regulator of ABA responses unique to basal land plants and required for desiccation tolerance. Plant Cell 28, 1310–1327.

Stitt, M., and Hurry, V. A. (2002). Plant for all seasons: alterations in photosynthetic carbon metabolism during cold acclimation in Arabidopsis. Curr. Opin. Plant Biol. 5, 199–206. doi: 10.1016/s1369-5266(02)00258-3

Stitt, M., and Zeeman, S. C. (2012). Starch turnover: pathways, regulation and role in growth. Curr. Opin. Plant Biol. 15, 282–292. doi: 10.1016/j.pbi.2012.03.016

Su, C., Chen, K., Ding, Q., Mou, Y., Yang, R., Zhao, M., et al. (2018). Proteomic analysis of the function of a novel cold-regulated multispanning transmembrane protein COR413-PM1 in Arabidopsis. Int. J. Mol. Sci. 19:2572. doi: 10.3390/ijms19092572

Takezawa, D., Komatsu, K., and Sakata, Y. (2011). ABA in bryophytes: how a universal growth regulator in life became a plant hormone? J. Plant Res. 124, 437–453. doi: 10.1007/s10265-011-0410-5

Takezawa, D., Watanabe, N., Ghosh, T. K., Saruhashi, M., Suzuki, A., Ishiyama, K., et al. (2015). Epoxycarotenoid-mediated synthesis of abscisic acid in Physcomitrella patens implicating conserved mechanisms for acclimation to hyperosmosis in embryophytes. New Phytol. 206, 209–219. doi: 10.1111/nph.13231

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011). MEGA5: molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28, 2731–2739. doi: 10.1093/molbev/msr121

Tan, T., Sun, Y., Peng, X., Wu, G., Bao, F., He, Y., et al. (2017). ABSCISIC ACID INSENSITIVE3 is involved in cold response and freezing tolerance regulation in Physcomitrella patens. Front. Plant Sci. 8:1599. doi: 10.3389/fpls.2017.01599

Thalhammer, A., Bryant, G., Sulpice, R., and Hincha, D. K. (2014). Disordered cold regulated15 proteins protect chloroplast membranes during freezing through binding and folding, but do not stabilize chloroplast enzymes in vivo. Plant Physiol. 166, 190–201. doi: 10.1104/pp.114.245399

Thalhammer, A., Hundertmark, M., Popova, A. V., Seckler, R., and Hincha, D. K. (2010). Interaction of two intrinsically disordered plant stress proteins (COR15A and COR15B) with lipid membranes in the dry state. Biochim. Biophys. Acta 1798, 1812–1820. doi: 10.1016/j.bbamem.2010.05.015

Thalmann, M., and Santelia, D. (2017). Starch as a determinant of plant fitness under abiotic stress. New Phytol. 214, 943–951. doi: 10.1111/nph.14491

Thelander, M., Landberg, K., and Sundberg, E. (2018). Auxin-mediated developmental control in the moss Physcomitrella patens. J. Exp. Bot. 69, 277–290. doi: 10.1093/jxb/erx255

Thelander, M., Olsson, T., and Ronne, H. (2005). Effect of the energy supply on filamentous growth and development in Physcomitrella patens. J. Exp. Bot. 56, 653–662. doi: 10.1093/jxb/eri040

Thomashow, M. F. (1999). PLANT COLD ACCLIMATION: freezing tolerance genes and regulatory mechanisms. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 571–599. doi: 10.1146/annurev.arplant.50.1.571

Thomashow, M. F., Stocldnger, E. J., Jaglo-Ottosen, K. R., Gilmour, S. J., and Zarka, D. G. (1997). Function and regulation of Arabidopsis thaliana COR (cold-regulated) genes. Acta Physiol. Plant 19, 497–504. doi: 10.1007/s11738-997-0046-1

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., and Higgins, D. G. (1997). The CLUSTAL_X windows interface: flexible strategies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 25, 4876–4882. doi: 10.1093/nar/25.24.4876

Tsonev, T., Velikova, V., Georgieva, K., Hyde, P. F., and Jones, H. G. (2003). Low temperature enhances photosynthetic down-regulation in French bean (Phaseolus vulgaris L.) plants. Ann. Bot. 3, 343–352. doi: 10.1093/aob/mcg020

Ulmasov, T., Liu, Z. B., Hagen, G., and Guilfoyle, T. J. (1995). Composite structure of auxin response elements. Plant Cell 10, 1611–1623. doi: 10.1105/tpc.7.10.1611

Umezawa, T., Nakashima, K., Miyakawa, T., Kuromori, T., Tanokura, M., Shinozaki, K., et al. (2010). Molecular basis of the core regulatory network in abscisic acid responses: sensing, signaling, and transport. Plant Cell Physiol. 51, 1821–1839. doi: 10.1093/pcp/pcq156

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B. C., Remm, M., et al. (2012). Primer3-new capabilities and interfaces. Nucleic Acids Res. 40:e115. doi: 10.1093/nar/gks596

Verslues, P. E., and Bray, E. A. (2006). Role of abscisic acid (ABA) and Arabidopsis thaliana ABA-insensitive loci in low water potential-induced ABA and proline accumulation. J. Exp. Bot. 57, 201–212. doi: 10.1093/jxb/erj026

Vishwakarma, K., Upadhyay, N., Kumar, N., Yadav, G., Singh, J., Mishra, R. K., et al. (2017). Abscisic acid signaling and abiotic stress tolerance in plants: a review on current knowledge and future prospects. Front. Plant Sci. 8:161. doi: 10.3389/fpls.2017.00161

Wang, J., Zuo, K. J., Qin, J., Zhang, L. D., Su, L., Liu, J. R., et al. (2007). Isolation and bioinformatics analyses of a COR413-like gene from Gossypium barbadense. Acta Physiol. Plant 29, 1–9. doi: 10.1007/s11738-006-0001-6

Weber, A., Servaites, J. C., Geiger, D. R., Kofler, H., and Hille, D. (2000). Identification, purification, and molecular cloning of a putative plastidic glucose transporter. Plant Cell 12, 787–801. doi: 10.1105/tpc.12.5.787

Werner, O., Ros Espin, R. M., Bopp, M., and Atzorn, R. (1991). Abscisic-acid-induced drought tolerance in Funaria hygrometrica Hedw. Planta 186, 99–103.

Xiao, Y., Wang, J., and Dehesh, K. (2013). Review of stress specific organellesto-nucleus metabolic signal molecules in plants. Plant Sci. 212, 102–107. doi: 10.1016/j.plantsci.2013.08.003

Xiong, L., and Zhu, J.-K. (2003). Regulation of abscisic acid biosynthesis. Plant Physiol. 133, 29–36. doi: 10.1104/pp.103.025395

Yamaguchi-Shinozaki, K., and Shinozaki, K. (2006). Transcriptional regulatory networks in cellular responses and tolerance to dehydration and cold stresses. Annu. Rev. Plant Biol. 57, 781–803. doi: 10.1146/annurev.arplant.57.032905.105444

Yamburenko, M. V., Zubo, Y. O., and Börner, T. (2015). Abscisic acid affects transcription of chloroplast genes via protein phosphatase 2C-dependent activation of nuclear genes: repression by guanosine-30-50-bisdiphosphate and activation by sigma factor 5. Plant J. 82, 1030–1041. doi: 10.1111/tpj.12876

Yamburenko, M. V., Zubo, Y. O., Vankova, R., Kusnetsov, V. V., Kulaeva, O. N., and Börner, T. (2013). Abscisic acid represses the transcription of chloroplast genes. J. Exp. Bot. 64, 4491–4502. doi: 10.1093/jxb/ert258

Yang, R., Hong, Y., Ren, Z., Tang, K., Zhang, H., Zhu, J.-K., et al. (2019). A role for PICKLE in the regulation of cold and salt stress tolerance in Arabidopsis. Front. Plant Sci. 10:900. doi: 10.3389/fpls.2019.00900

Yang, R., Zheng, Z., Chen, Q., Yang, L., Huang, H., Miki, D., et al. (2017). The developmental regulator PKL is required to maintain correct DNA methylation patterns at RNA-directed DNA methylation loci. Genome Biol. 18:103.

Zhang, C., Li, C., Liu, J., Lv, Y., Yu, C., Li, H., et al. (2017). The OsABF1 transcription factor improves drought tolerance by activating the transcription of COR413-TM1 in rice. J. Exp. Bot. 68, 4695–4707. doi: 10.1093/jxb/erx260

Zhao, C., Wang, Y., Chan, K. X., Marchant, D. B., Franks, P. J., Randall, D., et al. (2019). Evolution of chloroplast retrograde signaling facilitates green plant adaptation to land. Proc. Natl. Acad. Sci. U.S.A. 116, 5015–5020. doi: 10.1073/pnas.1812092116

Zhao, M., Li, Q., Chen, Z., Lv, Q., Bao, F., Wang, X., et al. (2018). Regulatory mechanism of ABA and ABI3 on vegetative development in the moss Physcomitrella patens. Int. J. Mol. Sci. 19:2728. doi: 10.3390/ijms19092728

Zhao, X., Chen, T., Feng, B., Zhang, C., Peng, S., Zhang, X., et al. (2017). Non-photochemical quenching plays a key role in light acclimation of rice plants differing in leaf color. Front. Plant Sci. 7:1968. doi: 10.3389/fpls.2016.01968

Zhou, A., Liu, E., Li, H., Li, Y., Feng, S., Gong, S., et al. (2018). PsCor413pm2, a plasma membrane-localized, cold-regulated protein from Phlox subulata, confers low temperature tolerance in Arabidopsis. Int. J. Mol. Sci. 19:2579.

Zhu, J.-K. (2016). Abiotic stress signaling and responses in plants. Cell 167, 313–324. doi: 10.1016/j.cell.2016.08.029


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ruibal, Castro, Fleitas, Quezada, Quero and Vidal. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-11-00845-g001.jpg
selAT3G50830 AtCOR413-PM2

AT4G37220 AtCOR413-PM4 PM
AT2G15970 AtCOR413-PM1 PM

Traes 5AL F7649C79D (AKQ08922.1) PM
Traes 5BL B580E79BC (AAL23724.1) PM
63 Traes 5DL 75912CDD6 (AAB18207.1)PM
100 Pp3c10 12250 (XP_024386434.1) PM
99 Pp3c3 23240 (XP_024371807.1) PM
100 Pp3c10 22800 (XP_024385780.1) PM
100 Pp3c20 22310 (XP_024357840.1) PM
AT2G23680 AtCOR413-PM3 PM
— Traes 1BL AB43A4F9A (AY181206) TaCOR413im  Chl
94 AT1G29390 AtCOR413im2 Chl Chl-IM
100 AT1G29395 AtCOR413im1 Chl Chl-IM
Pp3c7 22090 (XP_024379790.1) Chl
PpCOR413im
— PIL Exp





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Chloroplast COR413 Protein From Physcomitrella patens Is Required for Growth Regulation Under High Light and ABA Responses



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Material, Growth Conditions, and Treatments



		Phylogeny and in silico Expression Analysis



		Construct Design



		Arabidopsis Transformation and Molecular Characterization of Transgenic Lines



		Generation and Molecular Characterization of PpCOR413im Knockout Mutants in P. patens



		In vivo Subcellular Localization of PpCOR413im-GFP



		Northern Blot



		qRT-PCR



		Transmission Electron Microscopy



		Analysis of Plant Growth and Development



		Fv/Fm and NPQ Measurements



		Starch and Sucrose Content



		NBT Staining



		Thylakoid Extraction and Large Pore Blue Native Gel Electrophoresis



		ABA Quantification



		Statistical Analysis







		RESULTS



		Physcomitrella patens Genome Encodes a Single Chloroplast-Targeted COR413 Protein



		Expression of PpCOR413im Is Regulated During Development and Abiotic Stress



		Generation of PpCOR413im Loss of Function Mutants



		Disruption of PpCOR413im Alters Growth Rates Under High Light



		Disruption of PpCOR413im Alters Caulonema Formation and Responses to ABA



		PpCOR413im KO Mutants Exhibit Alterations in Photochemical Parameters Depending on the Environmental Stimuli



		Disruption of PpCOR413im Alters Chloroplast ROS Accumulation and Expression of Photosynthetic Genes



		ABA and High Light-Induced Changes in Sugar Metabolism Are Altered in PpCOR413im KO Mutants



		Disruption of PpCOR413im Altered Nuclear Gene Expression in Response to ABA and High Light



		Disruption of PpCOR413im Resulted in Changes in the Chloroplast Ultrastructure Without Affecting the Photosynthetic Complexes in the Thylakoid Membranes







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Plant Science






OPS/images/fpls-11-00845-t001.jpg
Ctrl HL LT DH

WT 0.796 £0.015  0.717 £0.014  0.763 £ 0.007*  0.042 £ 0.001
Acor-5 0798 £0.011  0.708 £0.029  0.73540.021*  0.046 £0.010

PSII quantum yield (Fv/Fm) was analyzed in WT and Acor-5 colonies grown
under standard growth conditions (Ctri) or after 24 h exposure to high light (HL),
low temperature (LT) or dehydration (DH). Ctrl: (24°C and 50 wmoles m-2 s-1);
HL: 24°C and 350 uwmoles m-2 s-1; LT: 0-2°C and 50 wmoles m-2 s-1; and
DH: 24 h dehydration in laminar flow. Values are reported as mean + standard
deviation (n = 6). Statistical significant differences between WT and Acor-5 lines
are marked with asterisks.
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