

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-5900-0
DOI 10.3389/978-2-8325-5900-0

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Light-mediated regulation of plant physiology

Topic editors

Andres Romanowski – Wageningen University and Research, Netherlands

Carlos Esteban Hernando – IIBBA-CONICET Leloir Institute Foundation, Argentina

Jordi Moreno-Romero – Autonomous University of Barcelona, Spain

Elena Monte – Centre for Research in Agricultural Genomics, Spanish National Research Council (CSIC), Spain

John Christie – University of Glasgow, United Kingdom

Gabriela Toledo-Ortiz – The James Hutton Institute, United Kingdom

Karen Halliday – University of Edinburgh, United Kingdom

Citation

Romanowski, A., Hernando, C. E., Moreno-Romero, J., Monte, E., Christie, J., Toledo-Ortiz, G., Halliday, K., eds. (2025). Light-mediated regulation of plant physiology. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-5900-0





Table of Contents




Editorial: Light-mediated regulation of plant physiology

Andres Romanowski, Elena Monte, Carlos Esteban Hernando, Gabriela Toledo-Ortiz, John M. Christie, Jordi Moreno-Romero and Karen J. Halliday

Genome-Wide Analysis of Light-Regulated Alternative Splicing in Artemisia annua L.

Tingyu Ma, Han Gao, Dong Zhang, Wei Sun, Qinggang Yin, Lan Wu, Tianyuan Zhang, Zhichao Xu, Jianhe Wei, Yanyan Su, Yuhua Shi, Dandan Ding, Ling Yuan, Gangqiang Dong, Liang Leng, Li Xiang and Shilin Chen

Identification of Differentially Expressed Genes and Pathways Involved in Growth and Development of Mesona chinensis Benth Under Red- and Blue-Light Conditions

Danfeng Tang, Qinfen Huang, Kunhua Wei, Xiaonan Yang, Fan Wei and Jianhua Miao

Phytochrome A Mediates the Disassembly of Processing Bodies in Far-Red Light

Philipp Schwenk and Andreas Hiltbrunner

ZEITLUPE Promotes ABA-Induced Stomatal Closure in Arabidopsis and Populus

Manuela Jurca, Johan Sjölander, Cristian Ibáñez, Anastasia Matrosova, Mikael Johansson, Iwanka Kozarewa, Naoki Takata, Laszlo Bakó, Alex A. R. Webb, Maria Israelsson-Nordström and Maria E. Eriksson

Ultraviolet-B Radiation Represses Primary Root Elongation by Inhibiting Cell Proliferation in the Meristematic Zone of Arabidopsis Seedlings

Maria Luján Sheridan, Lucio Simonelli, Marisol Giustozzi and Paula Casati

Low Fluence Ultraviolet-B Promotes Ultraviolet Resistance 8-Modulated Flowering in Arabidopsis

Anna Zioutopoulou, Eirini Patitaki, Liz O’Donnell and Eirini Kaiserli

Transcriptomic and Metabolomic Response to High Light in the Charophyte Alga Klebsormidium nitens

Emma Serrano-Pérez, Ana B. Romero-Losada, María Morales-Pineda, M. Elena García-Gómez, Inmaculada Couso, Mercedes García-González and Francisco J. Romero-Campero

Phytochrome-Dependent Regulation of ZFP6 and ZFPH Impacts Photomorphogenesis in Arabidopsis thaliana

Keni Cota-Ruiz, Sookyung Oh and Beronda L. Montgomery

Dual Role for FHY3 in Light Input to the Clock

Bruce M. Rhodes, Hamad Siddiqui, Safina Khan and Paul F. Devlin

In Arabidopsis thaliana, RNA-Induced Silencing Complex-Loading of MicroRNAs Plays a Minor Regulatory Role During Photomorphogenesis Except for miR163

Lóránt Lakatos, Gergely Groma, Daniel Silhavy and Ferenc Nagy

Integrated metabolomic and transcriptomic analyses reveal molecular response of anthocyanins biosynthesis in perilla to light intensity

Guanwen Xie, Xiuzai Zou, Zishan Liang, Duan Wu, Jiankuang He, Kaicheng Xie, Honglei Jin, Hongbin Wang and Qi Shen

Plant competition cues activate a singlet oxygen signaling pathway in Arabidopsis thaliana

Nicole Berardi, Sasan Amirsadeghi and Clarence J. Swanton





EDITORIAL

published: 03 January 2025

doi: 10.3389/fpls.2024.1531410

[image: image2]


Editorial: Light-mediated regulation of plant physiology


Andres Romanowski 1*, Elena Monte 2, Carlos Esteban Hernando 3, Gabriela Toledo-Ortiz 1, John M. Christie 4, Jordi Moreno-Romero 5* and Karen J. Halliday 6


1 Laboratory of Molecular Biology, Wageningen University and Research, Wageningen, Netherlands, 2 Centre for Research in Agricultural Genomics (CRAG), CSIC-IRTA-UAB-UB, Cerdanyola del Vallès, Barcelona, Spain, 3 Instituto de Investigaciones Bioquimicas de Buenos Aires (IIBBA) - Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Ciudad Autonoma de Buenos Aires, Argentina, 4 School of Molecular Biosciences, College of Medical, Veterinary and Life Sciences, Bower Building, University of Glasgow, Glasgow, United Kingdom, 5 Departament de Bioquimica i Biologia Molecular, Universitat Autonoma de Barcelona (UAB), Bellaterra, Barcelona, Spain, 6 Institute of Molecular Plant Sciences, School of Biological Sciences, University of Edinburgh, Edinburgh, United Kingdom




Edited and Reviewed by: 

Anna N Stepanova, North Carolina State University, United States

*Correspondence: 

Andres Romanowski
 andres.romanowski@wur.nl 

Jordi Moreno-Romero
 jordi.moreno.romero@uab.cat


Received: 20 November 2024

Accepted: 09 December 2024

Published: 03 January 2025

Citation:
Romanowski A, Monte E, Hernando CE, Toledo-Ortiz G, Christie JM, Moreno-Romero J and Halliday KJ (2025) Editorial: Light-mediated regulation of plant physiology. Front. Plant Sci. 15:1531410. doi: 10.3389/fpls.2024.1531410



Keywords: photomorphogenesis, phytochrome, miRNA, pigment biosynthesis, splicing, translation, circadian clock, light signalling


Editorial on the Research Topic 


Light-mediated regulation of plant physiology


The field of plant photobiology has evolved rapidly over the past decade, expanding our understanding of how light influences every aspect of plant life, from gene expression to ecosystem interactions. This Research Topic aims to update the current knowledge on the intricate mechanisms underlying light-driven growth and metabolic/environmental adaptation processes, offering insights into the cellular complexity that underpins plant adaptability to varying light conditions.

Here, we highlight the primary contributions of these studies, grouped into four major themes that encompass a broad perspective on light-mediated regulation in plants.




Regulatory layers in photomorphogenesis: phytochromes, microRNAs, and pigment biosynthesis

Photomorphogenesis, the developmental transition from dark to light conditions, involves multiple regulatory layers, including (but not limited to) light perception, signalling and changes in gene expression and translation. Cota-Ruiz et al. explored the interplay between phytochromes and zinc finger proteins (ZFPs) in Arabidopsis, revealing that phytochrome-dependent regulation of hypocotyl elongation can be modulated through ZFPs. This study provides insights into how phytochromes orchestrate complex molecular mechanisms that control light-mediated development. Lakatos et al. delved into the role of RNA-induced silencing complex (RISC)-loaded microRNAs in Arabidopsis de-etiolation, showing that while RISC loading impacts active miRNA formation in organ-specific pools, it has a limited role in global miRNA regulation during photomorphogenesis, as total levels and the RISC-loaded miRNAome show minimal changes. However, there is one notable exception: while miR163 is present at low levels in the dark, it sharply increases in abundance and RISC loading efficiency when seedlings are shifted to light. Furthermore, increased miR163 expression is required for normal photomorphogenesis. This study demonstrated the existence of specialized miRNA regulatory mechanisms for fine-tuning specific responses. Xie et al. employed transcriptomic and metabolomic analyses to identify key genes and transcription factors involved in light-regulated anthocyanin biosynthesis in Perilla frutescens. These findings have implications for medicinal and ornamental applications. Together, these studies emphasise the importance of multiple molecular layers in mediating photomorphogenesis.





The influence of light quality and quantity on plant development

Light quality, encompassing different wavelengths, plays diverse roles in the regulation of distinct developmental and physiological processes in plants. Tang et al. demonstrated how specific wavelengths, such as red and blue light, impact both the transcriptome and metabolome of Mesona chinensis, with red light markedly boosting growth-related traits. This study highlights the importance of combining transcriptomic and metabolomic data to determine the regulatory effects of light on plant development. Zioutopoulou et al. revealed that Ultraviolet radiation B (UV-B) radiation could trigger photoperiodic flowering in Arabidopsis via the UV-B resistance 8 (UVR8) pathway, underscoring its role in modulating the vegetative to reproductive transition. Sheridan et al. further examined UV-B exposure, showing its specific influence on primary root elongation by directly affecting meristematic cell proliferation in Arabidopsis, an indication of light’s spatial specificity in plant tissues. Berardi et al. demonstrated the existence of a novel signalling pathway involving increased production of singlet oxygen in response to low red-to-far-red ratios, contributing to a greater understanding of the complexity behind shade avoidance strategies in Arabidopsis. Beyond quality, the intensity or quantity of light also plays a role. Serrano-Pérez et al. investigated the molecular mechanisms underlying high light resistance in the charophyte alga Klebsormidium nitens, uncovering ancient photoprotective mechanisms that may have been crucial for plant terrestrialisation. Together, these studies have revealed the complex and multifaceted roles of both light quality and quantity in shaping plant growth and metabolism.





Light-mediated mechanisms of regulation of gene expression: splicing and mRNA translation

In plants, light exerts control over gene expression at the post-transcriptional level through splicing and mRNA translation. Ma et al. explored the impact of light on alternative splicing in Artemisia annua, showing that light-induced intron retention could regulate sesquiterpenoid biosynthesis. Schwenk et al. identified a novel cytoplasmic function of phytochrome A in mediating far-red light-induced disassembly of processing bodies in Arabidopsis, leading to the release of translationally halted mRNA. Together, these studies enrich the understudied field of post-transcriptional and translational regulation of gene expression, shedding light on the nuanced control mechanisms employed by plants to modulate gene activity.





Interplay of circadian rhythm with light and stress in plants

Circadian rhythms enable plants to anticipate daily environmental changes. Light is a key modulator of this internal clock. Rhodes et al. uncovered the dual role of Far-Red Elongated Hypocotyls 3 (FHY3) in light input to the circadian clock, revealing a red-light-specific disruption of rhythmicity in fhy3 mutants and suggesting an integrative role for FHY3 in the red/blue light ratio in clock regulation. Jurca et al. demonstrated that the blue light receptor ZEITLUPE (ZTL) modulates Abscisic acid (ABA)-induced stomatal closure, a critical adaptation under drought stress. These studies illustrate the intricate linkages between light signalling, circadian rhythm, and stress responses, highlighting the adaptive advantages conferred by these interconnected systems.





Closing remarks

Light has a pervasive function in plant biological processes. This is evidenced in the research presented in this Research Topic, which reveals light’s intricate and versatile roles in plant development, physiology, and stress response across various species, including the model plant Arabidopsis. By employing different techniques, including transcriptomic, metabolomic, and physiological approaches, these studies provide valuable insights into the molecular frameworks underlying light-mediated plant responses, revealing the interconnected nature of light signalling pathways across different biological levels. This Research Topic advances our fundamental understanding and opens new avenues for applied research, with implications for agriculture and plant-based industries.
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Artemisinin is currently the most effective ingredient in the treatment of malaria, which is thus of great significance to study the genetic regulation of Artemisia annua. Alternative splicing (AS) is a regulatory process that increases the complexity of transcriptome and proteome. The most common mechanism of alternative splicing (AS) in plant is intron retention (IR). However, little is known about whether the IR isoforms produced by light play roles in regulating biosynthetic pathways. In this work we would explore how the level of AS in A. annua responds to light regulation. We obtained a new dataset of AS by analyzing full-length transcripts using both Illumina- and single molecule real-time (SMRT)-based RNA-seq as well as analyzing AS on various tissues. A total of 5,854 IR isoforms were identified, with IR accounting for the highest proportion (48.48%), affirming that IR is the most common mechanism of AS. We found that the number of up-regulated IR isoforms (1534/1378, blue and red light, respectively) was more than twice that of down-regulated (636/682) after treatment of blue or red light. In the artemisinin biosynthetic pathway, 10 genes produced 16 differentially expressed IR isoforms. This work demonstrated that the differential expression of IR isoforms induced by light has the potential to regulate sesquiterpenoid biosynthesis. This study also provides high accuracy full-length transcripts, which can be a valuable genetic resource for further research of A. annua, including areas of development, breeding, and biosynthesis of active compounds.

Keywords: Artemisia annua, single molecule real-time (SMRT) sequencing, alternative splicing, intron retention, light-regulated, artemisinin


INTRODUCTION

The main natural source of Artemisinin, a sesquiterpene lactone with peroxide bridge, is the medicinal herb Artemisia annua (Miller and Su, 2011; Tu, 2011). Artemisinin is famous for its role in artemisinin combination therapies (ACT), the most effective malaria treatment currently available (Czechowski et al., 2016). Development of new uses of artemisinin and its derivatives, e.g., dihydroartemisinin in the treatment of systemic lupus erythematosus, is still ongoing. These efforts show some potential in anti-tumor, anti-parasitic, anti-fibrosis, and anti-arrhythmic effects (Bin and Hong, 2010). As a result, the demand for artemisinin and its derivatives will increase significantly (Peplow, 2013). Although biosynthesis and chemical synthesis of Artemisinin have seen significant progress in recent years5,6, the final steps in the conversion of dihydroartemisinic acid (DHAA) to artemisinin are still non-enzymatic and require extracellular treatments (Graham et al., 2010; Czechowski et al., 2016). For example, in vitro biosynthesis of artemisinin is still not possible because yeast cannot provide the special oil oxidization environment required for the synthesis of artemisinin (Paddon et al., 2013; Paddon and Keasling, 2014). Thus, the market supply of artemisinin is currently relied on extraction from A. annua (Paddon et al., 2013; Ma et al., 2018; Triemer et al., 2018). Great efforts, particularly in molecular analysis, are needed to understand the biology of A. annua in order to improve artemisinin content of the plant and to reduce production cost.

Transcriptional regulation of genes, such as terpenoid synthase, is central to artemisinin biosynthesis (Nagegowda et al., 2008; Nagegowda, 2010; Tan et al., 2015). Thus, research efforts have focused on the A. annua transcriptome. Alternative splicing (AS) plays a fundamental role in eukaryote gene regulation (Nilsen and Graveley, 2010; Reddy et al., 2013; Staiger and Brown, 2013). During the process of precursor mRNA maturation, AS produces multiple mature mRNA from the same gene, which then results in the production of different proteins. The alternative splicing of precursor RNA with multiple exons increases the diversity of proteins encoded by organisms and the complexity of regulating gene expression (Brett et al., 2002; Matlin et al., 2005; Keren et al., 2010; Nilsen and Graveley, 2010). In human, nearly all multi-exon genes are alternatively spliced (Pan et al., 2008; Wang et al., 2008), while in plants the corresponding proportion is over 60% (Reddy et al., 2013). AS can occur through different mechanisms, e.g., exon skipping, alternative 3′/5′ splice sites, or intron retention (IR) (Reddy et al., 2013). In contrast to human, in which exon skipping accounts for the largest proportion of alternative splicing products, plants tend to use IR as the main mechanism of AS (Kim and Yin, 2005; Keren et al., 2010; Reddy et al., 2013). For example, the IR rates in Arabidopsis and rice are as high as 64.1 and 55%, respectively (Zhang et al., 2016). AS also participates in the process of antibiotic stress response (Staiger and Brown, 2013; Filichkin et al., 2015). Plants produce secondary metabolites to defend against biological or abiotic stress, e.g., light, plant hormones, temperature, saline and drought stresses (Li et al., 2007; Yu Z. X. et al., 2012; Shen et al., 2016; Vashisth et al., 2018; Lopes et al., 2019). Specifically, the expression of isoforms produced by IR splicing can be regulated depending on source of stress (Filichkin et al., 2010; Abdel-Ghany et al., 2016). For example, light is an important environmental factor that regulates plant physiological adaptation and influences the synthesis of plant secondary metabolites in plant. Light regulation has been demonstrated to promote the accumulation of artemisinin, anthocyanins, ginsenoside and charantin (Cuong et al., 2017; Kochan et al., 2019; Lopes et al., 2019; Sun et al., 2020). Light exposure immediately induced IR, with many alternatively spliced transcripts expressed from genes with functions related to light signaling, suggesting a potential impact on pre-mRNA splicing and photomorphogenic gene regulation in response to light (Petrillo et al., 2014a, b; Godoy Herz et al., 2019).

In recent years high-throughput sequencing technology has proven to be a powerful strategy to study medicinal plant genome, full-length transcriptomes and AS (Wang et al., 2009; Martins et al., 2011; Ozsolak and Milos, 2011; Song et al., 2018; Liu et al., 2021). The main advantage of the most popular high throughput sequencing technology used for transcriptomics, i.e., Next Generation Sequencing, is the ability to study all expressed genes simultaneously. However, current NGS technology suffers from insufficient read length (100–300 bp currently), and the inability to accurately construct full-length splice variants (Pan et al., 2008; Au et al., 2013). The third generation sequencing (TGS) technology, e.g., SMRT sequencing from the PacBio platform (Pacific Biosciences of California, Inc., 1), produces a long sequence with much longer read length >8 kb (Au et al., 2010; Mason and Elemento, 2012; Rhoads and Au, 2015). A major drawback of TGS technology, compared with NGS technology, is the high error rate (Au et al., 2010; Koren et al., 2012; Jiao et al., 2013). Two alternatives may be helpful to overcome this problem. First, the length of raw pacbio read is several times longer than the length of most genes; thus, the circular consensus sequence (CCS) mode of pacbio technology could enable a single transcript (cDNA) to be sequenced by multiple passes, and sequencing error of the raw TGS read could be corrected since they were randomly generated (Sharon et al., 2013; Rhoads and Au, 2015). Second, hybrid sequencing, i.e., integrating of NGS sequencing and TGS sequencing technology, could also be applied to the correct the error of PacBio reads (Au et al., 2010, 2013). TGS sequencing technology is widely used in plant AS studies, e.g., Salvia miltiorrhiza (Xu et al., 2015), Zea mays (Thatcher et al., 2014), Fragaria ananassa (Li et al., 2018), Scutellaria baicalensis (Gao T. et al., 2019) and Andrographis paniculata (Gao H. et al., 2019).

Considering the importance of Artemisia annua biology and recent progress in TGS sequencing, we sequenced multiple tissues of Artemisia annua to investigate its alternative splicing landscape. Together with current genome assembly and annotation (Shen et al., 2018), in this work we aimed to supply a useful resource to the Artemisia annua community with a new genome wide isoform set. Previous studies have shown that different light conditions can affect artemisinin synthesis and accumulation. However, the mechanism by which light regulates artemisinin synthesis is unclear. Many transcription factors have previously been found to regulate artemisinin synthesis at the transcriptional regulatory level, but it is not clear whether AS can affect artemisinin synthesis. Herein, the classification and gene-expression of AS isoforms under different light conditions could provide novel insights in the molecular mechanism of light’s influence on artemisinin synthesis.



MATERIALS AND METHODS


Plant Materials Preparation

The variety of A. annua used in this study is a wild type variety originally collected in Hainan (19°56′44″N, 110°13′23″W, 2015) and cultured in Guangxi “Seed cultivation and planting base of ecological of A. annua” (25°13′2″N, 109°24′39″W). The seeds were then transplanted to Beijing (40°20′17.8″N, 116°33′40″W) in March 2018 from Guangxi and preserved in the Artemisinin Research Center, China Academy of Chinese Medical Sciences. The seeds were cultured in white light at 25°C for 4 weeks. The light intensity of white light was 50 ± 5 μmol/m2s, and the photoperiod was 16/8 h (day/night). Then, the seedlings were transferred to four continuous light treatments for 2 days. After different light treatments, we collected the aboveground parts of 10 seedlings randomly as a sample. The light intensity was 50 ± 5 μmol/m2s in all the treatments, including light-emitting diode (LED) red light (wavelength 670 nm), LED blue light (wavelength 470 nm), and LED far-red light (wavelength 735 nm) (Zhang et al., 2017). For the purposes of full-length transcriptome and Illumina short reads analysis, samples of A. annua were obtained from four different organs of plant: young leaf, stem, open flower, and root. Each plant organs collected three biological samples for Illumina short reads analysis.



mRNA-seq Library Preparation and Sequencing

The total RNA from each sample for RNA-seq were extracted from seedlings using RNAprep Pure Plant Kit (Tiangen, Beijing, China) following the manufacturer’s instructions (Zhang et al., 2017). Total RNA in this paper was used for Illumina Hi-seq 2500 platform. We prepared total RNA to construct the sequencing libraries using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, MA, United States) with 28S/18S RNA ratio ≥ 1.8, and a minimum integrity number (RIN) value of 8.5 and 250–300 bp insertion element. The integrity of RNA was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, CA, United States). Detection of RNA samples, including 1% agarose electrophoresis, was performed to detect degradation and genomic DNA contamination; Nanodrop detects the purity of the RNA (OD260/280 ratio); Qubit quantifies RNA precisely.

In the reaction of synthesizing cDNA, the SMART primers of 3′ terminal oligo (dG) were added beforehand, and reverse transcribed from the RNA3′ terminal with oligo dT as primer. Touching the “hat structure” (methylated G) of eukaryote mRNA at the 5′ end of mRNA adds several (dC) to the end of cDNA. The oligo (dG) of the SMART primer is paired with several C protruding at the end of the synthesized cDNA to form an extension template of the cDNA. The reverse transcriptase automatically converts the template, and the SMART primer continues to extend the cDNA single strand until the end of the primer. In this way, the cDNA contains the starting primer (oligo dT) and SMART primers, which can be amplified by universal primer sequence. The full-length cDNA from pooled poly (A) RNA samples was normalized and subjected to SMRT sequencing using the PacBio RS platform (Novogene, Beijing, China). The full-length cDNA from polymerized (A) RNA samples was normalized and SMRT sequenced by PacBio RS platform (Beijing, China).



Preprocessing of Single Molecule Real-Time Long Reads

Three steps were conducted to obtain the final SMRT long reads for subsequent analysis. Firstly, circular consensus sequence (CCS) reads were generated from raw subreads using the Pacific Biosciences SMRT-Analysis pipeline version 2.2.0 (Berlin et al., 2015; Ardui et al., 2018). Secondly, full-length reads were identified from the CCS reads by running hmmer_wrapper.py. To define full-length reads, hmmer_wrapper.py requires both 5′ and 3′ primer sequences, as well as a poly (A) tail. The primer sequences and poly (A) tail sequence were then trimmed off prior to further analysis.2; finally, PE150 short reads, generated using an Illumina HiSeq 2500, were used to correct full-length reads (PBcR) (Koren et al., 2012). Since this correction step was resource-consuming, we randomly down-sampled illumina short RNA-seq reads to about 12 Gb per tissue for correction. The quality of final full-length reads was assessed by mapping reads to the reference genome using STAR version 2.5.2a (Dobin et al., 2013).



Isoform Detection and Prediction and Alternative Splicing Type Identification

The SpliceMap-isoform detection and prediction (IDP) pipeline (Au et al., 2013) was used to detect and predict isoforms in four tissues, separately. We initially used SpliceMap to detect the junctions of Illumina short reads obtained from stem, leaf, flower and root samples, and then used IDP to detect and predict isoforms by integrating both Illumina short reads and SMRT long reads. These Illumina RNA-seq reads were all used for SpliceMap analysis, and both full-length reads and corrected full-length reads were merged for IDP. The IDP results indicate the sites where isoforms are located on the genome. We followed our previous work to identify alternative splicing events (Gao H. et al., 2019). Briefly, we used the original annotated genes as reference isoform (hereinafter ref isoform). Original annotation files were downloaded from https://www.ncbi.nlm.nih.gov/genome/?term=Artemisia+annua (Shen et al., 2018). If a gene already has more than one transcript or isoform, we defined the longest isoform as the ref isoform and other isoforms as AS isoforms. We then compared the location information of ref isoforms and AS isoforms to identify the type of AS that might occur in a gene.



Isoform Quantification and Analysis of Differentially Expressed Isoforms

All ref and AS isoform sequences were combined into a new fasta-format file and quantified using Kallisto version 0.43 (Bray et al., 2016; Jin et al., 2017). A previously published light-treated RNA-seq data were re-calculated with this new A. annua isoform set (Zhang et al., 2018). Briefly, plant seedlings were treated with different lights, i.e., FR/far red, R/red, B/blue, WL/white and D/Dark. Each treatment comprised three biological replicates (including 10 seedlings per replicate). In total, 45 RNA-seq libraries were analyzed based on the new A. annua isoform set. We also conducted differentially expressed (DE) analysis on FR vs. WL, R vs. WL, B vs. WL as well as WL vs. D, FR vs. D, R vs. D and B vs. D. DE analysis was conducted using R package DEseq2 (Love et al., 2014; Maza, 2016). Genes with adjusted p-value being less than 0.05 were kept as differentially expressed ones.



Analysis of the Intron Retention Isoform Expression Levels of Genes Related to the Artemisinin Biosynthesis Pathway

According to the identified isoforms and their expression, genes involved in artemisinin biosynthesis were manually curated and alternatively spliced isoforms of these genes were selected (Graham et al., 2010; Czechowski et al., 2016, 2018; Ma et al., 2018; Shen et al., 2018). Pheatmap package was used to generate heat maps of isoforms of these genes and the expression patterns of the ref and IR isoforms were analyzed (Kolde, 2015). Enrichment analysis of gene ontology (GO) terms was conducted on differentially expressed IR isoforms using the clusterProfiler package (Yu G. et al., 2012). Functional categories of GO terms with adjusted p-value smaller than 0.05 were considered as significantly enriched.




RESULTS


Summary of Single Molecule Real-Time Sequencing

To identify AS events in A. annua, we applied both Illumina and SMRT RNA-sequencing and analyzed these data in four tissues separately, i.e., leaf, flower, stem and root. We generated ∼15 Gb NGS data and more than 10 Gb TGS data for each tissue (Table 1). For TGS RNA-sequencing data, 7–10 million raw subreads were obtained in each tissue, with median lengths of raw subreads are 1,898 bp, 1,451 bp, 1,093 bp and 1,794 bp in leaf, flower, stem and root, respectively (Table 1). We further generated full length reads from raw subreads (Table 1 and Supplementary Table 1). The number of full-length reads ranges from 341,083 in flower to 412,999 in root, while the median lengths changed to 1,973, 1,956, 2,185, and 1,962 bp in leaf, flower, stem and root, respectively (Table 1 and Supplementary Table 1). We mapped the full length reads to the reference genome and accessed the quality (Supplementary Table 2). Overall, the quality of the reads is high; mapped fractions range from 97.4 to 99.4%, while match rates are around 98 percent. By examining unmapped or deficiently mapped reads manually, we found that a large fraction of these sequences have poly A/G/C/T structure and are therefore difficult to map. We thus corrected these full reads with Illumina short reads. After correction, the number of corrected full-length read ranges from 338,27 in flower to 411,076 in root (Table 1 and Supplementary Table 1). While mapped fraction and mismatch rates only improved by a small proportion, deletion/insertion rate, which may be the result of inaccurate poly-A/G/C/T, decreased (Supplementary Table 2).


TABLE 1. Summary of the sequencing libraries statistics of next generation sequencing (NGS) and third generation transcriptome sequencing (TGS) data in leaf, flowers, stem and root in A. annua.
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The New Artemisia annua Isoform Annotation Set

The A. annua genome was assembled and annotated previously (Shen et al., 2018). This version of annotation has 63,226 genes, of which 3,062 genes comprise more than one isoform (Table 2). However, only 159 AS genes involve intron retention (IR), which contrasts with previous observation showing that ∼30% of all AS events are IR (Keren et al., 2010). Thus, we made use of our newly generated full-length reads to update the current A. annua genome annotation and to generate a new A. annua isoform annotation set. We identified 13,328 AS events, 11,832 AS isoforms and 7,210 AS genes. Together with the previously published annotation set, here we generated a new A. annua annotation set, which consists of 63,226 genes and 75,058 transcripts in total.


TABLE 2. Number of AS and IR gene.
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We mined out all possible AS events separately from the four tissues, then combined newly identified events and AS events annotated in the current gene annotation to form a final isoform annotation set (Table 2 and Supplementary Table 3). Our sequencing in the four tissues jointly identified 5,155 genes which comprise at least one AS isoform. Together with the current gene annotation, the new A. annua isoform set comprises 7,210 AS genes (Figure 1A and Table 2). Among the 7,210 AS genes, 11,832 AS isoforms were identified (Supplementary Table 3). More than half of all AS genes have only two isoforms, i.e., a reference isoform and a AS isoform. The largest number of isoforms a gene comprises of is 12 (Figure 1B). We further classified all AS events into five types: AA, alternative 3′ splice site; AD, alternative 5′ splice site; ES, exon skipping; IR, intron retention; others. We found a total of 13,328 AS events from 11,832 AS isoforms, while 5,854 AS isoforms involve IR events (Supplementary Tables 3, 4 and Figure 1C). We defined IR genes as genes which bring at least one IR event. Some AS isoforms could consist of multiple AS events or types (Figure 1D); for example, 317 AS isoforms consist of both IR and AA events. Some AS isoforms were independently found in more than one tissue (Figure 1E). For example, 270 AS isoforms were found in all four tissues. The final isoform set consists of 7,210 AS genes, of which 3,895 are IR genes (Table 2).


[image: image]

FIGURE 1. Identification and classification of gene isoforms in Artemisia annua L. (A) The number and proportion of AS and non-AS gene. (B) The number distribution of alternatively spliced isoforms per gene. (C) Types of alternatively spliced isoforms: AA, alternative 3′ splice site; AD, alternative 5′ splice site; ES, exon skipping; IR, intron retention. (D) The number of isoforms produced by one or more splicing mechanisms. Venn diagram shows the combination of the four types of isoforms. (E) The number of new isoforms found in leaf, flower, stem and root. Venn diagram shows the common and specific isoforms in different tissues.




Differential Expression of Intron Retention Isoforms Under Light Treatments

In the following part we focused on IR genes and isoform expression under light treatments and of artemisinin synthesis pathway related genes. Five light treatments were conducted, each with three biological replicates (Supplementary Table 4). TPM being 1 was chosen as the cutoff to determine whether a gene is expressed or not. The median TPM of expressed IR isoforms ranges from 2.91 under white light treatment to 3.37 under far-red light treatment (Figure 2A), while that of expressed non-AS genes (which has one isoform per gene) ranges from 6.55 under blue to 6.96 under far red (Figure 2B). The fraction of expressed IR isoforms ranges from 30.2% (1,771) under dark to 34.4% (2,013) under red, while that of non-AS gene ranges from 34.7% (19,425) under dark to 39.3% (22,008) in red (Figures 2C,D and Supplementary Table 5).
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FIGURE 2. Expression of intron retention (IR) isoforms and non-alternatively spliced (non-AS) genes after light treatment. Isoforms with a TPM > 1 were defined as expressed ones. (A,B) Box-plots using log (TPM + 1) as the ordinate show TPM distribution of expressed IR isoforms and non-AS genes under five treatments, respectively. (C,D) the number of expressed IR isoforms and non-AS genes, respectively.


We further performed differential expression analysis on seven combinations of light treatment: far red vs. white (FR-WL), red vs. white (R-WL), blue vs. white (B-WL), white vs. dark (WL-D), far red vs. dark (FR-D), red vs. dark (R-D), and blue with dark (B-D). In these comparisons, we observed more up-regulated isoforms than down-regulated ones, and this pattern is largely consistent between IR isoforms and non-AS genes apart from WL-D (Figures 3A,B). Moreover, the proportion of IR isoforms which were differentially expressed under different light treatments is higher than that of non-AS genes (Figure 3C and Supplementary Table 6). For instance, 37% of IR isoforms is differentially expressed between the B-D comparison, while the corresponding fraction of non-AS genes is 28% (p-value < 2.2e–16, Chi-squared test, Figure 3C).
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FIGURE 3. Analysis of differential expression IR isoform expression pattern after light treatment. (A,B) Number of up- and down-regulated IR isoforms and non-AS genes after treatment, respectively. (C) Proportion of differentially expressed IR isoforms over all IR isoforms vs. the corresponding profortion of non-AS genes. B, blue light; R, red light; FR, far-red light; WL, white light; D, dark.




Gene Ontology Enrichment Analysis of Differentially Expressed Alternative Splicing and Intron Retention Isoforms

Since AS isoforms are more likely to be differentially expressed under light treatment, we used GO enrichment analysis to investigate gene function of differentially expressed AS (Supplementary Table 7) genes, especially IR genes (Table 3 and Supplementary Table 8). For all AS genes, the functional enrichment analysis revealed that transcription regulator activity usually enriches in differentially expressed AS genes since adjusted p-values of this GO term (GO: 0140110) are significant in six comparisons, i.e., B-D, B-WL, FR-WL, R-WL and WL-D. Besides, lipid binding (GO: 0008289) is also enriched in four comparisons, i.e., B-D, B-WL, R-D and R-WL. For IR genes, among seven comparisons we found a total of 23 enriched GO terms in six comparisons, belonging to 11 GO annotations (Table 3). No enrichment was found in the FR-D comparison due to the limited number of differentially expressed IR isoforms (Supplementary Table 6). Five GO annotations were enriched in more than one comparison, i.e., nucleotide binding (GO: 0000166) in R-D and R-WL, RNA-binding (GO: 0003723) in R-D and B-WL, lipid metabolic process (GO: 0006629) in B-D, WL-D and B-WL, cellular protein modification (GO: 0006464) in B-D, R-D, B-WL and R-WL, membrane (GO: 0016020) in B-D, R-D, WL-D, B-WL, FR-W and R-WL. These functional enrichments suggest the evolution of IR genes with specific functions in response to light conditions. For instance, we found that three overlapping genes (CTI12_AA107750, CTI12_AA262950 and CTI12_AA419320) regulating sugar transporters have responses to blue, red and far-red light (Supplementary Table 9). The ref isoform of the CTI12_AA107750 gene was down-regulated in blue, red and far-red treatment in contrast to dark treatment (green label). However, the IR isoform of the corresponding gene was up-regulated in blue, red and far red treatment (red label). The ref isoform and IR isoforms of the CTI12_AA262950 gene have a similar regulatory mechanism in blue and red-light treatments in contrast to dark. Similarly, the ref isoform and IR isoforms of the CTI12_AA419320 gene was down-regulated and up-regulated in far-red light treatment compared with dark.


TABLE 3. Gene ontology (GO) functional enrichment of differentially expressed IR isoforms.
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Analysis of Intron Retention Genes Related to Artemisinin Synthesis Pathway

We compared the AS genes we identified with genes predicted to be involved in the biosynthesis pathway for the general sesquiterpenes precursor FPP and artemisinin synthesis. Among 24 genes related to artemisinin synthesis pathway and its upstream MVA and MEP pathways (Supplementary Figure 3), fifteen genes with AS behaviors were identified. Nine AS genes in the MEP pathway were identified, belonging to the 1-Deoxy-D-xylulose 5-phosphate synthase (DXS), 1-deoxy-D-xylulose- 5-phosphate reductoisomerase (DXR), 4-(Cytidine 5-diphospho)-2-C-methyl-D-erythritol kinase (CMK), 2-C-methyl-D-erythritol-4-(cytidyl-5-diphosphate) transferase (MCT), 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase (MCS), and R-linalool synthase (LS) gene families (Supplementary Table 10). Five genes in the MVA pathway were identified, belonging to the acetoacetyl-CoA thiolase (AACT), mevalonate kinase (MVK), and farnesyl diphosphate synthase (FDS) gene families (Supplementary Tables 10, 11). One gene in the artemisinin synthesis pathway, belonging to the cytochrome P450 reductase (CPR) gene family, was identified. These genes produced a total of 39 isoforms, including 16 IR isoforms. The CPR gene was most highly expressed is an AS isoform, and the remaining genes have highest expression of the ref isoform (Figure 4).
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FIGURE 4. Expression heatmap of the isoforms involved in artemisinin synthesis. The suffix “ref” indicates the reference isoform. For every gene, the reference isoform present in genome annotation is signed with the suffix “ref” or “rna” plus a series of number, while other isoforms newly identified are signed with pure number in its suffix. For example, CTI12_AA584370.ref61643 is the reference isoform of AACT while CTI12_AA584370.47 is a newly identified AS isoform. AACT, Acetyl-CoA C-acetyltransferase; HMGS, 3-Hydroxy-3-methylglutaryl-CoA synthase; HMGR, 3-Hydroxy-3-methylglutaryl-CoA reductase; MK, MVA kinase; PMK, Phospho-MVA kinase; MDC, Diphospho-MVA decarboxylase; DXS, 1-Deoxy-D-xylulose-5-phosphate synthase; DXR, 1-Deoxy-D-xylulose 5-phosphate reductoisomerase; MCT, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase; CMK, 4-(Cytidine-5-diphospho)-2-C-methyl-D-erythritol kinase; MDS, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate synthase; HDS, 4-Hydroxy-3-methylbut-2-enyl-diphosphate synthase; HDR, 4-Hydroxy-3-methylbut-2-enyl diphosphate reductase; GGPPS (E, E, E)-geranylgeranyl diphosphate synthase.


Ten genes were identified that produce IR type isoforms in the artemisinin pathway (Figure 4). The expression of ref isoforms produced by CTI12_AA095890 (DXS), CTI12_AA182630 (DXS), CTI12_AA123070 (DXS), CTI12_AA422860 (DXR), CTI12_AA094970 (LS), CTI12_AA348050 (MCT), CTI12_AA584370 (AACT), CTI12_AA079320 (MVK), CTI12_AA174930 (FDS), and CTI12_AA484860 (CPR) genes, were up-regulated (red label), compared with dark treatment (Supplementary Table 10). Several IR isoforms were alternatively expressed under different light treatments. For example, under white light treatment, expression of the IR isoforms produced by CTI12_AA095890 (DXS) and CTI12_AA094970.6 (LS) genes were up-regulated, while the expression of the IR isoforms produced by CTI12_AA422860 (DXS), CTI12_AA182630 (DXR) and CTI12_AA484860 (CPR) genes were down-regulated. In addition, more IR isoforms are up-regulated in blue light, such as CTI12_AA348050 (MCT), CTI12_AA463490 (MVK), CTI12_AA422860 (DXS), CTI12_AA484860 (CPR) and CTI12_AA123070 (LS), compared with white light (Supplementary Table 10).

Interestingly, the ref isoform of the CPR gene was up-regulated and the IR isoform down-regulated in all light treatments when compared with dark (Supplementary Tables 10, 11). However, the expression of IR isoform produced by CPR gene was up-regulated when contrasted with white light (Supplementary Table 10). CPR has been hypothesized to serve as a redox partner for CYP71AV1, which catalyzes the conversion of amorphadiene to more oxygenated products in A. annua (Paddon et al., 2013). Moreover, if a gene has multiple isoforms, i.e., more than one IR isoform, these IR isoforms may contribute in the same or opposite ways under different light conditions as in the CPR or LS cases (Supplementary Table 10). In the artemisinin pathway, we observed genes that produced IR isoforms, e.g., nine genes in the MEP pathway, five genes in the MEP pathway and one gene in the artemisinin synthesis pathway. More IR isoforms are produced in the upstream biosynthesis pathway of artemisinin. Compared with dark, we found the IR isoforms of all 10 genes are up-regulated under light treatment. More IR isoforms were up-regulated under blue and red-light treatments. However, only blue light treatment has more IR expression up-regulated when we compared with white light. One main consequence of IR is the occurrence of premature stop codon (PTC) in retained intron (Supplementary Figures 1, 2). We checked whether PTC exists in IR genes related to the artemisinin synthesis pathway. Seven genes were found to bear PTC in their IR isoforms. For instance, three IR isoforms of the LS (CTI12_AA094970) gene, i.e., CTI12_AA094970.6, CTI12_AA094970.7, and CTI12_AA094970.8, retain the second intron, leading to the PTC of these AS isoforms. Thus, all these three isoforms may produce a truncated protein which lacks the 3rd to 6th exons. PTC-present isoforms may also produce pre-mRNAs which will further subject to non-sense-mediated mRNA decay (NMD) and the expression of this gene thus could be appropriately regulated by these PTC-present isoforms induced decay (Isken and Maquat, 2008). These results imply that IR are involved in expression regulatory mechanism to control the metabolism of sesquiterpenes.




DISCUSSION

The accumulation of artemisinin is unique in A. annua, and the yield of artemisinin largely determines the medicinal value of A. annua (Graham et al., 2010; Czechowski et al., 2016, 2018). Since light has a positive effect on the accumulation of secondary metabolites (Li et al., 2017; Yoo et al., 2019; Zhang et al., 2019), the study of the molecular mechanism of the effect of light on artemisinin accumulation is of great significance for basic science and practical applications. In this study, we used both NGS and SMRT-based RNA-seq to identify transcripts of A. annua under different light conditions including blue, red, far-red, white light and dark treatments (Zhang et al., 2017), and analyzed the overall transcriptional level of each gene. By combining Illumina and SMRT platforms for transcriptome sequencing of leaf, flower, stem, root in A. annua, we generated a new isoform set. Our study identified 11,832 AS events in total, of which 5,854 were IR isoforms (Figure 1 and Table 2). File of a total of 11,832 AS isoforms sequences is stored in Supplementary_AS_sequence.fasta. We found that IR isoforms accounted for 48.48% of all AS isoforms, representing the most frequent AS event is IR in A. annua. This result is consistent with previous findings in other plants (Filichkin et al., 2010; Chang et al., 2014; Gao H. et al., 2019). We found that IR isoform expression tends to be differentially expressed under light treatment. Comparing with the current annotation that records only 159 IR genes (Table 2), our new AS dataset is more reliable based on our knowledge of plant AS patterns and could sufficiently improve the A. annua genome annotation.

Former studies have shown that environmental stress can affect AS global pattern (Palusa et al., 2007; Filichkin et al., 2010, 2015; Duque, 2011; Reddy et al., 2013; Staiger and Brown, 2013; Ding et al., 2014). Light not only provides energy for plants, but also is a key environmental factor (Filichkin et al., 2010; Chang et al., 2014; Dietz, 2015; Gao H. et al., 2019). There are reported that the deletion of SAD1 which is a key gene involved in ABA signal pathway results in a genome-wide increase of AS (Cui et al., 2014). Our work also revealed that light possibly affect the production of AS particularly IR. Comparing with the non-AS isoforms, there is a greater proportion of AS gene expression regulated by light, which suggests that light can influence not only the production of AS but also its gene expression (Figure 3C). This finding could broaden our insight into how light regulates the behavior of plants. Ten genes were identified that produce IR type isoforms in the artemisinin pathway, but only one is in the artemisinin downstream pathway. This may be due to the upstream is the common pathway of many metabolites and can be affected by more environmental regulatory factors, so as to quick respond to the changes; while the downstream specific artemisinin synthesis pathway may not require too many regulatory changes. Moreover, we also found that the IR genes in the artemisinin pathway was basically high in the expression of reference isoform, while the expression of AS isoform was generally lower. The expression of AS reference and AS isoforms in the artemisinin pathway were higher in most light than in the dark, especially in red and blue light, which was consistent with the most obvious effect of blue and red light on the accumulation of artemisinin. This indicates that the regulation effect of AS on different transcripts is the same on the synthesis pathway of light, which is more conducive to the additive effect on the synthesis regulation of artemisinin and the rapid regulation of light on artemisinin.

Plants have distinct sets of photoreceptors for several parts of the light spectrum, ranging from near-UVB (280–315 nm) to far-red (FR) (∼750 nm) wavelengths. Plants mainly use red and blue light for photosynthesis. At the same time, red and blue light, as a signal, play an important role in many biological processes such as seed germination, de-etiolation, phototropism and flowering (Wit et al., 2016). In Figure 3A, red and blue light can induce more IR isoforms up-regulated than other light treatments, indicating that the transduction of red and blue light signals to plants may depend on the AS. Also, in Figure 3C, red and blue light treatments can induce more differentially expressed IR isoforms. Red and blue light can induce more physiological responses in plants and cause more changes in the expression of AS. Besides, our analysis show that lipid related functions such as lipid binding or lipid metabolic process are enriched in differentially expressed AS or IR genes (Supplementary Tables 7, 8). Lipids, which are major and essential constituents of all plant cells, not only provide structural integrity and energy for various metabolic processes but can also function as signal transduction mediators (Bigay and Antonny, 2012). There is a lot of lipid synthesis and metabolism in chloroplasts. Chloroplast is the site of photosynthesis in plants, and its growth and development are also regulated by light (Chen et al., 2018). Therefore, light changes can cause many lipids synthesis and metabolism gene expression changes. Also, PA, one of the central molecules in lipid biosynthesis, not only facilitates transport of lipids across membranes (Awai et al., 2006) but also plays an important role in biotic and abiotic stress responses. Light is also a stress to plants, especially ultraviolet light. It is possible that light also mediates stress responses in plants through lipid signaling, and therefore, light may affect the expression of many genes related to lipid metabolism. Light is one of the important factors that regulate plant growth and development. Light exposure immediately induced alternative splicing, with many alternatively spliced transcripts expressed from genes with functions related to light signaling, suggesting a potential impact on pre-mRNA splicing and photomorphogenic gene regulation in response to light (Yoshimura et al., 2011; Petrillo et al., 2014a, b; Godoy Herz et al., 2019). Light promotes RNA polymerase II (Pol II) elongation in the affected genes, whereas in darkness, elongation is lower (Godoy Herz et al., 2019). Therefore, Photoreceptors strictly regulate gene expression to control light morphological response. These results jointly suggest that AS may play an important role in the transduction of light signals.

Overall, the number of up-regulated IR isoforms was more than the total number of down-regulated IR isoforms after blue, red, and far-red light treatments. GO enrichment indicated that some genes with special functions can produce multiple isoforms. In the artemisinin biosynthetic pathway, a total of 10 genes underwent AS to produce 26 isoforms, including 16 IR isoforms, two AA isoforms, and eight other isoforms (Supplementary Tables 10, 11). Our research suggests that the expression of IR isoforms is regulated by blue, red, and far-red light, which may also be involved in the biosynthesis of artemisinin and other plant secondary metabolite synthesis (Chen et al., 2013; Liu et al., 2018). For example, genes such as AACT and DXS in the MVA and MEP pathways exhibited IR isoforms (Figure 4). A recent study reported that most of the IR isoforms in Arabidopsis are predicted to be targets of NMD to regulate mRNA stability as they are subjected to NMD to eliminate incomplete transcripts (Filichkin et al., 2010; Syed et al., 2012; Ge and Porse, 2014; Zhu et al., 2020). These eliminated IR isoforms may contain functional domains important for artemisinin biosynthesis by influencing specific steps of the pathway.

The analysis of AS in A. annua has generated valuable insights regarding plant transcriptomes, and these findings provide a foundation for further analyses. In future work, functional verification of IR isoforms will be conducted in the artemisinin pathway and regulatory genes. In conclusion, this study provides not only new insights into the regulation of AS in artemisinin biosynthesis, but also valuable genetic resources for further exploration of functional genomics in A. annua.
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Supplementary Figure 1 | Sequence alignment of PTC-present isforms and their corresponding reference isoforms. Location of PTC is highlighted in red rectangle.

Supplementary Figure 2 | Gene structure of PTC-present isforms and their corresponding reference isoforms. Location of PTC is indicated by black arrow.

Supplementary Figure 3 | Expression heatmap of genes related to MVA, MEP and artemisinin synthesis pathways.

Supplementary Table 1 | Pre-processed of full-length reads and corrected full-length reads data in leaf, flowers, stem and root of A. annua.

Supplementary Table 2 | Summary of Illumina RNA-seq and single-molecule real-time (SMRT) full-length read and corrected full-length reads quality mapping to the reference genome as determined by STAR.

Supplementary Table 3 | The alternative splicing isoforms and splicing types identified by Isoform Detection and Prediction (IDP).

Supplementary Table 4 | The expression level of a total of 11,832 alternative splicing isoforms involved in the A. annua.

Supplementary Table 5 | Genome-wide quantitative analysis of alternative splicing isoforms produced by different light treatments. The table shows that blue, red, far red, white light and dark were used to treat A. annua seedlings for 48 h. There were three biological duplicates for each treatment. Kallisto was used to quantify 75,058 transcripts, and the mean value of TPM was taken as the expression of transcripts. Set TPM = 1 to the cut-off value, and the isoform (alternative splicing) of TPM > 1 is considered to be expressed.

Supplementary Table 6 | The total number of up-regulated and down-regulated IR isoforms and non-AS genes after treatment with blue, red, far-red, white light and dark. The table shows the total number of up- and down-regulated IR isoforms and non-AS genes after different light treatments, which were used to Supplementary Figure 3.

Supplementary Table 7 | Functional enrichment of differentially expressed AS genes. The table shows gene enrichment results corresponding to all differentially expressed AS isoforms. Gene Ratio: The ratio of the number of differentially expressed genes associated with this term to the total number of differentially expressed genes; which had GO annotations; Bg Ratio: The ratio of the number of background genes associated with this term to the total number of all background genes which had GO annotations; p.adjust: adjust p-values for multiple comparisons.

Supplementary Table 8 | Alternative splicing isoforms of up-regulated and down-regulated genes in Gene ontology (GO) functional enrichment results. The table shows gene enrichment results corresponding to all differentially expressed IR isoforms were either up-regulated or down-regulated after blue, red, far-red, white light and dark treatment.

Supplementary Table 9 | The overlapping genes in Gene ontology (GO) enrichment analysis result.

Supplementary Table 10 | The alternative splicing type and expression level of the genes involved in the A. annua (dark as a control).

Supplementary Table 11 | The alternative splicing type and expression level of the genes involved in the A. annua (white as a control).

Supplementary_AS_sequence.fasta | Fasta-format sequence file of a total of 11,832 alternative splicing isoforms involved in the A. annua.


FOOTNOTES

1
http://www.pacificbiosciences.com/

2
https://github.com/Magdoll/PacBio-generic/blob/master/hmmer_wrapper.py
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Mesona chinensis Benth (MCB) is an important Chinese herbal medicine. The plant factories might be one of the ways to solve the shortage of MCB supply. In this study, the MCB seedlings were treated under the red (R) and blue (B) lights in the plant factory. Results showed that the red light promoted the growth and development of MCB in comparison with the blue light. Under the red-light condition, the biomass, plant height, and root characteristics were significantly higher than those under blue-light condition, while the soil and plant analyzer development (SPAD) under the red-light treatment was significantly lower than that under the blue-light treatment. Red light also significantly promoted the content of soluble sugar and pectin of MCB compared with blue light. Transcriptome analysis showed that a total of 4,165 differentially expressed genes (DEGs) were detected including 2,034 upregulated and 2,131 downregulated. Of these, 1,112 DEGs including 410 upregulated and 702 downregulated genes were associated with 111 pathways. Moreover, a total of 8,723 differentially expressed transcription factors (TFs) were identified in R vs. B, and these TFs were distributed in 56 gene families. Metabonomic results revealed that a total of 184 metabolites and 99 differentially expressed metabolites (DEMs) (42 upregulated and 57 downregulated) were identified in the red- and blue-light treatments. Integrative analysis of transcriptome and metabolome unveiled that a total of 24 pathways included 70 compounds (metabolites) and were associated with 28 unigenes. In particular, these pathways included starch and sucrose metabolism, phenylpropanoid biosynthesis, cysteine and methionine metabolism, glycolysis/gluconeogenesis, and pentose and glucuronate interconversions. The unigenes included asparagine synthetase (AS), thymidine kinase (TK), alpha, alpha-trehalose-phosphate synthase (TPS), phosphatase IMPL1 (IMPL1), dihydroflavonol 4-reductase (D4R), and 4-coumarate-CoA ligase-like 6 (4CL6), bifunctional aspartokinase-homoserine dehydrogenase 1 (thrA), and abscisic acid 8′-hydroxylase 2 isoform X1 (ABA8). It was indicated that these pathways and genes might play important roles in the growth and development of MCB. This study laid a foundation for the future research of MCB.

Keywords: Mesona chinensis Benth, plant factory, LED, red and blue light, growth and development


INTRODUCTION

Mesona chinensis Benth (MCB), belonging to the Lamiaceae family, is an annual or perennial herb. It is an economically important plant widely cultivated in South China and Southeast Asian countries (Ren et al., 2019; Tang et al., 2020). It includes polysaccharides, flavonoids, vitamins, amino acids, fat, fiber, and polyphenols (Su et al., 2011; Tang et al., 2020). M. Chinensis Benth polysaccharides (MCP) consist of eight monosaccharides, including galacturonic acid, glucose, galactose, xylose, mannose, rhamnose, ribose, and glucuronic acid, with the molar percentages of 28.4, 26.5, 16.4, 10.6, 7.4, 5.7, 4.2, and 0.9%, respectively (Zhang et al., 2013). As one of the functional active substances, MCP has attracted much attention owing to its various biological activities, including antitumor, antioxidant, antiviral, and hypoglycemic activities (Huang et al., 2018; Wang et al., 2019; Xiao et al., 2019). In addition to its medicinal values, MCB is used as a herbal beverage in China and Southeast Asian countries and also as a source of raw materials in food industries and packaging industries, such as natural food pigment, new refrigerant, food film, and coating agent (Cheng et al., 2015; Yang et al., 2015a,b; Huang et al., 2019; Ren et al., 2019). In recent years, due to a relatively high level of cultivation and management measures of MCB, farmers are not willing to plant it, resulting in the insufficient supply of MCB in China and a large import of MCB raw materials from Southeast Asian countries. Therefore, besides the traditional field cultivation, it is necessary to seek other cultural regimes of MCB.

The plant factory is a revolution for the traditional cropping system to deal with the issues of farmland area shrinkage and population growth (United Nations [UN], 2017). In a plant factory, electric-based equipment is used to control all involved environmental factors, for example, illumination condition, temperature, and nutrition supply (Kim et al., 2013; Zha and Liu, 2018). Light is one of the most important factors that regulate plant growth and development (He et al., 2020a) and that determine photosynthesis and subsequently carbohydrate production and accumulation (Wei et al., 2020). Light-emitting diode (LED) technology provides an essentially distinct and energy-effective approach for the agricultural industries (Ballare et al., 2012). The LED light system allows the regulation of spectrum, spectral composition, and light intensity to supply better growth conditions for commercial crops, fruits, flower plants, and even trees (Yeh and Chung, 2009; Tayebeh et al., 2020). Theoretically, in a plant factory framework, if all the factors are within the most favorable level, some specific plants can grow continuously and efficiently. As mentioned earlier, MCB is an annual or perennial herb and may be suitable for growing in plant factories.

Artificial light is essential in a plant factory, and red (R) and blue (B) lights are the two major wavelengths that drive photosynthesis (Tandeau de Marsac and Houmard, 1993; He et al., 2020c). Red light is a component of the solar spectrum that strongly affects plant tissues (Kuo et al., 2015), while blue light is an important environmental signal for various organisms regulating their growth and developmental processes through photoreceptors (Sano et al., 2009). Although the blue and red lights are essential for the growth of many plants, including potato (He et al., 2020c), watermelon (Bantis et al., 2020), birch (Saebo et al., 1995), lettuce, peanut plants (Poulet et al., 2014; Li et al., 2018), and kidney bean plants (Hiromichi and Kazuhiro, 2000), few studies have focused on the effects of each on the growth of MCB in a plant factory. In this study, we examined and analyzed the physiological, biochemical, cytological, and molecular responses to the red and blue lights in MCB. This study provides guidance for the cultivation of MCB in plant factories and lays a foundation for the future research of MCB molecular biology.



MATERIALS AND METHODS


Materials and Experimental Treatments

Mesona chinensis Benth cutting seedlings of about 10–15 cm height were used as plant materials. The seedlings were transplanted on the culture frame in the plant factory with a condition of 25°C room temperature and 70% humidity. The seedlings were exposed to blue (200 μmol m–2s–1) and red (200 μmol m–2s–1) lights at a day/night time of 16/8 h, respectively. All the plants were cultivated using the hydroponic method with 1/2 Hoagland nutrient solution. After 1 month, the data on the growth of MCB were measured and collected. Meanwhile, the three-fourth true leaves of apical meristem were collected and frozen at −80°C for the analysis of soluble sugar, soluble pectin, transcriptome, and metabolome (Suzhou PANOMIX Biomedical Tech Co. Ltd., Suzhou, China).



Determination of Agronomic Characters

Light-emitting diode meter equipment (UPRtek, MK350NPLUS) was used for spectrum measurement. At least three plants from each treatment were taken for the measurement of fresh weight, dry weight, plant height, and soil and plant analyzer development (SPAD) (SPAD-502 Chlorophyll Meter) values. Root morphological indexes were determined using the root analyze system (WinRHIZO, Regent, Canada) (Tang et al., 2019). Soluble sugar and soluble pectin were measured using Plant Soluble Sugar and Pectin Kits (Suzhou Grace Biotechnology Co. Ltd., Suzhou, China).



Transmission Electron Microscope Observation

The third true leaf of apical meristem was used, and the vein was removed. Transmission Electron Microscope (TEM) observation was referred by Tang et al. (2018). Leaves were cut into small size pieces (about 2 mm × 2 mm) and put into a 2.5% glutaraldehyde buffer solution. Then the samples were fixed at 4°C, rinsed in phosphate buffer, post-fixed in 1% osmium tetraoxide (OsO4), dehydrated with a series of 50, 60, 70, 80, 90, and 100% ethanol, washed in 100% acetone, and embedded. Finally, the samples were observed under a TEM system of Hitachi.



cDNA Library Construction, Sequencing, de novo Assembly

The cDNA library was constructed and sequenced according to Santos et al. (2021). Briefly, RNA purity was checked, and RNA integrity was first assessed. Then, about 1 μg RNA per sample was employed for cDNA library construction using NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, United States), following the instructions of the manufacturer. Consequently, the library quality was estimated using the Agilent Bioanalyzer 2100 system. Finally, the RNA-Seq library sequencing was performed using the Illumina Hiseq X Ten platform for a 150 bp paired-end read.

Trinity1 was used for de novo assembly of transcriptomes. In brief, clean reads with a certain overlap length were initially combined to form contigs and then related contigs were clustered using the TGICL software (version 2.1) (Pertea et al., 2003) to yield unigenes that could not be extended on either end and redundancies were removed to obtain non-redundant unigenes.



Functional Annotation of the Assembled Unigenes

The sequences of unigenes were searched against the NR,2 KEGG,3 GO,4 COG,5 Swiss-Prot,6 and TrEMBL databases (E-value ≤ 1E-5) using BLASTX to retrieve protein functional annotations based on sequence similarity. High-priority databases (followed by NR, Swiss-Prot, and KEGG) were selected to determine the direction of the unigene sequences. The best aligning results were used to predict the coding region sequences from unigenes, and the coding sequences (CDSs) were translated into amino sequences using the standard codon table. The ESTScan software (Iseli et al., 1999) was used to decide the sequence direction of the unigenes that could not be aligned to any of the above databases. GO terms were assigned to each sequence annotated using BLASTX against the Nr database using the Blast2GO program with the E-value threshold of 1E-5 for further functional categorization. The WEGO software (Ye et al., 2006) was used to plot the distribution of the GO functional classification of the unigenes. The unigene sequences were also aligned to the COG database to predict and classify possible functions and assigned to KEGG pathway annotations to analyze the inner-cell metabolic pathways and the related gene function using BLASTX.



Differential Expression Analysis and Functional Enrichment

HTSeq was used to calculate the number of reads mapped to each gene and the FPKM (fragments per kilobase of exon model per million mapped fragments) method was employed for the calculation of gene expression. Differential expression analysis was performed using the DgSeq2, q-value (or FDR) < 0.01, and | log 2 (fold change [FC])| > 1 was set as the threshold for significantly differential expression. GO enrichment analysis of differentially expressed genes (DEGs) was carried out using the GOseq, in which gene length bias was corrected. GO functional analysis included GO functional classification annotation for DEGs and GO functional enrichment analysis for DEGs (Gene Ontology database, see text footnote 4). The top 10 GO terms with the lowest p-value (the most significant enrichment) were selected from each GO category for display. KO-Based Annotation System (KOBAS) was used to test the statistical enrichment of DEGs in KEGG pathways (see text footnote 3). According to the results of DEGs of KEGG enrichment analysis, the top 30 pathways with the lowest p-value (the most significant enrichment) were selected for display.



Liquid Chromatography-Mass Spectrometry Detection

The extraction of metabolites was conducted as follows. All samples were taken in a 2 ml EP tube, two steel balls were added and ground in the tissue grinder at 50 Hz for 60 s, and then the samples were homogenized. Accurately weighed 100 mg (±1%) of the homogenized sample was taken in a 2 ml EP tube, accurately weighed 0.6 ml of methanol (including internal standard) was added, and the mixture was vortexed for 30 s. Two steel balls were added and ground in the tissue grinder for 60 s at 50 Hz. The mixture was centrifuged at 4°C for 10 min at 12,000 rpm, and the supernatant was filtered through 0.22 μm membrane to obtain the prepared samples for the detection of liquid chromatography-mass spectrometry (LC-MS). Of note, 20 μl from each sample was taken to the quality control (QC) samples (samples that were used to monitor deviations of the analytical results from these pool mixtures and compare them with the errors caused by the analytical instrument itself). The rest of the samples were used for the detection of LC-MS according to Zhang et al. (2021).

The raw LC-MS data were converted into mzXML format files by Proteowizard Data Analysis software (version v3.0.8789). Then, peaks identification, peaks filtration, and peaks alignment were processed using XCMS7 with the following default set: ppm = 15, bw = 2, peak width = c(5, 30), mzdiff = 0.01, mzwid = 0.015, and method = centWave. Each metabolite was confirmed based on their exact molecular weights (MWs), and the possible empirical formulae of the metabolites were speculated (MW error < 20 ppm). Then, the exact MWs were employed to identify potential biomarkers using Metlin,8 Human Metabolome Database (HMDB),9 massbank,10 mzCloud,11 Lipid Maps,12 and database built by Bionovogene Co. Ltd.



Quantitative Reverse Transcription-PCR Analysis

cDNA was synthesized using TransScript® One-Step gDNA Removal and cDNA Synthesis SuperMix, and quantitative reverse transcription-PCR (qRT-PCR) was conducted using PerfectStart® Green qPCR SuperMix (TransGen Biotech Co. Ltd.) on an applied biosystems (Thermo Fisher Scientific). The qPCR primers were designed and listed in Supplementary Table 1. The 20 μl qPCR reaction mixture contained 1.0 μl of cDNA, 0.4 μl of primers, 10 μl of PerfectStart® Green qPCR SuperMix, and 8.2 μl of nuclease-free water. The qPCR amplification procedure was as follows: 94°C for 30 s, followed by 40 cycles of 94°C for 5 s, 60°C for 15 s, and 72°C for 10 s. Each sample was analyzed in triplicate, and the relative gene expression was calculated using the 2–△△CT method (Livak and Schmittgen, 2001).



Statistical Analysis

Means were compared using the least significant differences (Duncan) at the 5% probability level. GraphPad Prism 7, Microsoft Office PowerPoint, and Microsoft Excel were used for data processing and plotting figures.




RESULTS


Red Light Promoted the Growth and Development and Quality of Mesona chinensis Benth

In this study, to ensure the accuracy of the spectrum in the plant factory, the spectra of the red and blue lights were determined (Figures 1A,B). Red light promoted the growth and development of MCB in comparison with blue light (Figures 1C,D). Under the red-light condition, the biomass, plant height, and root characteristics of MCB were significantly higher than those under blue-light condition, while the SPAD of red-light treatment was significantly lower than that of blue-light treatment (Figure 2). Of these, the dry weight, fresh weight, and plant height increased by 96.90, 163.07, and 40.20%, respectively (Figures 2A–C). Compared with blue-light condition, the root length, root surface area, root volume, and root average diameter under red-light condition increased by 13.99, 93.05, 228.22, and 68.25%, respectively (Figures 2E–H). However, under red-light condition, the SPAD value was reduced by 57.50% in comparison with that under blue-light condition (Figure 2D). Moreover, red light also significantly promoted the content of soluble sugar and pectin of MCB compared with blue light (Figures 2I,J). The soluble sugar and soluble pectin contents of the red-light treatment increased by 299.48 and 217.71%, respectively.
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FIGURE 1. Comparison of plant morphological characteristics and spectrum under the red and blue lights. (A,B) Blue- and red-light spectrum, respectively; Y-axis: λpv, X-axis: wavelength; (C,D) The plants grown under the blue- and red-light conditions, respectively.
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FIGURE 2. Comparison of plant growth and development, soluble sugar, and soluble pectin under the red and blue lights. (A–J) Indiated the fresh weight, dry weight, plant height, SPAD, root length, root surface area, root volume, root average diameter, soluble sugar, and soluble pectin, respectively. FW: fresh weight; DW: dry weight; SPAD, soil and plant analyzer development.




Red Light Changed Chloroplast Ultrastructure of Mesona chinensis Benth Leaves

As mentioned earlier, the leaves turned light yellow under the red-light treatment, while it was green under the blue-light treatment. To further study the effects of red and blue lights on the leaf ultrastructure of MCB, TEM observation was performed in this study (Figure 3). The leaves under both treatments had intact cell walls and chloroplast structures. The osmiophilic granules and starch grains were also observed in the leaves under both treatments. Compared with the blue-light treatment, there were more starch grains in the leaves under the red-light treatment. However, they had different chloroplast ultrastructures. Remarkably, a large number of vesicles were found and the vesiculation phenomenon was observed in thylakoid lamellae under the red-light treatment in comparison with the blue-light treatment.
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FIGURE 3. Comparison of the ultrastructure of MCB leaves under the red and blue lights. (A,C,E) Represented the blue-light treatment; (B,D,F) Represented the red-light treatment. SG, starchgrains; OG, osmiophilicgranules; CH, chloroplast; CW, cellwall; VTL, vesiculation of thylakoid lamellar.




RNA Sequencing, de novo Assembly, and Functional Annotation

The RNA-Seq data generated in this study have been deposited in the Sequence Read Archive (SRA) database (accession number PRJNA741889). The Q30 values and the percentage of clean data of the six samples were more than 91 and 90%, respectively (Supplementary Tables 2, 3). A total of 171,484 transcripts and 60,064 unigenes were identified with a total length of 224,909,017 and 64,130,649 bp, respectively (Supplementary Table 4), and then the unigenes were annotated against NR, GO, KEGG, eggNOG, Swiss-Prot, and Pfam databases (Supplementary Tables 5, 6). Among these, 35,666 unigenes were annotated to the NR database, accounting for 59.38% of the transcripts, while 16,617 (27.67%), 14,347 (23.89%), 19,235 (32.02%), 34,247 (57.02%), and 26,555 (44.21%) unigenes could be annotated to GO, KEGG, Pfam, eggNOG, and Swissport, respectively (Supplementary Table 7). GO analysis revealed that a total of 24, 24, and 19 GO terms were involved in biological processes, cell components, and molecular functions, respectively (Supplementary Figure 1). Furthermore, we obtained the active biological functional pathways on MCB leaf unigenes from the KEGG pathway database. A total of 9,573 unigenes aligned with 35 classifications, and the pathways were divided into five categories containing metabolism, genetic information processing, environmental information processing, cellular processes, and organismal systems (Supplementary Figure 2).



Identification of Differentially Expressed Genes and Pathways

Using RSEM software and the transcript sequences as a reference, we aligned the clean reads of each sample to the reference sequence. Then, the number of reads aligned on each gene were counted in each sample and the FPKM values of each gene were calculated (Supplementary Table 8). The FPKM value between 1 and 10 was dominant in different ranges of expression levels (Figures 4A,B). Before DEGs analysis, the correlation of gene expression level among the samples was analyzed for checking the reliability of the experiment and the rationality of sample collection. The Pearson’s correlation coefficient of gene expression levels under the blue-light condition ranged from 0.93 to 0.97, while under the red-light condition it ranged from 0.99 to 1.00 (Figure 4C). In addition, the samples under the two treatments also differed remarkably by the principal component analysis (PCA) (Figure 4D). Therefore, it was indicated that the data could be used for further DEG analysis.
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FIGURE 4. Analysis of RNA sequencing data of six samples. (A,B) The density distribution of FPKM; (C) Correlation test of six samples; (D) PCA analysis of six samples.


To identify the genes involved in MCB growth, we analyzed the DEGs between the red-light and blue-light treatments with the following parameters: p-value < 0.05 and | log 2 FC| ≥ 1. A total of 4,165 DEGs were detected including 2,034 upregulated and 2,131 downregulated (Figure 5A). Among these, 2–5 fold changes were noted in the expression of majority DEGs (1,518 upregulated and 1,718 downregulated) (Figure 5B).


[image: image]

FIGURE 5. Differentially expressed genes (DEGs) statistics and functional enrichment analysis between the red- and blue-light treatments. (A) DEGs statistical analysis; (B) Distribution of DEGs based on different fold change thresholds; (C,D) GO and KEGG enrichment analysis, respectively.


GO analysis unveiled that the DEGs were categorized into certain cellular components, molecular functions, and biological processes (Figure 5C). Cellular component analysis showed that the most significant enrichment of DEGs was involved in thylakoid, followed by chloroplast, plastid, and photosynthetic membrane. Regarding molecular functions, oxidoreductase activity was the most significant enrichment. In terms of biological processes, the oxidation-reduction process and photosynthesis were the significantly overrepresented items.

Further KEGG analysis uncovered that in total, 1,112 DEGs, including 410 upregulated and 702 downregulated genes, were associated with 111 pathways (Supplementary Table 9). All the top 30 most significant enrichment pathways were divided into environmental information processing, metabolism, and organismal systems (Figure 5D). Of these, only plant MAPK signaling pathways and plant hormone signal transduction were the most significant enrichment in environmental information processing, and the plant circadian rhythm and plant-pathogen interaction pathways were the two most representative pathways in organismal systems. Notably, the remaining 26 pathways, including starch and sucrose metabolism, pentose phosphate pathway, flavonoid biosynthesis, photosynthesis, and porphyrin and chlorophyll metabolism, were involved in metabolism.

Transcription factors regulate plant growth and development, environmental stress response, and biosynthesis of secondary metabolites by inhibiting or activating gene expression (Latchman, 1993; Chen et al., 2021). In this study, a total of 8,723 differentially expressed TFs were identified and they were distributed in 56 gene families (Supplementary Figure 3 and Supplementary Table 10). It was indicated that these TFs might be associated with MCB growth.



Metabolome Profiling Between the Red- and Blue-Light Treatments

In this study, metabolites were extracted from leaf samples with six replicates and analyzed using LC-MS. A total of 184 metabolites were identified in the red- and blue-light treatments (Supplementary Table 11 and Supplementary Figure 4). Based on these metabolites, the PCA and relative standard deviation (RSD) showed that the data were reliable (Supplementary Figure 5). The metabolites included carbohydrates and carbohydrate conjugates (CCC), alcohols and polyols (AP), amino acids, peptides, and analogs (AAPA), fatty acids and conjugates (FAC), amines (A), eicosanoids (E), linoleic acids, and derivatives (LAD), 1-hydroxy-2-unsubstituted benzenoids (1H2UB), short-chain keto acids and derivatives (SKAD), tricarboxylic acids and derivatives (TAD), and cyclic purine nucleotides (CPN), accounting for 18.45, 19.42, 26.21, 11.65, 5.83, 3.88, 3.88, 2.91, 2.91, 2.91, and 1.94%, respectively (Supplementary Figure 6).

Furthermore, we found 99 DEMs between the red- and blue-light treatments, including 42 upregulated and 57 downregulated (Figure 6A). To illustrate the function of the metabolites involved in MCB growth, we analyzed the 99 DEMs using the KEGG database. A total of 53 pathways were found when the DEMs between the two treatments were introduced into KEGG (Figure 6B). Of these, based on the pathway impact scores (>0.1), we identified the 17 most relevant metabolic pathways (Table 1). Furthermore, seven pathways were at an extremely significant level (p < 0.01), including flavone and flavonol biosynthesis (FFB), aspartate and glutamate metabolism (AAGM), cysteine and methionine metabolism (CMM), galactose metabolism (GM), arginine and proline metabolism (APM), citrate cycle (TCA cycle), and lysine biosynthesis (LB). Only one pathway, glyoxylate and dicarboxylate metabolism, was at a significant level (p < 0.05). The remaining nine pathways were statistically non-significant (p > 0.05).
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FIGURE 6. Analysis of differentially expressed metabolites (DEMs) and KEGG pathway. (A) DEMs identified between the red- and blue-light treatments; (B) Analysis of KEGG pathway of DEMs.



TABLE 1. Results from KEGG pathway analysis.
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Integrative Analysis of Transcriptome and Metabolome

Based on the DEGs and DEMs data, we conducted an integrative analysis of transcriptome and metabolome between the red- and blue-light treatments. Results showed that a total of 24 pathways included 70 compounds (metabolites) and were involved in 28 unigenes (Table 2). These pathways included starch and sucrose metabolism (C00092 and C00185), phenylpropanoid biosynthesis (C00079), cysteine and methionine metabolism (C00019, C00049, C00073, C00109, C00170, C00979), glycolysis/gluconeogenesis (C00631), and pentose and glucuronate interconversions (C00026 and C05411). These genes included asparagine synthetase (AS), thymidine kinase (TK), alpha, alpha-trehalose-phosphate synthase (TPS), phosphatase IMPL1 (IMPL1), dihydroflavonol 4-reductase (D4R), and 4-coumarate-CoA ligase-like 6 (4CL6), bifunctional aspartokinase-homoserine dehydrogenase (thrA), and abscisic acid 8′-hydroxylase 2 isoform X1 (ABA8 or CYP707A2), which were differentially expressed between the two treatments (Figure 7). It was indicated that these pathways and genes might play important roles in the growth and development of MCB.


TABLE 2. Results of integrative analysis of transcriptome and metabolome.
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FIGURE 7. The expression level of AS, TK, TPS, IMPL1, D4R, 4CL6, thrA, and ABA8 between the red- and blue-light treatments.




Verification of Differentially Expressed Genes Using Quantitative Reverse Transcription -PCR

To verify the credibility of transcriptome sequencing data, eight candidate DEGs (AS, TK, TPS, IMPL1, D4R, 4CL, thrA, and ABA8) were selected and analyzed using qRT-PCR. Results showed that our data were in line with those obtained with the RNA-Seq (Figure 7). These indicated the reliability of the results of DEGs analysis.




DISCUSSION


Red Light Promoted the Growth and Development and Quality of Mesona chinensis Benth

Light is the basic energy source of photosynthesis and the main environmental factor regulating plant growth and development throughout the plant life cycle (Devlin et al., 2007). The growth and development of plants are not only restricted by light intensity but also affected by light quality, that is, the light and radiation of different wavelengths (Paradiso and Proietti, 2021). The solar spectrum is roughly divided into ultraviolet radiation (ultraviolet, UV < 400 nm: UV-A, 320–400 nm; UV-B, 280–320 nm; UV-C, <280 nm, 100–280 nm), visible or photosynthetically active radiation (PAR) (PAR, 400–700 nm: blue light, 400–500 nm; green light, 500–600 nm; red light, 600–700 nm), and infrared radiation (700–800 nm) (Xu et al., 2015). Red light and blue light are the main energy sources for carbon dioxide assimilation and have primary impacts on carbohydrate biosynthesis and plant growth (Lim and Eom, 2013; He et al., 2020b). Red light affected the height and leaf area of kidney bean plants (Hiromichi and Kazuhiro, 2000) and potato plantlets (Miyashita et al., 1997; Lee et al., 2011). Bantis et al. (2016) reported that the red light increased the dry weight of watermelon seedlings. Peanut and lettuce plants under a high proportion of red light also exhibited enhanced biomass accumulation (Poulet et al., 2014; Li et al., 2018). Red light determined better growth compared with blue light in lettuce (Yanagi et al., 1996). In this study, red light promoted the growth and development of MCB in comparison with blue light, specifically in the plant height, dry and fresh weight, and root growth (Figures 2A–H). It was consistent with the results mentioned earlier. The difference was that the red light reduced chlorophyll content in leaves of MCB compared with the blue light. It was consistent with the results of the study on Welsh onion (Gao et al., 2020). The reason might be that the chlorophyll content could be increased by the blue light (He et al., 2020b).

In response to the alterations in the light spectrum, plants are capable of adapting to environmental changes by accumulating a variety of metabolites, including polysaccharides, flavonoids, triterpenoids, and phenolic compounds (Ibrahim and Jaafar, 2012). Studies reported that the red light increased the number of phenolic compounds in the leaves of lettuce and tomato stems (Li and Kubota, 2009; Kim et al., 2013), Ocimum basilicum (Bantis et al., 2016), and Perovskia lamiaceae (Ghaffari et al., 2019), and it also promoted the anthocyanin content in Brassica oleracea L. var. acephala D.C. (Lefsrud et al., 2008) and red cabbage leaves (Mizuno et al., 2001). Meanwhile, under the red light, the contents of soluble sugar and total sugar significantly increased in tomatoes (Pu et al., 2005). In this study, the red light significantly promoted the contents of soluble sugar and pectin of MCB compared with the blue light (Figures 2I,J). Pectin was an important component of MCB polysaccharides, which was the standard to measure the quality of MCB. As the red light had positive effects on the biomass and quality of MCB, it might be feasible to supplement red light in production to promote the growth and development and quality of MCB.



Responses of Chloroplast Ultrastructure of Mesona chinensis Benth Leaves to the Red and Blue Lights

Chloroplasts contain chlorophyll and are rich in thylakoid membranes that can absorb and transform light energy (Kirchhoff, 2019) so that they are the sites of photosynthesis in plant cells (Barry et al., 2012; Tang et al., 2018). If the chlorophyll synthesis was decreased or impeded, the chloroplast ultrastructure would change (Zhang et al., 2014). The light quality was one of the important factors affecting chloroplast development. Under the blue light, the number of grana lamellae was the highest with the most stacked lamellae and the minimum starch grains in the chloroplast, while the leaves developed under red light alone displayed dysfunctional photosynthetic apparatus (Wang et al., 2015). In upland cotton, the seedlings that were grown under blue LEDs also showed high integrity of the chloroplast ultrastructure with a visible lamellar structure (Li et al., 2010). Gao et al. (2020) reported that the chloroplasts of leaves treated with blue and red lights were intact and contributed to photosynthesis, while yellow light inhibited chloroplast development. In our investigation, the leaves under both the red and blue light treatments also had intact chloroplast ultrastructure. However, compared with the blue-light treatment, there were more starch grains in the leaves under the red-light treatment, and a large number of vesicles were found in the thylakoid lamellar of the leaves under the red-light treatment (Figure 3). It could be concluded that the blue light was a key signal for chloroplast development (Wang et al., 2015). However, the red light had different effects on chloroplast development. These comparisons could support the hypothesis that there were species-specific responses to the light environment (Gao et al., 2020).



Contributing to Understanding the Chemical Components of Mesona chinensis Benth

Previous studies showed that MCB contained polysaccharides, flavonoids, triterpenoids, phenols, and other chemical components (Lin et al., 2013). MCP consisted of eight monosaccharides, including mannose, rhamnose, ribose, glucuronic acid, galacturonic acid, glucose, galactose, and xylose (Zhang et al., 2013). Quercetin was the main component of flavonoids (Liu, 1995), ursolic acid and oleanolic acid were the predominant components of triterpenoids (Shyu et al., 2008), and caffeic acid (the highest content) and epicatechin were the primary components of phenols (Qiu et al., 2010) in MCB. Besides the polysaccharides, flavonoids, triterpenoids, and phenols, MCB also contained minerals (such as iron, calcium, magnesium, manganese, zinc, and potassium) (Lin and Zhu, 1992), vitamin B, amino acids, cellulose, and plant pigments, etc. (Liu and Chen, 2004; Cao et al., 2007; Qiu et al., 2009). In this study, we identified 184 metabolites in MCB (Supplementary Table 11 and Supplementary Figure 4), which positively contributed to understanding the chemical components of MCB and laid a foundation for the future study of chemical components in MCB.



Metabolites Involved in the Growth and Development of Mesona chinensis Benth

In this study, a total of 99 DEMs (42 upregulated and 57 downregulated) were found between the red- and blue-light treatments (Figure 6A). Furthermore, based on the KEGG analysis, seven pathways, including FFB, AAGM, CMM, GM, APM, TCA cycle, and LB, were at an extremely significant level (p < 0.01), and only the glyoxylate and dicarboxylate metabolism pathway was at a significant level (p < 0.05) (Table 1). Therefore, it was indicated that these pathways might be involved in the growth and development of MCB.



Genes Involved in the Growth and Development of Mesona chinensis Benth

Our integrative analysis of transcriptome and metabolome unveiled that 28 DEGs included AS, TK, TPS, IMPL1, D4R, and 4CL6, thrA, and ABA8 or CYP707A2. Asparagine (also known as aspartamide) was α-amino acid that was particularly found in plant proteins. Asparagine possessed a high nitrogen-to-carbon ratio and was the predominant nitrogen transport compound utilized when carbon sources were relatively limited in the dark (Sieciechowicz et al., 1988). The AS genes appeared to be encoded by a small gene family in most plant species, such as Arabidopsis (Lam et al., 1998), sunflower (Herrera-Rodriguez et al., 2002), Triticum aestivum (Gao et al., 2016), and H. vulgare (Avila-Ospina et al., 2015), and the AS gene expression in higher plants was regulated by many factors, for example, light, organ type, and development. Tsai and Coruzzi (1990) identified a family of genes (AS1 and AS2) in Pisum sativum, and the AS genes were preferentially expressed in plants grown in the dark; moreover, the mRNA of the AS genes was negatively regulated by light at the transcriptional level and the expression of AS genes fluctuated sharply during a “normal” light/dark cycle. Wang et al. (2005) demonstrated that the TaAsnS1 expression in bread wheat seedlings was significantly induced by osmotic and salinity stresses, probably through ABA-dependent pathways. AsnS1 genes were downregulated in N-stressed roots, stems, and leaves during seedling growth and booting, while AsnS2 genes were expressed in leaves, stems, and roots (Curci et al., 2018). In our investigation, the AS gene was differentially expressed between the leaves under the red- and blue-light conditions. The negative regulation of the AS gene expression by light was shown to be a general phenomenon in plants, which also occurs in non-legumes such as Nicotiana tabacum and Nicotiana plumbaginifolia (Tsai and Coruzzi, 1991).

Thymidine kinase (TK) catalyzed the first step by transferring a phosphate group to a thymidine molecule in the nucleotide salvage pathway. In Oryza sativa, the TK1 gene expression was independent of cell-cycle regulation as the transcript was present in all developmental stages, and it was even more abundant in non-proliferating tissues (Ullah et al., 1999). In Hevea brasiliensis, the rubber tree, upregulation of the TK1 gene was closely associated with resistance to mechanical wounding (Venkatachalam et al., 2010). There were two thymidine kinase genes, AtTK1a and AtTK1b, in Arabidopsis thaliana. TK1a was expressed in most tissues during plant development, and it was differentially induced by ultraviolet-C radiation because TK1b expression was unaffected (Pedroza-García et al., 2014). While mutants for each TK1 gene showed normal growth, the double mutant developed poorly and plantlets died at an early stage, indicating that the function of TK1 was essential for plant development (Clausen et al., 2012).

Myo-inositol was a key precursor of various phosphate metabolites in eukaryotes, for example, cell wall polysaccharides, phosphatidylinositol, phytic acid, and indole-3-acetic acid conjugate of myo-inositol (Loewus and Murthy, 2000). Myo-inositol monophosphatase (IMP) catalyzed the dephosphorylation of myo-inositol 3-phosphate in the last step of myo-inositol biosynthesis, which was also important in phosphate metabolism and was required for the biosynthesis of phytic acid, cell wall polysaccharides, and phosphatidylinositol. IMP was encoded by VTC4; however, IMPL1 and IMPL2 were the two additional and putative IMP genes in A. thaliana (Torabinejad et al., 2009). Sato et al. (2011) demonstrated that the loss-of-function mutant impl2 leads to embryonic lethality at the globular stage, and IMPL2 was also involved in histidine biosynthesis during embryo development. In developing seeds of A. thaliana, the expression of IMP genes was not coupled with the expression of the genes encoding myo-inositol phosphate synthases, which supplied the substrate for IMPs, but was correlated with the expression of the gene for myoinositol polyphosphate 1-phosphatase (SAL1), which was involved in the myo-inositol salvage pathway, indicating a possible salvage pathway role in the seed development (Sato et al., 2011).

Trehalose metabolism was ubiquitous in plants, and the genes encoding trehalose pathway constituents were first reported in A. thaliana (Vogel et al., 1998). There were 11 trehalose phosphate synthase (TPS) homologs in A. thaliana. In particular, the TPS genes were expressed at very low levels (Schluepmann et al., 2003), and the AtTPS1 gene was expressed in all tissues and was essential during embryogenesis (Eastmond et al., 2002), indicating an important role for trehalose metabolism in plants. OtsA encoded a TPS, and the expression of OtsA accumulated trehalose 6-phosphate (T6P). Moreover, the plant phenotype with T6P accumulation was significantly opposite to that of plants with low T6P levels and was consistent with the key role of T6P in growth and development (Schluepmann et al., 2003).

In addition, D4R, catalyzing the reduction of dihydroflavonols to leucoanthocyanins, was a key enzyme in the biosynthesis of anthocyanidins, proanthocyanidins, and other flavonoids, which was of great significance for plant development (Li et al., 2012). In A. thaliana, two 4-coumarate- CoA ligase (4CL)-like proteins (At4g05160 and At5g63380) were targeted to leaf peroxisomes and could contribute to jasmonic acid biosynthesis (Schneider et al., 2005), which was a plant-signaling molecule closely associated with plant resistance to abiotic stress (Wang et al., 2020). In Escherichia coli, thrA catalyzes the commitment step involved in the regulation of the biosynthesis of threonine (Angeles and Viola, 1990), which can improve plant tolerance and promote the process of humification. Abscisic acid (ABA) is a plant stress hormone, and ABA 8′-hydroxylase (CYP707A) is the major and key P450 enzyme in ABA catabolism in plants (Ueno et al., 2007).

Taken together, in this study, compared with the blue-light treatment, the AS, TK, TPS, IMPL1, 4CL, thrA, and ABA8 genes were downregulated, while the D4R gene was upregulated under the red-light condition (Figure 7). The expression of these genes from the leaves of MCB could be regulated by light quality, indicating that these genes might be closely related to the growth and development of MCB.




CONCLUSION

The red light promoted the growth and development and quality of MCB in comparison with the blue light. The plant phenotype and leaf chloroplast ultrastructure responded differently to the red and blue lights. Transcriptome analysis showed 410 upregulated and 702 downregulated unigenes. The results of metabonomics revealed that a total of 184 metabolites and 99 DEMs were identified between the red- and blue-light treatments. Integrative analysis of transcriptome and metabolome unveiled that AS, TK, TPS, IMPL1, 4CL, D4R, thrA, and ABA8 genes were differentially expressed (Figure 8). Therefore, these pathways and genes might be involved in the growth and development of MCB.


[image: image]

FIGURE 8. Overview of the red light and blue light regulating the growth and development of MCB. Red boxes and words indicated upregulation; Green boxes and words indicated downregulation.
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Phytochromes are red- and far-red light receptors that control the growth and development of plants, enabling them to respond adequately to changing light conditions. It has been shown that halted mRNAs stored in RNA granules called processing bodies are released upon light perception and contribute to the adaptation to the light environment. However, the photophysiological background of this process is largely unknown. We found that light of different wavelengths can trigger the disassembly of processing bodies in a dose- and time-dependent manner. We show that phytochromes control this process in red- and far-red light and that cytoplasmic phytochrome A is sufficient and necessary for the far-red light-induced disassembly of processing bodies. This adds a novel, unexpected cytoplasmic function to the processes controlled by phytochrome A. Overall, our findings suggest a role of phytochromes in the control of translationally halted mRNAs that are stored in processing bodies. We expect our findings to facilitate understanding of how light and environmental cues control the assembly and disassembly of processing bodies, which could have broader implications for the regulation of non-membranous organelles in general.
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INTRODUCTION

Throughout their life cycle, plants are subject to constantly changing environmental conditions at the place where they germinated. In order to cope with fluctuations in the surrounding, plants sense and integrate environmental cues and react with a high level of plasticity to adapt their growth and development accordingly (Chevin and Lande, 2015). This integration happens at different levels, including gene expression (Peschke and Kretsch, 2011), translation, and degradation of proteins (Wu et al., 2019), as well as modifications of mechanical properties of cell walls (Falcioni et al., 2020). Environmental cues can change rapidly, therefore reaction time is a critical factor. A mechanism to overcome the need for mRNA synthesis prior to protein translation is the storage of mRNAs in translationally inactive state (Merchante et al., 2017). The formation and disassembly of processing bodies (p-bodies), a sub-class of RNA granules, is a mechanism to store translationally halted mRNAs and release them in response to specific conditions that has recently gained attention in different model organisms and contexts (Decker and Parker, 2012; Wang et al., 2018; Jang et al., 2019).

RNA granules are cytoplasmic non-membranous organelles formed by phase separation (Sachdev et al., 2019). They can be roughly subdivided into stress granules, p-bodies, and neuronal granules (Anderson and Kedersha, 2006). To our knowledge, the first morphological description of RNA granules dates back to 1865 (Mecznikoff, 1865), though their composition and function remained unknown. Later, yeast p-bodies have been characterised and shown to consist mainly of RNA and proteins supposedly involved in degradation of mRNA (Sheth and Parker, 2003; Parker and Sheth, 2007). Experiments also suggested that primarily mRNA degrading proteins are present in plant p-bodies, indicating a conserved role throughout the phylum of eukaryotes (Maldonado-Bonilla, 2014).

Pioneering work from Hubstenberger et al. (2017) was of particular importance for understanding the protein composition of p-bodies. Increasing evidence suggests that the primary role of p-bodies is the storage of halted mRNAs. P-bodies can be disassembled upon diverse stimuli, releasing these halted mRNAs, and enabling the translation of the transcripts initially stored in p-bodies (Brengues et al., 2005; Aizer et al., 2014; Hubstenberger et al., 2017). This provides a shortcut for rapid changes of the proteome in response to environmental cues, avoiding the need for de novo transcribing, splicing, exporting, and maturating mRNA. In plants, this stimulus-induced disassembly plays a role in developmental processes and adaptions to the environment. It has been shown that the light conditions to which plants are exposed determine the number and size of p-bodies and thus the release of mRNAs for translation, including GUN5 and OE33 (Jang et al., 2019). The proteins encoded by these mRNAs are relevant for the establishment of fully developed chloroplasts and help plants to adapt to light.

Light is one of the most important factors determining a plant’s life (Paik and Huq, 2019). In order to acquire information about the light conditions in the ambient environment, plants have evolved a set of photoreceptors that monitor the light spectrum from UV-B to far-red (FR) light. Phytochromes mediate light signalling in the red (R) and FR light range of the light spectrum (Legris et al., 2019). They are synthesised in the inactive Pr form and can undergo conversion to the active Pfr form upon light absorption. Pfr can revert to Pr either upon light absorption or via thermal relaxation (Klose et al., 2015a). This behaviour forms a molecular toggle switch allowing phytochromes to determine the R:FR ratio in the surrounding environment. PhyB plays a dominant role in R light, whereas phyA is the only photoreceptor in Arabidopsis thaliana that mediates responses to FR light. Photoactivated phytochromes translocate to the nucleus where they interact with a plethora of signalling components to control gene expression (Legris et al., 2019). A canonical, well-investigated pathway of phytochrome signalling depends on the PHYTOCHROME INTERACTING FACTORs (PIFs), a set of bHLH transcription factors. Upon binding of PIFs to phytochromes in the nucleus, the DNA-binding activity of PIFs is suppressed (Legris et al., 2019). Another key component in phytochrome signalling is the CONSTITUTIVELY PHOTOMORPHOGENIC 1/SUPPRESSOR OF PHYA-105 (COP1/SPA) complex, which targets positive factors of photomorphogenesis, such as ELONGATED HYPOCOTYL 5 (HY5), for degradation in darkness. This complex is reorganised and inactivated upon binding of photoactivated phytochromes, allowing positive factors of photomorphogenesis to accumulate (Sheerin and Hiltbrunner, 2017). Jang et al. (2019) showed that the hy2 mutant is unable to react to white light with a reduction of p-body numbers. This mutant is deficient in the synthesis of phytochromobilin and therefore lacks photoactive phytochromes (Kohchi et al., 2001). Additionally, it was shown that a mutation in COP1, cop1-6, leads to decreased p-body numbers in darkness. This is in line with the light-independent activation of light signalling in the cop1-6 mutant (Ma et al., 2002). These results indicate an involvement of the phytochrome signalling system in the disassembly of p-bodies in response to light. Yet, the wavelength- and fluence rate-dependency of p-body disassembly has not been investigated and it is still unknown which specific phytochromes are involved in this process.

In our recent work, we described NOT9B as a p-body localised protein. NOT9B is part of the CCR4-NOT complex, a multi-protein complex described to be localised in p-bodies and the nucleus (Maldonado-Bonilla, 2014; Collart, 2016). This complex fulfils a multitude of different functions in plants and has gained attention in plant science over the last years. Only recently, the complex as such was shown to exist in plants (Arae et al., 2019; Zhou et al., 2020; Schwenk et al., 2021). Components of the complex have been described as regulators of transcription and integrators of environmental stresses (Liang et al., 2009; Walley et al., 2010; Suzuki et al., 2015). Here, we used YFP-tagged NOT9B as marker for p-bodies to further investigate the role of light signalling in the disassembly of p-bodies. We determined the basic physiological parameters that control this process, such as the light intensity and quality. P-body disassembly in different mutant and transgenic backgrounds was analysed to evaluate photoreceptor dependency of this process.



RESULTS


Light of Different Wavelengths Triggers p-Body Disassembly

As demonstrated by Jang et al. (2019), prolonged exposure to white light triggers a reduction of the number of p-bodies in cotyledons. To further investigate this effect, we performed similar experiments using Arabidopsis thaliana lines stably expressing the p-body localised protein NOT9B N-terminally fused to HA-YFP. We found that 4 h of exposure to FR or R light reduced p-body numbers in hypocotyl epidermis cells (Figure 1A). This effect is tissue independent, as we also observed an FR light-dependent reduction of p-body numbers in roots and cotyledons of the HA-YFP-NOT9B transgenic line (Figures 1B,C). The effect of FR light on p-bodies is possibly independent of photosynthesis and the energy status, since FR light is poorly photosynthetically active. Supporting this notion, we found that supplementing the growth medium with sucrose does not have any effect on the number of p-bodies (Supplementary Figure 1). To investigate the possibility that light has an effect on the protein level of NOT9B, we analysed the stability of HA-YFP-NOT9B in R and FR light by western blotting. The amount of NOT9B is not or only slightly affected by light treatments that trigger p-body disassembly. Differences in HA-YFP-NOT9B levels did not exceed 30% and there was no trend toward lower levels after longer exposure to light (Supplementary Figure 2). Therefore, the lower abundance of p-bodies in light cannot be explained by reduced levels of HA-YFP-NOT9B (Figure 1D).


[image: image]

FIGURE 1. Different wavelengths trigger p-body disassembly. (A–C) HA-YFP-NOT9B tagged p-bodies in different light conditions in different tissues. p35S:HA-YFP-NOT9B expressing seedlings were grown for 4 days in darkness, followed by 4 h of indicated light quality at a fluence rate of 40 μmol m–2s–1 (FR) or 20 μmol m–2s–1 (R). Seedlings were imaged and 15 pictures were evaluated. One representative experiment out of three independent experiments is shown. Representative microscope pictures for each treatment are displayed. Different letters indicate significant differences between groups as determined by one-way ANOVA, followed by Tukey’s HSD. P < 0.05. Scale bar represents 10 μm. Number of p-bodies was quantified in (A) hypocotyl epidermal cells, (B) cotyledon mesophyll cells, and (C) root epidermal cells. (D) Protein levels of HA-YFP-NOT9B remain constant under light treatments. 4-day old, dark-grown HA-YFP-NOT9B expressing seedlings were treated with light (40 μmol m–2s–1 FR or 20 μmol m–2s–1 R) for the indicated time. Total protein was extracted and analysed by Western blotting; HA-YFP-NOT9B was detected using αHA antibody; the Amido Black stained membrane is shown as loading control.


Using another p-body marker, DCP1-CFP, we also observed a reduction in p-body numbers in response to FR light, similar to HA-YFP-NOT9B marked p-bodies. This indicates that light does not specifically trigger the exclusion of HA-YFP-NOT9B from p-bodies but rather promotes a general disassembly of p-bodies (Supplementary Figure 3).



P-Body Disassembly in Far-Red and Red Light Is Dependent on Phytochrome A and B, Respectively

So far, it was unclear which photoreceptor mediates the disassembly of p-bodies in response to different light qualities. We crossed the HA-YFP-NOT9B expressing line into phyA-211, phyB-9, and phyA-211 phyB-9 mutants and quantified p-body number reduction in response to R and FR light. The reduction of p-body numbers in response to R light was dependent on phyB, whereas the reduction in FR light required phyA. The phyA-211 phyB-9 double mutant was not able to react to any of these light qualities in terms of reduction of p-body numbers (Figures 2A–C). This behaviour is in line with the canonical function of phyA and phyB as primary FR and R light receptors, respectively.
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FIGURE 2. R and FR light-induced reduction of p-body abundance is dependent on phytochromes. (A–C) p35S:HA-YFP-NOT9B expressing seedlings in the indicated genetic backgrounds were grown for 4 days in darkness. Abundance of p-bodies was quantified before exposure to light (A), or following 4 h exposure to FR (B) or R (C) light. Light intensity was set to a fluence rate of 40 μmol m–2s–1 (FR) or 20 μmol m–2s–1 (R). Epidermis cells of hypocotyls of seedlings were imaged and 15 pictures were evaluated. One representative experiment out of three independent experiments is shown. Representative microscope pictures for each treatment are displayed. Different letters indicate significant differences between groups as determined by one-way ANOVA, followed by Tukey’s HSD. P < 0.05. Scale bar represents 10 μm.


NOT9B directly interacts with phyA, raising the possibility that the phyA-induced disassembly of p-bodies depends on this interaction. Therefore, we took advantage of a point mutant of NOT9B, NOT9B ΔPNB, which lacks phyA binding capability, to examine the effect of direct physical interaction of phyA with the p-body marker NOT9B (Schwenk et al., 2021). As shown in Supplementary Figure 4, the number of p-bodies in FR light was reduced to a similar degree in lines expressing HA-YFP-NOT9B ΔPNB or HA-YFP-NOT9B, indicating that the disassembly of p-bodies in FR light is independent of NOT9B’s direct interaction with phyA, even though it is dependent on the presence of phyA.



P-Body Disassembly in Response to Light Is Dependent on the Time and Intensity of Illumination

Many responses mediated by phytochromes, e.g., the inhibition of hypocotyl elongation, are dependent on the fluence rate and the light quality (Casal et al., 2014). To investigate these characteristics in the context of p-body disassembly, we treated plants for different time-spans with R, FR, or W light. Illumination for 1 h did not lead to a significant reduction in p-body number, yet 4 h exposure to either R, FR, or W light triggered an approx. 50% reduction in p-body abundance; exposing the seedlings for 24 h to light did not further reduce the number of p-bodies (Figure 3A). A reaction after 4 h is known for some phytochrome mediated responses, e.g., upregulation of gene expression (ELIP1/2, CHS) (Peschke and Kretsch, 2011) or the unfolding of cotyledons (Kretsch, 2010). To investigate whether the reduction of p-body disassembly is dependent on the intensity of FR light used for illumination, we treated the plants for 4 h with FR light of different intensities. A clear dose-dependency was observed, with a saturation point between 5 and 20 μmol m–2s–1 (Figure 3B). This is similar to canonical responses such as inhibition of hypocotyl growth in FR light. The non-saturating effect of lower intensities might be due to a reduced total fluence. To assay this, we increased illumination to 24 h, yielding very similar results as 4 h (Supplementary Figure 5). This indicates that the fluence rate rather than the total fluence is determining the degree of p-body disassembly in FR light, suggesting that this response is a high-irradiance response (HIR) mediated by phyA.
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FIGURE 3. FR light-dependent reduction of p-body abundance is time- and fluence rate dependent. (A) p-body disassembly kinetics. 4-day old, dark-grown p35S:HA-YFP-NOT9B expressing seedlings were grown under indicated light conditions for different time spans. Light intensity was set to a fluence rate of 40 μmol m–2 s–1 (FR) or 20 μmol m–2 s–1 (R). Epidermis cells of hypocotyls of seedlings were imaged and 15 pictures were evaluated. One representative experiment out of three independent experiments is shown. Representative micrograph pictures for each treatment are displayed. Different letters indicate significant differences between groups as determined by one-way ANOVA, followed by Tukey’s HSD. P < 0.05. Scale bar represents 10 μm. (B) Fluence rate dependency of p-body disassembly. 4-day old, dark-grown p35S:HA-YFP-NOT9B expressing seedlings were exposed to FR light of different fluence rates for 4 h. Epidermis cells in hypocotyls of seedlings were imaged and 15 pictures were evaluated. One representative experiment out of three independent experiments is shown. Representative microscope pictures for each treatment are displayed. Different letters indicate significant differences between groups as determined by one-way ANOVA, followed by Tukey’s HSD. P < 0.05. Scale bar represents 10 μm.




Cytoplasmic phyA Is Sufficient to Reduce the Number of Processing Bodies

To date, by far the most phyA-mediated responses that have been investigated are dependent on nuclear localised, light-activated phyA, whereas only very few responses, such as the control of translation of PORA mRNA, are described to be mediated by cytoplasmic phyA (Paik et al., 2012; Hughes, 2013). Since p-bodies are localised to the cytoplasm, the question arises whether the disassembly of p-bodies is mediated by a cytoplasmic signalling pathway or routed through the nucleus, e.g., via transcription of a factor that is active in the cytoplasm. PhyA nuclear import upon light perception depends on FHY1 and FHL (Hiltbrunner et al., 2006), making the fhy1-3 fhl-1 mutant an ideal tool to tackle this question.

A line expressing HA-YFP-NOT9B in the fhy1-3 fhl-1 mutant background was evaluated for FR dependent reduction of p-body abundance. Lack of nuclear transport of phyA had no significant effect on the total number of p-bodies and the reduction in response to a 4 h FR light treatment was in the range of the line expressing HA-YFP-NOT9B in WT background (Figure 4A). This indicated that cytoplasmic phyA is sufficient to induce p-body disassembly. To test if cytoplasmic phyA is required for this response, we investigated p-body disassembly in a double transgenic Arabidopsis line co-expressing p35S:HA-YFP-NOT9B and pPHYA:PHYA-NLS-YFP in the phyA-211 background. We could not observe any reduction of p-body numbers in response to exposure to FR light in this line containing exclusively nuclear localised phyA (Rausenberger et al., 2011). This indicated that the nuclear fraction of phyA does not play a role in this process in FR light (Figure 4A). In order to confirm that a C-terminally tagged version of phyA is generally capable of mediating the disassembly of p-bodies, we crossed p35S:HA-YFP-NOT9B into phyA-211 pPHYA:PHYA-CFP. In this line, the reduction of p-body numbers in response to light was similar to the Col-0 background (Supplementary Figure 6).
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FIGURE 4. Cytoplasmic phyA is sufficient and necessary for FR light-dependent reduction of p-body numbers. (A) p35S:HA-YFP-NOT9B expressing plant lines were crossed into phyA-211 pPHYA:PHYA-NLS-YFP and fhy1-3 fhl-1. 4-day old, dark-grown seedlings were treated for 4 h with FR light (40 μmol m–2s–1) and analysed. Epidermis cells in hypocotyls of seedlings were imaged and 15 pictures were evaluated, focusing on the cytoplasmic p-body fraction marked by HA-YFP-NOT9B. One representative experiment out of three independent experiments is shown. Representative microscope pictures for each treatment are displayed. Different letters indicate significant differences between groups as determined by one-way ANOVA, followed by Tukey’s HSD. P < 0.05. Scale bar represents 10 μm. (B) Hypothetical model of phyA mediated p-body disassembly. In darkness, phyA is localised to the cytoplasm in its inactive Pr form; FHY1 and FHL transport part of the active phyA into the nucleus, while the remaining, cytoplasmic Pfr phyA is triggering p-body disassembly via a cytoplasmic signalling cascade.


The dependency of p-body disassembly on phytochromes raises the possible involvement of canonical phytochrome downstream signalling pathways. One of the key factors that mediate signalling events downstream of phyA and phyB is HY5. Therefore, we crossed the line expressing HA-YFP-NOT9B into the hy5-215 mutant and evaluated the response to FR light. As shown in Supplementary Figure 7, the lack of functional HY5 has no effect on the reduction of p-body numbers in response to FR light. Taken together, we conclude that the effect of phyA on p-bodies is exclusively mediated by the cytoplasmic fraction of phyA (Figure 4B). Knock-out of one of the most prominent transcription factors in light signalling, HY5, did not affect the p-body disassembly. This would be in line with the notion that there is no need for an indirect signalling via de novo transcription in the nucleus. In conclusion, cytoplasmic phyA might exert control over p-body number directly.




DISCUSSION

Light signalling mediated by phytochromes has been researched for more than 70 years, and still our knowledge of these processes is incomplete. In their pioneering work, Jang et al. (2019) showed that mRNAs crucial for kickstarting photosynthesis are halted and stored in DCP2-marked p-bodies and released upon light irradiation, thereby initiating translation of these mRNAs. So far, it was only shown that the marker protein DCP2 is excluded from p-bodies in response to light. Here, we provide evidence that other p-body markers (DCP1 and NOT9B) display a similar behaviour as DCP2. This supports the notion that the p-bodies indeed disassemble, rather than that specific factors are selectively excluded. Our data demonstrate that the process of p-body disassembly is controlled by phytochromes in R and FR light, with phyB playing a dominant role in R and phyA in FR light. Future work will have to unravel the mechanism by which the signal perceived by photoreceptors is transduced to a change in the composition and disassembly of p-bodies.

We used transgenic and mutant lines containing exclusively nuclear or cytoplasmic localised phyA to investigate which fraction of phyA is required and sufficient for the disassembly of p-bodies in response to FR light. As the cytoplasmic fraction of phyA is sufficient and the nuclear fraction does not elicit a disassembly of p-bodies, we conclude that the mechanism is not routed through nuclear phytochrome signalling. Until today, only few cytoplasmic phytochrome responses have been reported (Hughes, 2013). For example, it has been shown that phytochrome in the active Pfr state binds to PENTA 1 (PNT1) and thereby represses the translation of mRNAs, e.g., PORA mRNA (Paik et al., 2012).

It is still unclear if cytoplasmic phyB exerts a similar effect on p-bodies in response to R light as phyA does in response to FR light. Unfortunately, experimentally addressing this question for phyB is much more difficult than for phyA, because the nucleo-cytoplasmic partitioning of phyB is much less strict than for phyA (Klose et al., 2015b). Further studies could include crossing of p-body marker lines into a line expressing p35S:PHYB-NLS-GFP in phyB-9 background to evaluate if nuclear phyB is able to trigger p-body disassembly. As no specific importer for phyB nuclear transport has been identified, the inverse, much more conclusive experiment is difficult. Here, fusions of phyB to GR could be of value to retain phyB in the cytosol and control nuclear import by application of DEX (Huq et al., 2003). Many responses mediated by phyA and phyB depend on the same signalling components (e.g., PIFs and COP1/SPA), so one can speculate that signal transduction downstream of these two photoreceptors also converges when it comes to regulation of p-body disassembly. Additionally, it will be of interest if the disassembly of p-bodies in response to R and FR light affects the translatome in a similar way, or if there are wavelength-specific effects. Jang et al. (2019) showed that mRNAs encoding OE33 and GUN5, proteins relevant for the establishment of chloroplasts, are released by p-body disassembly in light and undergo translation. As FR light plays a minor role in photosynthesis compared to R light, it will be interesting to evaluate if a different set of mRNAs is released from p-bodies in response to R and FR light.

In the dark, nuclear-localised COP1, together with SPA proteins, tags specific proteins for degradation by the proteasome. However, COP1 is also present in the cytosol (Balcerowicz et al., 2017) and therefore one could speculate that also cytosolic COP1 could be active and target a hypothetical protein X that degrades RNAs or proteins in p-bodies required for the structural integrity of p-bodies. When cytosolic COP1 is inhibited by photoactivated phytochromes in the cytosol, such a protein X would accumulate and could affect p-body composition and number (Supplementary Figure 8). To date, however, the identity of protein X is unknown and it is also unknown if COP1 has E3 ubiquitin ligase activity in the cytosol. Evidence for an involvement of COP1 in p-body disassembly is the fact that in a cop1-6 mutant, the total p-body number is reduced and no further reduction takes place after light irradiation (Jang et al., 2019). Elucidating the mechanism of p-body disassembly will be crucial to understanding how light affects mRNA translation. Recent advancements in proteomic measurements of p-body contents purified from mammalian cell cultures might be useful to establish an experimental protocol to compare p-bodies isolated from light- and dark-grown plants (Hubstenberger et al., 2017).

As membraneless organelles, p-bodies are being formed by liquid-liquid-phase-separation (LLPS). The ability to undergo LLPS is depending on different factors, including an elevated local concentration of proteins that are of high intrinsic disorder. Additionally, in vitro studies showed that ribonucleoproteins (RNPs) bound to mRNAs can confer phase separation potential (Garcia-Jove Navarro et al., 2019). A process that disassembles p-bodies is presumably reducing this potential for phase separation by either selective or general removal of factors conferring phase separation potential. Identifying these factors will help understand how environmental cues, such as light, affect this process.

Even though NOT9B is a component of p-bodies implicated in light signalling and directly interacting with the FR photoreceptor phyA, there is no evidence that it is mechanistically involved in the assembly or disassembly of p-bodies. The phyA-binding capability of NOT9B is not relevant for the assembly of NOT9B into p-bodies, as mutating the PNB site that confers phyA binding capability of NOT9B does not lead to an altered pattern of p-body formation or disassembly. Since for the human homologue of NOT9B, CNOT9, a nucleotide-binding capacity was demonstrated in vitro (Garces et al., 2007), one could speculate that tethering of NOT9B to halted mRNAs localised to p-bodies might contribute to NOT9B’s dynamic association with p-bodies. Another potential mechanism for the association of NOT9B with p-bodies might be the interaction with GW-repeat proteins, a class of proteins that contain glycine/tryptophane repeats known to interact with AGOs and the human NOT9B homologue CNOT9 (Chen et al., 2014). A mutant version of NOT9B that lacks GW binding sites shows reduced association with p-bodies (Schwenk et al., 2021).

Structurally, CNOT9 consists of an Armadillo repeat (ARM) domain flanked by an N-terminal and a C-terminal unstructured, flexible region (Garces et al., 2007), a structure conserved in NOT9B. These regions of high intrinsic disorder could be considered as low-complexity domains, similar to low-complexity domains implicated in the formation of LLPS granules. The unstructured N-terminal domain of NOT9B was found to be phosphorylated in high-throughput studies (Heazlewood et al., 2008; Reiland et al., 2009). Phosphorylation might contribute to the nucleo-cytoplasmic partitioning, but also to the association with p-bodies under different light conditions. Experiments using different truncated and/or mutated versions of NOT9B will help elucidate whether it is a structural component of processing bodies.

With a saturation after approximately 4 h, the disassembly of p-bodies is a fast response. The initial release of mRNAs for translation is probably even faster, as we only observe the final disappearance of p-bodies. The fast kinetics is in line with the proposed purpose of releasing mRNAs quickly in order to adapt to a changing environment. Investigating the kinetics of p-body disassembly is therefore of considerable interest and FISH probes for identified p-body localised mRNAs or miRNAs could help understand the kinetics of their release.

It is tempting to speculate about why only approximately 50% of p-bodies disassemble after irradiation with light, irrespective of the duration and intensity of the light treatment. Literature describes a heterogeneous composition of p-bodies, which might contain different structural elements with different sensitivities to different stimuli, for example to hypoxia and light (Sorenson and Bailey-Serres, 2014; Jang et al., 2019). The term “processing body” presumably describes a heterogeneous class of different granules that have partially specific, partially overlapping contents and functions. This could explain how different sets of RNAs can be released in response to different stimuli and why only approximately 50% of p-bodies disassemble in response to light. Fluorescent Activated Particle Sorting (FAPS) could be used to purify p-bodies from plant tissue and separate them from the diffuse fraction. These purified bodies can be analysed for their protein and RNA content using MS/MS and RNA-seq techniques. Performing these experiments following treatments of plants with different stimuli that reduce the number of p-bodies could help distinguish between potential subclasses of p-bodies and identify their RNA and protein contents. Again, FISH probes could turn out to be an indispensable tool to investigate whether mRNA species are distributed equally throughout these different p-bodies. Not knowing the content and not knowing how the content is released from p-bodies is a current shortcoming in this fascinating field of research and one can expect great insight into the function of p-bodies once these questions are solved.

Taken together, our results reveal a novel cytoplasmic function of phyA in releasing mRNAs by disassembly of p-bodies in response to light. Our understanding of p-bodies is currently focussed on their RNA content, yet the molecular mechanism of the disassembly of p-bodies is still unclear. It will be interesting to find out whether light is the only stimulus that triggers the release of mRNA from p-bodies, or if this is a general mechanism in the regulation of plant development.



MATERIALS AND METHODS


Plant Growth

For experimental purposes, plants were grown on 1/2 MS, 1.2% agar. Seeds were surface sterilised by incubating in 1 ml 70% EtOH for 10 min, followed by incubation in 1 ml 100% EtOH for 10 min. Seeds were left to dry in sterile conditions. After sowing, plates were kept for 48–72 h in 4°C for stratification. For germination induction, seeds were treated with 70 μmol m–2 s–1 white light for 6–8 h and transferred back to D for 4 days. Further light treatments were performed as described in the figure legends.

For breeding and propagation purposes, plants were grown on standard soil in a growth chamber in 100 μmol m–2 s–1 PAR in long-day conditions (16 h W, 22°C; 8 h D, 18°C).



Light Treatments and Light Sources

For experiments, 740 nm LEDs have been used for FR light, 656 nm LEDs for R light, and fluorescent bulbs mounted in a Sanyo cabinet (Sanyo, Osaka, Japan) for W light. For plant cultivation, plants were kept under fluorescent light bulbs. Spectra of all light sources can be found in Supplementary Figure 9.



Imaging and Counting of Processing Bodies

Seedlings were mounted in ddH2O in green light conditions and subjected to epifluorescence microscopy. Microscopic images were acquired using a Zeiss Axioplan 2 MOT (Carl Zeiss, Göttingen, Germany) equipped with a Photometrics CoolSNAP-HQ 12-bit monochrome CCD camera (Roper Scientific, Tucson, AZ, United States), external filter wheels (LUDL, Hawthorne, NY, United States), and filter sets for YFP (F31-028, excitation 500 nm, emission 515 nm; AHF Analysentechnik, Tübingen, Germany), or CFP (F31-044, excitation 436 nm, emission 455 nm; AHF Analysentechnik, Tübingen, Germany).

The upper third of the hypocotyl was used for imaging. Here, the uppermost layer of the epidermis was focused and three consecutive images along the hypocotyl were taken. A 350 × 200 px area was chosen of each picture in a way that as many p-bodies as possible were included. Using ImageJ, the number of p-bodies was counted.



Protein Extraction and Western Blotting

Plants were grown for 4 days in D, followed by the indicated light treatments. 100 mg of plant material was harvested and ground in liquid nitrogen. 250 μl of 95°C SDS sample buffer [65 mM Tris/HCl pH 7.3, 4 M Urea, 3% SDS, 10% Glycerol, 0.05% Bromphenol blue, 20 mM DTT, 1× Protease Inhibitor Cocktail (Sigma-Aldrich, Cat-No: I3911)] was added and samples were incubated under vigorous shaking at 95°C for 10 min. Insoluble debris was pelleted by centrifugation (15 min, 20,000 × g). The supernatant was transferred to a new tube and protein content was determined using the Amido Black method (Popov et al., 1975).

Equal amounts of proteins were separated on a 10% SDS-PAGE and transferred to PVDF membrane. Membranes were blocked with 5% skim milk powder in PBS-T (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO3, 1.8 mM KH2PO4, pH 7.4, 0.5% Tween-20). Equal loading was shown by Amido Black staining or detection of ACT. Membranes were probed with anti-HA-antibody (mouse, monoclonal, 1:1,000 in PBS-T, BioLegend, San Diego, CA, United States, Cat-No: 901533) or anti-ACT-antibody (mouse, monoclonal, 1:5,000 in PBS-T, Sigma-Aldrich, St. Louis, MO, United States, Cat-No: A0480) followed by secondary anti-mouse antibody (1:7,500 in PBS-T, Vector Laboratories, Burlingame, CA, United States, Cat-No: AP-2000-1). Immunodetection was performed using CDP-STAR (Sigma-Aldrich, Cat-No: 11759051001) according to manufacturers instructions. Quantification was done as described previously (Schwenk et al., 2021).



Data Visualisation

Microscopy images were cropped and brightness/contrast adjusted using ImageJ. Plots were created using the Matplotlib package in Python 3.7.6 using Spyder IDE v4.0.1. Box plots display the following features of the data sets: White line indicates the median value, and box indicates the limits of quartile 1 (Q1) and quartile 3 (Q3). Interquartile range (IQR) is defined as Q3 – Q1. Whiskers indicate Q1–1.5 × IQR and Q3 + 1.5 × IQR. Circles indicate outliers that do not fall into the whisker range.

Figures were assembled using Inkscape. Statistical analysis was performed as indicated in the figure legends.



Plasmid Constructs and Plant Lines Used in This Study

All plasmid constructs and plant lines used in this study are listed in Supplementary Tables 1, 2 (Genoud et al., 2008; Rausenberger et al., 2011; Menon et al., 2020; Schwenk et al., 2021).
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Plants balance water availability with gas exchange and photosynthesis by controlling stomatal aperture. This control is regulated in part by the circadian clock, but it remains unclear how signalling pathways of daily rhythms are integrated into stress responses. The serine/threonine protein kinase OPEN STOMATA 1 (OST1) contributes to the regulation of stomatal closure via activation of S-type anion channels. OST1 also mediates gene regulation in response to ABA/drought stress. We show that ZEITLUPE (ZTL), a blue light photoreceptor and clock component, also regulates ABA-induced stomatal closure in Arabidopsis thaliana, establishing a link between clock and ABA-signalling pathways. ZTL sustains expression of OST1 and ABA-signalling genes. Stomatal closure in response to ABA is reduced in ztl mutants, which maintain wider stomatal apertures and show higher rates of gas exchange and water loss than wild-type plants. Detached rosette leaf assays revealed a stronger water loss phenotype in ztl-3, ost1-3 double mutants, indicating that ZTL and OST1 contributed synergistically to the control of stomatal aperture. Experimental studies of Populus sp., revealed that ZTL regulated the circadian clock and stomata, indicating ZTL function was similar in these trees and Arabidopsis. PSEUDO-RESPONSE REGULATOR 5 (PRR5), a known target of ZTL, affects ABA-induced responses, including stomatal regulation. Like ZTL, PRR5 interacted physically with OST1 and contributed to the integration of ABA responses with circadian clock signalling. This suggests a novel mechanism whereby the PRR proteins—which are expressed from dawn to dusk—interact with OST1 to mediate ABA-dependent plant responses to reduce water loss in time of stress.

Keywords: abiotic stress, abscisic acid, circadian clock, stomatal closure, ZEITLUPE, OPEN STOMATA 1, PSEUDO-RESPONSE REGULATORs


INTRODUCTION

As plants are sessile, their survival depends upon their ability to balance growth against stress mitigation. Plants must time their growth and modulate their water use on daily, seasonal and yearly timescales. Perennial plants, such as trees, may live for hundreds or even thousands of years (Burian et al., 2016) and must therefore inhibit growth under unfavourable conditions and manage a multitude of seasonal stresses over this lifespan. The timing of reproduction and growth is coordinated by the circadian clock, which uses light quality, photoperiod and temperature cues to entrain plants to local conditions (Millar, 2016). Arabidopsis (Arabidopsis thaliana) accessions coordinate germination and flowering with the seasonal patterns of their local environment, maximising survival, reproduction and seed yield (Green et al., 2002; Johansson et al., 2015; Rubin et al., 2017).

The plant hormone abscisic acid (ABA) controls many aspects of growth and development, including seed dormancy and germination, seedling growth and responses to abiotic and biotic stresses (Finkelstein, 2013). In Populus, ABA regulates seasonal growth (Tylewicz et al., 2018) and, in Arabidopsis, ABA controls cell growth by inhibiting the TARGET OF RAPAMYCIN (TOR) kinase (Wang et al., 2017).

Plants control water loss by opening or closing their stomata. Stomatal movements are therefore critical for balancing the conflicting needs of photosynthesis, gas exchange and water stress mitigation (Lawson and Vialet-Chabrand, 2018). In addition to its roles in controlling growth, ABA plays an important role in regulating stomata. ABA is produced during drought or light stress and evokes the local and systemic signals regulating stomatal aperture (Munemasa et al., 2015; Devireddy et al., 2018). In response to ABA, levels of osmotically active ions are reduced in guard cells, which leads to loss of turgor and stomatal closure (MacRobbie, 2000).

In the absence of stress, the PYRABACTIN RESISTANCE 1 (PYR1) / PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR) associates with type-2C protein phosphatases (PP2Cs), such as ABSCISIC ACID INSENSITIVE 1 (ABI1), ABI2, HYPERSENSITIVE TO ABA 1 (HAB1) or HAB2, in the cytosol to inhibit the two SUCROSE NONFERMENTING 1-related protein kinases SnRK2.2 (SRK2D), OPEN STOMATA 1 (OST1/SnRK2.6/SRK2E) and SnRK2.3 (SRK2I) (Baumann, 2010; Hubbard et al., 2010). Binding of ABA to PYR/PYL/RCAR (in the complex with PP2Cs) releases SnRK2s, thus enabling SnRK2 autophosphorylation and subsequent target protein phosphorylation (Vlad et al., 2010). Once activated, SnRK2s inhibit the inward rectifying ion channel K+ TRANSPORTER OF ARABIDOPSIS THALIANA 1 (KAT1) and activate the SLOW ANION CHANNEL-ASSOCIATED 1 (SLAC1) efflux of Cl− and NO3− anions (Hubbard et al., 2010). Calcium-dependent protein kinases activated by an ABA-induced elevation of cytosolic calcium are also required, phosphorylating and activating SLAC1 (Brandt et al., 2012, 2015; Munemasa et al., 2015). Therefore, the guard cell osmotic pressure is reduced, water is lost and stomata close. In the nucleus, OST1-dependent phosphorylation of b-ZIP transcription factors, such as ABSCISIC ACID INSENSITIVE3 (ABI3) and ABI5, mediates ABA-induced transcriptional change (Nakashima et al., 2009; Hubbard et al., 2010; Dai et al., 2013).

The circadian clock enables an organism to anticipate regular changes in its environment and modulate its development, growth, metabolism and even defence against predators (Sanchez and Kay, 2016). The plant circadian system is reset daily to local time via receptors detecting environmental cues of light and temperature (Millar, 2016), as well as by changes in metabolic sugar levels (Knight et al., 2008; Haydon et al., 2013; Shor et al., 2017). The plant oscillator consists of a large network of transcription factors of mainly repressive interlocking feedback transcription-translation circuits between the homologous proteins CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), and LATE ELONGATED HYPOCOTYL (LHY), which show peak abundance in the morning, and TIMING OF CAB2 EXPRESSION 1 (TOC1)/PSEUDO-RESPONSE REGULATOR 1 (PRR1), which has an evening peak [see reviews (Farré and Liu, 2013; Millar, 2016; Sanchez and Kay, 2016; McClung, 2019)], and studies by Millar et al., (1995), Wang and Tobin (1998), Matsushika et al., (2000), Strayer et al., (2000), Alabadí et al., (2001), Locke et al., (2005), Gendron et al., (2012). These plant oscillator components are embedded in a wider network of interlocking feedback loops that ensure robust clock function with a period (cycle; τ) length close to 24 h (Fogelmark and Troein, 2014; Urquiza-García and Millar, 2021). The basic structure of the clock is conserved across plant species; thus, the clock of Populus spp. appears to function similarly to the ‘model’ clock developed from studies of Arabidopsis (Ramos et al., 2005; Zdepski et al., 2008; Takata et al., 2009; Hoffman et al., 2010; Ibáñez et al., 2010; Takata et al., 2010; Filichkin et al., 2011).

The period of the plant circadian oscillator is negatively related to the level of TOC1, whose phosphorylation and nuclear import are modulated by PRR5 (Millar et al., 1995; Strayer et al., 2000; Eriksson et al., 2003; Más et al., 2003; Fujiwara et al., 2008; Wang et al., 2010). ZEITLUPE (ZTL), a central F-box clock protein and blue light receptor, acts in an E3-ligase complex that controls proteasomal degradation of both TOC1 and a structurally similar protein, PRR5, that is expressed slightly earlier in the day (Han et al., 2004; Somers et al., 2004; Kevei et al., 2006; Kiba et al., 2007; Fujiwara et al., 2008). ZTL levels show a rhythmic pattern over 24 h, with troughs and peaks occurring near dawn (i.e. lights-on in a controlled environment) and dusk (lights-off), respectively (Kim et al., 2007; Lee et al., 2018), as a result of its interaction with GIGANTEA (GI). GI stabilises ZTL in vivo by a direct protein-protein interaction via the amino-terminal flavin-binding LIGHT, OXYGEN OR VOLTAGE (LOV) domain. This interaction is stabilised by blue light. Mutations within the LOV domain, such as ztl-21 (Kevei et al., 2006), significantly reduce the interaction between ZTL and GI, decreasing ZTL levels (Kim et al., 2007). GI also recruits deubiquitylases to modulate ZTL-complex function (Lee et al., 2019).

Daily rhythms of stomatal aperture are subject to direct regulation by light via blue and red light photoreceptors that control the activities of H+-ATPase and other ion channels (Hubbard et al., 2010). Multiple signals, such as ABA, CO2 and extracellular calcium, converge to control stomatal guard cells (Webb and Hetherington, 1997; Israelsson et al., 2006). ABA-signal transduction initiates stomatal closing and inhibits stomatal opening. The Arabidopsis circadian mutant toc1-1 has a short period rhythm of stomatal opening under constant conditions, indicating the involvement of the circadian clock in regulating stomatal aperture (Somers et al., 1998); conversely, a long period ztl-1 mutation delays the daily rhythms of carbon assimilation and stomatal conductance (Dodd et al., 2004), and also affects water use efficiency (Simon et al., 2020).

Mathematical modelling suggests the circadian period changes upon application of ABA (Pokhilko et al., 2013). Experimentally, this prediction is supported by the finding that MYB96 feeds back into the oscillator through the transcriptional activation of TOC1 (Lee et al., 2016).

Stress responses involving the induction of ABA interact in several ways with circadian signalling pathways. Interestingly, the clock protein PRR5 contributes to ABA regulation and signalling, as well as to several ABA-regulated responses, and was recently shown to promote germination synergistically with ABI5 in the presence of ABA (Yang et al., 2021). Overexpression of PRR5 enhances the effect of ABA signalling, inhibiting seed germination in the presence of ABA, while underexpression reduces it.

We addressed the integration of the circadian clock with ABA-dependent stress responses by testing ABA-induced stomatal closure. We reasoned that stomatal closure in the evening was critical to stress and growth regulation, and thus assayed Arabidopsis plants carrying mutations in evening-expressed circadian clock proteins. Consistent with earlier findings (Dodd et al., 2004; Simon et al., 2020), mutations at the ZTL locus significantly affected stomatal closure. We also established that ZTL-mediated regulation of stomata was conserved across species by analysing stomata in Populus tremula L. × P. tremuloides Michx. (Populus; Ptt) lines with reduced expression of PttZTL orthologues. The role of ZTL in ABA-induced signalling was investigated; it showed that ZTL function is necessary to sustain expression of AREB/ABF/ABI5 gene expression in response to ABA.

Stomatal movements in both species indicated that the circadian clock acted via ZTL to modulate water use efficiency (Simon et al., 2020) and ABA signalling (Adams et al., 2018). We therefore undertook further genetic, physiological and biochemical analyses to determine if an interaction between ZTL and OST1 controlled stomatal closure. ZTL and OST1 interacted physically in plant cells. ABA-induced gene expression in the Arabidopsis mutant ztl-3 resembled the effect of the strong ost1-3 allele (Mustilli et al., 2002).

As ZTL post-translationally regulates PRR5, changes to diel regulation of stomata as well as their stress regulation and may be affected by accumulation of PRR5. Hence, we examined stomatal aperture and water loss in prr5 mutants. Stomatal aperture was affected by loss of PRR5, and PRR5 could interact with OST1 in plant cells. ztl-3 and ost1-3 double mutants showed an increased sensitivity to drought compared to both single mutants, suggesting these proteins acted in a synergistic manner and may be affected by PRR5 accumulation. Studies of their genetic interactions showed that PRR5 was involved in stomatal closure and suggested the circadian and ABA-signalling pathways converged at ZTL and the control of PRR5, with both proteins interacting with OST1 to control stomatal movements. The circadian signalling and ABA-stress response pathways are thus closely integrated, each modulating the other to enable plants to balance the trade-off between managing growth and mitigating environmental stress in a timely manner.



MATERIALS AND METHODS


Arabidopsis Germplasm

Seeds of Arabidopsis [Arabidopsis thaliana (L.) Heynh.] containing the T-DNA insertion allele ztl-3 (SALK_035701) in the Columbia-0 (Col-0) background (Jarillo et al., 2001; Kim et al., 2003) were obtained from the Salk collection1 at the Arabidopsis Biological Resource Centre (ABRC), Ohio State University, Ohio, United States via the Nottingham Arabidopsis Stock Centre (NASC), Nottingham, United Kingdom. Seed of the ost1-3/snrk2.6/srk2e mutant (SALK_008068; Yoshida et al., 2002) was provided by Dr. Kazuko Yamaguchi-Shinozaki (University of Tokyo, Japan) to the Israelsson-Nordström laboratory. The Webb laboratory received seed of the ztl-4, fkf1-2 and lkp2-1 triple mutant (Baudry et al., 2010) from Dr. Steve Kay (Keck School of Medicine, University of Southern California, United States) and of the prr5-11 mutant (Nakamichi et al., 2005) from Dr. Takeshi Mizuno (Nagoya University, Japan). The ztl-1 mutant in the C24 background, the ztl-21 mutant in the Wassilewskija-2 (Ws-2) background and prr5-1 (SALK_006280) have all been described previously (Eriksson et al., 2003; Kevei et al., 2006; Kiba et al., 2007).

The ztl-3 and ost1-3 double mutant in the Col-0 background were generated using ztl-3 as the pollen recipient and ost1-3 as the pollen donor. The ztl-3, prr5-1 and ost1-3 triple mutant, and combinations thereof, were generated using ztl-3; prr5-1 (Norén et al., 2016) as the pollen recipient and ost1-3 as the pollen donor.

To complement the loss-of-function mutant ztl-3, we generated transgenic ztl-3 plants expressing ZTL under the control of the 35S CaMV constitutive promoter. Agrobacterium tumefaciens GV3101 (pMP90RK-pSoup) was transformed with the p35S::HA::ZTL construct in pGreenII 0229. The construct was introduced into ztl-3 mutant Arabidopsis plants by floral dipping (Bechtold et al., 1993). The pGreenII 0229 construct contains the bialaphos resistance gene (BAR) that confers resistance to glufosinate-ammonium (Hellens et al., 2000). Seeds from dipped plants were sterilised and plated on full-strength Murashige and Skoog (MS) medium supplemented with vitamins (Duchefa, BH Haarlem, Netherlands), 3% w/v sucrose (SIGMA-Aldrich, Saint Louis, MO, United States) and 0.8% agar (E1674, Duchefa), pH 5.7, plus 10 mg/l glufosinate-ammonium (SIGMA-Aldrich). Resistant plants were allowed to self-fertilise and next-generation seeds were again screened on glufosinate-ammonium. Expression of the p35S::HA::ZTL construct was confirmed by Western blotting (not shown), prior to phenotyping.



Radicle Emergence Assay

Radicle emergence assays were conducted using seeds sown on plates containing half-strength MS medium with 0.8% agar, pH 5.7. Seeds of the different genotypes were grown and harvested at the same time under the same conditions and stored for least 3 months after harvest as seed age and storage affect germination responses. Seeds were surface-sterilised by consecutive washes with 15% hypochlorite, 70% ethanol with 0.1% tween and 95% ethanol before plating. Plated seeds (60 seeds per genotype per replicate; Supplementary Figure S1) were stratified at 4°C for 2 days and transferred to a growth chamber (LD 16:8 at 22°C; light intensity during day: 150 μmol m−2 s−1) to initiate germination. Germination was determined by the appearance of the testa, endosperm rupture and radicle protrusion (Wu et al., 2012). Radicle emergence was scored every 12 h, starting at 24 h, and calculated as a percentage of the plated seeds.



Populus Material and Growth Assays

In vitro-cultivated, rooted cuttings of PttZTL1,2 RNA interference (RNAi) lines and wild-type (WT) 
Populus tremula L. × P. tremuloides Michx. cv. T89 (Nilsson et al., 1992; Populus; Ptt) plants were potted in a 3:1 mix of fertilised peat and perlite, and established under long day cycles consisting of light:dark (LD) 18:6 at constant temperature (18°C) and 80% relative humidity for 4 weeks; light intensity during the day was 200 μmol m-2 s−1 (Osram Powerstar HQI-T 400 W/D lamps; Osram, München, Tyskland). After this point, temperature, humidity and irradiance during the day were maintained but the photoperiod was shortened to LD 15:9 at 18°C, keeping the time of dawn unchanged.

A sub-set of lines (1, 3, 4, 5 and 7) with variable levels of ZTL1,2 downregulation were selected and samples for analysis taken twice a week subsequent to the shift from LD 18:6 to LD 15:9. Growth cessation, which refers to the elongation of shoots ceasing, was scored according to a predefined scale (score 2), as previously described (Ibáñez et al., 2010).



Gene Constructs


Populus ZTL RNA Interference

The ZTL RNAi fragment from Populus was used to construct RNAi lines; this fragment targets two homologous genes, PttZTL1 and PttZTL2 [Potrx050857g15511 and Potrx063764g24087 (Sjödin et al., 2009)].2 Template cDNA from wild-type (WT) Populus was amplified by PCR using Platinum Pfx DNA polymerase (Invitrogen, Carlsbad, CA, United States) and gene-specific primers (Supplementary Material).

The amplified fragment was cloned into the Gateway entry vector pDONOR201, followed by recombination into the binary vector pHELLSGATE8 (Helliwell et al., 2002) using Gateway BP Clonase enzyme mix (Invitrogen, Carlsbad, CA, United States). WT trees were transformed with the resulting binary vector that contained the RNAi construct, using Agrobacterium tumefaciens C58 strain GV3101 (pMP90RK; Nilsson et al., 1992, 1996). Transgenic plants were selected using kanamycin and regenerated, as described previously (Eriksson et al., 2000). This produced 10 independent, stable and first-generation PttZTL1,2 RNAi transgenic lines.

RNA was extracted from a pool of leaves collected from the 10th internode of different PttZTL1,2 RNAi lines; leaf samples were collected at five time points from trees of each line, with one leaf sampled every 4 h, starting at ZT 0 (dawn) under a 24 h cycle (Supplementary Figure S2A) or pools from the 8, 9 and 10th internode collected at ZT 12 (Supplementary Figure S2B). An RT-qPCR analysis with gene-specific primers (Supplementary Material) determined the extent of downregulation of PttZTL1 and PttZTL2 in each independent line.



Arabidopsis ZTL Over Expression Construct

To produce constructs overexpressing ZTL, the ZTL coding sequence under the control of the 35S CaMV promoter and fused in frame with the 3 × HA-epitope tag (p35S::HA::ZTL) was obtained from pRT104-HA-ZTL (Johansson et al., 2011) by SbfI restriction digest. The p35S::HA::ZTL fragment was then subcloned into the PstI site of the promoter-less pGreenII 0229 plasmid (Hellens et al., 2000). Positive colonies were selected by colony PCR using primers that amplified the ZTL ORF. The cloned construct was sequenced and used to transform competent A. tumefaciens GV3101 (pMP90RK-pSoup). A. tumefaciens clones containing the p35S::HA::ZTL construct were selected in medium containing 25 μg/ml kanamycin and confirmed by colony PCR; a single confirmed clone was used to transform Arabidopsis plants via the floral dip method (Bechtold et al., 1993). Independent lines of T3 transgenic seeds were used in experiments.



Delayed Fluorescence of Populus and Period Analysis

Young leaves from internodes four to six were dissected from sterile cuttings grown in jars on half-strength Murashige and Skoog (MS) medium, supplemented with vitamins (Duchefa) and 0.8% agar (E1674, Duchefa), pH 5.7, under 18 h light:6 h dark (LD 18:6) cycles. The light intensity during the day was 100–120 μmolm−2 s−1. The light:dark cycle was reinforced by warm:cold (W:C) temperature cycles (20°C during light:18°C during dark).

Excised leaves, together with a clean-cut petiole to sustain growth, were placed on square plates (12 × 12 cm) containing MS medium. Plates were transferred at Zeitgeber time (ZT) 0 (i.e. ‘dawn’ or lights-on) to constant light (LL), consisting of equal parts blue (470 nm) and red light (660 nm) from 20 μmolm−2 s−1 light-emitting diodes (MD Electronics, Warwick, United Kingdom) at a constant temperature of 22°C. Rhythms of delayed fluorescence were recorded following lights-off using a cooled ORCA-IIERG 1024 camera (Hamamatsu Photonics, Hamamatsu City, Japan) with medium gain, a 900 ms delay and 1 min exposure. Imaging data were analysed using BRASS Fourier analysis software (Plautz et al., 1997; Locke et al., 2005), as described previously (Ibáñez et al., 2010). Only data collected 24–120 h after the transfer to LL were included in the analysis. Plants were considered rhythmic when the relative amplitude error was ≤0.6.



Water Loss Assay

Water loss assays were performed in detached leaves of similar developmental stage and size from 3-week-old Arabidopsis or 12- to 13-week-old Populus plants. Arabidopsis plants were grown on soil under controlled conditions (LD 16:8 cycles; light intensity during the day: 100–120 μmol m−2 s−1) at 22°C. For Arabidopsis assays, a single leaf per plant (six to eight plants per genotype) was detached and the loss in fresh weight monitored over time. For Populus, plants from WT and RNAi lines were grown under controlled conditions (LD 18:6 cycles; light intensity during the day: 250 μmol m−2 s−1) at 18°C. Three expanded young leaves from internodes eight to 10 (counted from the first leaf at least 1 cm long) were detached from each plant (six plants per genotype) and the loss in fresh weight monitored over time. Water loss was expressed as a percentage of the initial fresh weight.



Stomatal Conductance

Arabidopsis and Populus plants were grown as described for the water loss assay. Stomatal conductance (gs = mmol H2O m−2 s−1) was measured in intact 3-week-old wild-type, ztl-3 and ost1-3 Arabidopsis plants using a steady-state Leaf Porometer (Decagon Devices, Pullman, United States). Measurements were made on the abaxial leaf surface from four leaves per plant, and from eight to 10 plants per genotype. Conductance was measured in Populus in three expanded young leaves from internodes eight to 10, as defined above, and from seven to eight plants per genotype.



Stomatal Aperture and Density Measurements

The stomatal ratio is a better measure than aperture as it accounts for differences in stomatal size that may occur in expanding leaves with different growth rates. To calculate the stomatal ratio, measurements of stomata opening were made, as previously described (Conn et al., 2011). Plants were cultivated in vitro in Petri dishes (Arabidopsis) or in jars (Populus) for 3 to 4 weeks on half-strength MS with 0.8% agar, pH 5.7, under LD 16:8 (Populus) or LD 12:12 (Arabidopsis) at 20°C, light intensity during day ~200 μmol m−2 s−1. Leaves were collected and transferred to 20 ml 10 mM MES pH 6.2 (adjusted with KOH) and blended in pulses (3 × 30 s) with 10 s intervals between pulses. The suspension was filtered through a mesh (pore size: 100 μm) and epidermal fragments were collected in 10 ml 10 mM MES. Samples were incubated in the dark for 1 h at 20°C before the epidermal fragments were filtered and collected in 20 ml buffer (5 mM KCl, 0.1 mM CaCl2 in 10 mM MES pH 6.2). The samples were divided into two equal parts; 10 μl 10 mM ABA dissolved in 70% ethanol was added to one part and 10 μl 70% ethanol to the other as a control (both aliquots were diluted in 10 ml 10 mM MES). Both treatment and control samples were incubated for 3 h in a water bath at 20°C under cold fluorescence light and CO2-free aeration (Conn et al., 2011). Measurements were made on stomata from plants treated either at ZT 8–9 or at a time adjusted to circadian time (CT) 9 for each genotype to accommodate the longer circadian period (~28–29 h) of ztl-3 (Somers et al., 2004) and shorter (~22–23 h) period of prr5-11 (Yamamoto et al., 2003); the circadian phenotype of prr5-11 is comparable to prr5-1 (Eriksson et al., 2003; Michael et al., 2003). In each case, the experimenter was blinded to genotype and treatment until the analysis was completed. Plant tissues were incubated in the presence/absence of ABA for 3 h in light, under CO2-free aeration (Conn et al., 2011), and stomatal closure was scored at ZT 8–9, i.e. 8–9 h after dawn.

Stomatal density was measured in leaves from 3- to 4-week-old soil-grown Arabidopsis plants cultivated under long photoperiods (LD 16:8) and concomitant temperature cycles (WC 20°C:18°C). Plants were grown and treated in the same manner as the plants subjected to stomatal conductance measurements, described above. Measurements were made from one leaf per plant and from eight to 10 plants per genotype. Stomatal density in Populus wild type and RNAi lines was measured in fully expanded young leaves from internodes eight to 10 from soil-grown plants cultivated under long photoperiods (LD 18:6) at 18°C. For density measurements in both species, the abaxial surface of leaves from three plants per genotype was peeled off and visualised using an Axiocam digital camera attached to an Axioplan light microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany). The number of stomata per mm2 of leaf area was counted using the software provided.



Protein Expression Constructs

Expression vectors to express epitope-tagged proteins in protoplasts were obtained by cloning full length coding sequences into pRT104 plasmids carrying 3 × HA or 3 × Myc epitopes under the constitutive CaMV35S promoter (Fülöp et al., 2005). Epitope-tagged ZTL and TOC1 were obtained as described previously (Johansson et al., 2011).

To obtain epitope-tagged OST1 and PRR5, the full length cDNAs clones were obtained from ABRC,3 inserted into either pENTR D-TOPO (OST1) or pUNI51 (PRR5), and used as templates for PCR. The OST1 PCR amplified coding sequence was cloned into pRT104 at the EcoRI/SalI sites and PRR5 at the BamHI/KpnI sites.

All constructs were confirmed by sequencing before use. The primer sequences are listed in Supplementary Material.



Transient Protoplast Expression Assays

An Arabidopsis Col-0 cell suspension culture was grown under LD 16:8 with concomitant WC 22°C:18°C cycles; light intensity during day: 150 μmol m−2 s−1. Protoplasts were co-transfected with HA or Myc-tagged proteins in the combinations ZTL + OST1, ZTL + TOC1 and OST1 + PRR5 prior to co-immunoprecipitation assays (Meskiene et al., 2003). Protoplasts were harvested for protein extraction 18 h post-transfection and suspended in immunoprecipitation buffer [25 mM Tris–HCl, pH 7.8, 10 mM MgCl2, 75 mm NaCl, 5 mM EGTA, 60 mM β-glycerophosphate, 1 mM dithiothreitol, 10% glycerol, 0.2% Igepal CA-630 and 1× Protein Inhibitor Cocktail (SIGMA-Aldrich)]. The samples were frozen in liquid nitrogen until use.

For immuno-analysis, samples were thawed on ice and centrifuged. Supernatants were mixed with 1.5 μl 5 M NaCl, 1.5 μl anti-Myc antibody (9E10; Covance, Princeton, NJ, United States), 1 μl 20 mg/ml BSA and immunoprecipitation buffer to a final volume of 100 μl. The mixtures were incubated for 2 h at 4°C on a rotating wheel. Immune complexes were captured by adding 10 μl Protein G-Sepharose beads (Wu et al., 2009) to the mixtures and incubating for a further 2 h at 4°C with rotation. The beads were washed three times with ice-cold immunoprecipitation wash buffer (25 mM sodium phosphate, 150 mM NaCl, 5% glycerol and 0.2% Igepal CA-630). Immune complexes were eluted from beads using 25 μl 1× SDS buffer. Proteins were separated by electrophoresis on 8% SDS polyacrylamide gels and blotted into Immobilon-P PVDF membranes (Millipore Corporation, Billerica, MA, United States). The presence of HA-tagged proteins in the immune complexes was determined by probing blots with anti-HA-POD antibody (3F10; Roche Diagnostics, Basel, Switzerland). Subsequently, blots were stripped for 15 min at 70°C in buffer (100 mM β-mercaptoethanol, 2% SDS and 62.5 mM TRIS pH 6.8) and incubated with anti-c-Myc chicken antibody (A21281; Thermo Fisher Scientific) to confirm the presence of Myc-tagged proteins in the complex. Co-IP results, where quantified, were measured using ImageJ software (Schneider et al., 2012). Measurements of immunoprecipitated HA-tagged protein bands were made on acquired images in ImageJ after background subtraction. The values indicated are the ratio of the HA-tagged pull-down protein density to input samples, with loaded input ˗40% of the total reaction. The results are average of three independent experiments.

Mesophyll protoplasts were isolated according to the tape-Arabidopsis sandwich procedure (Wu et al., 2009). Plants were grown as described for the water loss assay and 8–10 leaves were collected from 3- to 4-week-old plants. Protoplasts were transfected using a modified TEAMP to investigate whether binding method (Yoo et al., 2007). For protein stability assays, transfected protoplasts were incubated for 3 h with 100 μM cycloheximide (CHX), an inhibitor of protein synthesis, before sample collection at the indicated time points. Monoclonal anti-PSTAIR CDKA antibody was hybridised at 1:5000 dilution (SIGMA-Aldrich). The protein stability assays in mesophyll protoplasts were performed using 50 μM MG132 (SIGMA-Aldrich), a proteasome inhibitor. Protoplasts were incubated with MG132 or DMSO (control) for 4 h. An antibody detecting the RUBISCO small subunit antibody (AS07 259, Agrisera AB, Vännäs, Sweden) was used as a loading control.



Quantitative Reverse Transcription PCR

To characterise PttZTL RNAi lines, plants were grown in a greenhouse under controlled conditions (LD 18:6 at 18°C; light intensity during day: 250 μmol m−2 s−1). Leaf samples were collected 8 h after dawn (ZT 8) and frozen in liquid nitrogen. RNA was extracted from one fully developed leaf per sample, using the CTAB method (Le Provost et al., 2007), and treated with DNase (TURBO DNA-free kit; Ambion, Austin, United States). cDNA was synthesised from 1 μg RNA using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories). Quantitative reverse transcription PCR (RT-qPCR) was performed using a CFX96 Real-Time detection system (Bio-Rad Laboratories) and gene-specific primers (Supplementary Material).

The increase in SYBR Green fluorescence (Bio-Rad Laboratories) was used to visualise the accumulation of PCR products in real time. All RT-qPCR reactions were performed using three or four biological repetitions with duplicate technical samples. PttZTL expression levels were normalised against expression of the reference genes ELONGATION FACTOR 1 ALPHA (EF1a) or 18S rRNA using the 2−ΔΔCT method incorporating the primer efficiencies obtained by experiment, which ranged from 98 to 100% (Livak and Schmittgen, 2001; Pfaffl, 2001). Expression data are presented relative to expression in wild-type Populus. Data were log2 transformed to obtain a normal distribution and analysed using Student’s t-test. Primer sequences are listed (Supplementary Material); primers for PttZTL amplified both ZTL homologues. For gene expression analyses in Arabidopsis, seeds were surface-sterilised, plated in vitro and grown as described above for 3–4 weeks. Seedlings were sprayed with 10 μM ABA (10 μl ABA stock dissolved in 70% ethanol) and diluted in 10 ml water or control (equal amount of 70% etanol dissolved in water) 3 h prior to harvesting at ZT 8. Gene expression levels were determined using RT-qPCR, as described above, with gene-specific primers (Supplementary Material). Expression of each gene was normalised against expression of EF1a using the 2−ΔΔCT method (Livak and Schmittgen, 2001; Pfaffl, 2001). The efficiency of each primer pair was included in the analysis (efficiency ranged from 95.3 to 100%). Gene expression levels are shown relative to expression in wild-type plants without ABA treatment, which was set as 1. Log2-transformed values were analysed by two-way ANOVA followed by Sidak’s multiple comparison test.



Statistical Analyses

The statistical significance of results was tested using one- or two-way ANOVA followed by post-hoc comparisons (Tukey’s test or Sidak’s test, each corrected for multiple comparisons) or unpaired Student’s t-tests, as indicated, using GraphPad Prism version 6.0 for Windows (GraphPad Software, La Jolla, CA, United States). In each case, significance was taken at alpha <0.05.





RESULTS


ABA-Induced Stomatal Closure Is Impaired in ztl Mutants

In Arabidopsis, sensitivity to ABA, which induces stomatal closure, increases in the late afternoon (Correia and Pereira, 1995). This timing correlates with high levels of ZTL (Kim et al., 2007). We therefore investigated the sensitivity of ztl mutants to ABA. As defects in the different protein domains affect different aspects of ZTL function (Kevei et al., 2006; Kim et al., 2007), we measured sensitivity to ABA in ztl-3 (complete loss-of-function mutant), ztl-1 (Kelch domain mutant) and ztl-21 (LOV domain mutant). Although ABA evoked stomatal closure in ztl mutants, the response was significantly greater in wild-type (WT) plants (Figures 1A–C).
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FIGURE 1. Stomatal opening and water loss phenotypes of detached Arabidopsis leaves. (A–C) Stomatal aperture in epidermal strips from leaves of 4-week-old seedlings treated with or without 10 μM ABA measured at ZT 8–9 under CO2-free aeration. (A) ztl-1 and WT (C24) plants; (B) ztl-3 and WT (Col-0); and (C) ztl-21 and WT (Ws-2). (D) Stomatal conductance (gs) in leaves of 4-week-old Arabidopsis plants. Conductance was normalised against the WT means. (E,F) Rates of water loss in detached rosette leaves from 3-week-old Arabidopsis plants. Values are means ± SE of three biological replicates, each containing one leaf from six to eight plants of each genotype. (E) Rates of water loss in WT (Col-0); ztl-3 and ost1-3. Asterisks in (E) refer to both the comparison between WT and ztl-3 and between WT and ost1-3 (Student’s t-test); both mutants showed the same level of statistical difference from WT. (F) Rates of water loss in WT (Col-0); ztl-3 and ztl-3:p35S::HA::ZTL (oex1-3: independent lines of ztl-3 overexpressing ZTL). Asterisks in (F) represent the comparison between WT and ztl-3 plants (Student’s t-test); water loss from all other mutants did not differ statistically from that of WT plants. WT and ztl-3 plants (Student’s t-test); water loss from all other mutants did not differ statistically from that of WT plants. (A–F) *p < 0.05 and ***p < 0.001 (Student’s t-test).




Mutations in ZTL and OST1 Have Similar Effects

We measured stomatal conductance in ztl-3 and ost1-3 leaves using a handheld SC-1 leaf porometer (Decagon). Stomatal conductance levels were higher in ztl-3 and ost1-3 than in WT controls (Figure 1D). ost1-3 mutants have the same stomatal density as WT plants (Engineer et al., 2014; Jalakas et al., 2018). Stomatal density was similar in WT (208 stomata/mm2) and ztl-3 plants (210 stomata/mm2; Student’s t-test p = 0.727, n = 3 biological replicates, each containing 71–93 measurements/genotype). Thus, the increased water loss of ztl-3 and ost1-3 mutants was not caused by an increase in the number of stomata. The higher stomatal conductance in ztl-3 (Figure 1D) observed is consistent with their reduced response to ABA (Figures 1A–C). Overall, the ABA sensitivity and stomatal conductance phenotypes of ztl-3 resembled the strong ost1-3 phenotype.

A detached-leaf assay revealed that ztl-3 and ost1-3 leaves have significantly higher rates of water loss than WT leaves at ZT 8–9 (Figure 1E).

To further determine the role of ZTL in the drought response, we measured the water loss phenotype of ztl-3 plants overexpressing ZTL under the control of the 35S CaMV promoter (p35S::HA::ZTL). There were no differences in the rates of water loss between WT plants and three independent T3 lines overexpressing ZTL in the ztl-3 background (Figure 1F); thus, ZTL could rescue the leaf water loss phenotype of ztl-3. This indicated that ZTL and OST1 are both needed for stomatal closure under stress.

We also analysed seed germination time (determined by radicle emergence), a developmental phase transition, to establish whether ZTL and OST1 showed shared effects across biological responses (Penfield and Hall, 2009). Both ztl-3 and ost1-3 mutants showed a similar significant delay in radicle emergence compared to WT seeds (Supplementary Figure S1).



Circadian Clock Function Depends on ZTL in Populus Trees

Circadian components and ABA-signalling pathways are largely conserved between Arabidopsis and Populus (Ibáñez et al., 2010; Kozarewa et al., 2010; Cai et al., 2017; Yu et al., 2017; Tylewicz et al., 2018; Rigoulot et al., 2019). We hypothesised that ZTL’s roles in regulating the circadian clock and physiological responses to drought and ABA would also be conserved. The role of ZTL was examined in transgenic Populus trees in which expression of both PttZTL1 and PttZTL2 was downregulated by RNAi (PttZTL1,2 RNAi lines). RNAi line 5, which had a strong reduction in PttZTL (Figures 2A,B; Supplementary Figure S2), leading to earlier growth cessation (Supplementary Figure S3), and RNAi line 7, which also showed a strong, significant reduction of PttZTL transcript (Figures 2A,B; Supplementary Figure S2), were selected for further analysis. Microarray expression profiles from short period (lhy-10 RNAi) and WT Populus trees (Edwards et al., 2018) were examined for comparison (Supplementary Figure S4), together with an RT-qPCR analysis of time-series data from WT trees (Supplementary Figure S5). These data show PttZTL1,2 expression appears disrupted in lhy-10 trees in LD cycles (Supplementary Figure S4); thus, disruption of PttLHY 1 and PttLHY2, expressed in the morning clock loop, apparently affects expression of PttZTL1 and 2, an evening gene, in Populus as in Arabidopsis. PttZTL expression is rhythmic in WT Populus leaves (Supplementary Figure S5).
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FIGURE 2. Delayed fluorescence (DF) in Populus leaves from WT (T89) trees and PttZTL 1,2 RNAi lines assayed under continuous light. (A) Best fitted Y traces of DF rhythms in leaves in constant conditions following entrainment in LD 18:6 cycles. (B) Values of circadian period and relative amplitude errors (RAE) of individual leaves included in the experiment shown in (A). RAE of rhythmic plants ≤0.6; period estimates are shown in Table 1.


Clock function was analysed in PttZTL1,2 RNAi lines 5 and 7. Their circadian periods were measured in detached leaves using delayed fluorescence from photosystem II (Gould et al., 2009; Johansson et al., 2015). The normalised fluorescence traces (Best Y) showed both RNAi lines had significantly longer circadian periods than WT trees (Figure 2A; Table 1). The associated relative amplitude error (RAE) values indicate the level of rhythmicity associated with an individual leaf (Figure 2B); values ≥0.6 (dotted line) indicate arrhythmia. These results are in line with the downregulation of PttZTL1,2 in RNAi lines 5 and 7 (Supplementary Figures S2A,B). Downregulation of PttZTL1,2 expression resulted in a slower running but still strongly rhythmic circadian clock, as shown by the longer periods and low RAE values, indicating that the phenotypes of PttZTL1,2 RNAi trees resembled those of Arabidopsis ztl mutants (Kevei et al., 2006).



TABLE 1. Free-running periods of delayed fluorescence in leaves of wild-type (WT; T89) Populus trees and PttZTL1,2 RNAi lines 5 and 7 measured under continuous light.
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Thus, these lines provided suitable material for further studies comparing ZTL-dependent function in ABA-related stress responses across plant species.



ZTL’s Role in Stomatal Movements Is Conserved

To investigate whether ABA-induced stomatal closure was conserved between Arabidopsis and Populus, we confirmed downregulation of ZTL at ZT 8–9 in Populus (i.e. at dusk, when ZTL levels peak and sensitivity to ABA are high in WT Arabidopsis) using an additional reference gene (Ef1a; Figure 3A). This confirmed that PttZTL1 and PttZTL2 were reduced to at least ~40% of WT levels in both lines at ZT 8–9. Further, we measured stomatal aperture in leaves from Populus trees grown in vitro (Figure 3B). Stomatal closure in response to ABA was reduced in RNAi lines 5 and 7, relative to WT plants. In addition, stomatal conductance in leaves from both PttZTL1,2 RNAi lines was significantly higher than that of WT leaves (Figure 3C). These results resembled those from Arabidopsis ztl mutants (Figures 1A–D).
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FIGURE 3. Effect of ZTL expression on stomatal phenotype in Populus. (A) Relative expression levels of PttZTL at ZT 8 in two PttZTL 1,3 RNAi lines of Populus. Expression levels of PttZTL were normalised against expression of EF1a and the ratio was set at 1 in WT (T89) trees. Values are means ± SE of three or four biological replicates. (B) Effect of ABA treatment on stomatal ratios (width:length) in epidermal strips from wild-type and PttZTL 1,2 RNAi lines measured at ZT 8–9 under CO2-free aeration. Data are means ± SE of three biological replicates, each containing 20 to 22 stomata. (C) Stomatal conductance (gs) in leaves from intact 6 to 9-week-old WT and PttZTL 1,2 RNAi trees. Values are means ± SE of three biological replicates, each containing six to eight plants with three leaves/genotype. Conductance was normalised against the WT means. (D) Rates of water loss from detached leaves from 13-week-old PttZTL RNAi and wild-type trees. Values are means ± SE of three leaves per biological replicates, from six plants per genotype. In (D), both RNAi lines differed from WT all time points: *** thus represents both the RNAi-5 vs. WT and RNAi-7 vs. WT comparisons at time points where RNAi lines differed from WT at the same level of significance. At 180 min, WT vs. RNAi line 5 differed from WT at p < 0.001 and RNAi line 7 differed from WT at p < 0.05; this is represented by ***/* on the Figure. (A–D) Differences between WT compared with both mutants are indicated where statistically significant at *p < 0.05; **p < 0.01; and ***p < 0.001 (Student’s t-test).


Next, we investigated water loss using detached-leaf assays. Both PttZTL1,2 RNAi lines 5 and 7 showed significantly higher rates of water loss than WT plants (Figure 3D), similar to the Arabidopsis ztl-3 mutant (Figures 1E,F). Stomatal density measurements revealed leaves from PttZTL1,2 RNAi line 5 (135 stomata/mm2) differed significantly from WT leaves (141 stomata/mm2; Student’s t-test; p = 0.04; n = 3 biological replicates, each containing 120 to 144 measurements); however, there was no significant difference in stomatal density between WT leaves and leaves from PttZTL1,2 RNAi line 7 (141 stomata/mm2; Student’s t-test p = 0.89; n = 3 biological replicates, each containing 120 to 144 measurements). These results indicated the increased water loss resulted from greater stomatal openness, not changed stomatal density. The lower sensitivity to ABA, increased stomatal aperture and conductance, and higher water loss observed in both PttZTL1,2 RNAi lines (Figure 3) indicated they phenocopied Arabidopsis ztl mutants (Figure 1), supporting a conserved role for ZTL between the two species.



Expression of ABA-Signalling Genes Is Impaired in Arabidopsis ztl Mutants

Given stomatal closure in response to ABA was impaired in ztl mutants (Figures 1A–C) and the similar changes in stomatal regulation in Arabidopsis and Populus trees with reduced ZTL function (Figures 2, 3), we evaluated whether ZTL modulated expression of early and late ABA-signalling components and ABA-responsive genes in Arabidopsis. We analysed expression of key ABA response and signalling genes in ztl-3 and WT plants treated with ABA for 3 h (Figure 4). PYL5 was selected as a representative of an ABA reception gene, ABI2, HAB1, OST1, ABI5, ABF3 and ABF4 as examples of early and progressing ABA-signalling genes, and RAB18 and RD29A as late ABA-responsive genes (Santiago et al., 2009; Raghavendra et al., 2010; Gonzalez-Guzman et al., 2012).
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FIGURE 4. Effects of genotype and ABA on expression of early and late ABA-signalling components and ABA-responsive genes in Arabidopsis. (A) ABA reception gene PYL5. (B–G) Early and progressing ABA-signalling genes. (B) ABI2. (C) HAB1. (D) OST1. (E) ABI5. (F) ABF3. (G) ABF4. (H,I) Late responsive ABA-signalling genes. (H) RD29A. (I) RAB18. Gene expression was measured in samples collected at ZT 8 from WT (Col-0) and ztl-3 plants treated with ABA or ethanol (control). Values are the means ± SE of pooled seedlings from three biological replicates, each containing two technical replicates. Expression levels were normalised against expression of EF1a and the ratio was set at 1 in untreated WT (Col-0). Results were analysed by two-way ANOVA to determine the effects of treatment (T), genotype (G) and the T × G interaction. Significance levels of the effects were determined using Sidak’s multiple comparisons post-hoc test; *p < 0.05; **p < 0.01; and ***p < 0.001.


Analysis by two-way ANOVA indicated there were no treatment (T), genotype (G) and treatment × genotype (T × G) effects on PYL5 expression (Figure 4A). Analysis of expression of ABI2 and HAB1 (Figures 4B,C), two negative regulators of ABA signalling (Saez et al., 2004, 2006), revealed that genotype had a significant effect on ABI2, with a significant reduction in transcript level in ztl-3 (Figure 4B), but not on HAB1, which only showed a treatment effect (Figure 4C). Both treatment and genotype had significant effects on OST1, expression of which was significantly reduced in ztl-3 relative to wild-type plants (Figure 4D). Expression of the later ABA-signalling gene ABI5 was severely diminished in response to ABA in ztl-3 plants, with significant effects of both treatment and genotype, as well as a treatment × genotype interaction (Figure 4E). Only treatment affected ABF3 expression (Figure 4F), but both treatment and genotype affected expression of ABF4 (Figure 4G). Expression of another ABA-responsive gene, RAD29A, showed significant treatment and genotype effects (Figure 4H). Both treatment and genotype had significant effects on expression of RAB18 (Figure 4I), and these factors interacted to produce a further significant effect. All these data show that ZTL was required for ABA sensitivity and significantly promoted the expression of major ABA-signalling components (Table 2).



TABLE 2. Summary of post-hoc analysis using Sidak’s multiple comparisons test of RT-qPCR analysis of gene expression in Arabidopsis wild-type (Col-0) and ztl-3 plants ± ABA (Figure 4).
[image: Table2]



ZTL Interacts With OST1 in Plant Cells

Given the function of ZTL in stomata closure and in ABA-induced gene expression, we tested if it has the capacity to interact with OST1 when expressed in plant cells. Co-immunoprecipitation (Co-IP) assays following expression of tagged ZTL and OST1 proteins in protoplasts revealed an interaction between ZTL and OST1 (Figure 5A). The ratios of signal from Co-IP bands to input, measured from three experiments, showed a strong signal from HA-OST1, when it was coexpressed with Myc-OST1 (Figure 5B). Co-IP of the known interactors, ZTL and TOC1, showed a similar result (Supplementary Figures S6A,B; Johansson et al., 2011).

[image: Figure 5]

FIGURE 5. Coexpression of ZTL and OST1 in plant cells indicates a strong interaction between the proteins. (A) Representative co-immunoprecipitation assay showing in vivo interaction between ZTL and OST1. Tagged versions of ZTL and OST1 proteins were expressed in Arabidopsis protoplasts, singly or in combination. Proteins were immunoprecipitated using mouse anti-Myc antibody (IP: α-Myc) and subsequently analysed by Western blotting with an anti-HA-POD antibody (WB: α-HA) and anti-c-Myc chicken antibody (WB: α-Myc). The experiment was repeated three times in different Western blots and produced similar results. (B) Mean values (n = 3) ± SEM of the ratio of Co-IP signal to sample signal from the input reaction (40% of sample used in Co-IP) of the three different co-immunoprecipitation assays described in (A). The individual results from each experiment are shown on the plot: Filled circles (left-hand side): Myc-OST1 + HA-ZTL; filled squares (right-hand side): HA-ZTL.


The effect of ZTL on OST1 stability was investigated using mesophyll protoplasts obtained from the triple mutant ztl-4, fkf1-2 and lkp2-1 (Supplementary Figure S7). This mutant lacks all three members of the ZTL F-box protein family [ZTL, FLAVIN-BINDING, KELCH REPEAT, F BOX 1 (FKF1) and LOV KELCH PROTEIN 2 (LKP2)] (Baudry et al., 2010). ZTL-like activities were diminished in this background, as expected. No ZTL-dependent degradation of OST1 was detected in protoplasts transfected with OST1 and ZTL, regardless of whether the proteasome inhibitor MG132 was present (Supplementary Figures S7A,B, S8). The effect of proteasome inhibition was also tested using TOC1, and in contrast, coexpression of TOC1 and ZTL led to lower TOC1 expression at time 0 (Supplementary Figures S7C,D). Although the effect on TOC1 in blue light was not entirely consistent with the current model, wherein ZTL acts to degrade TOC1 in the dark (Más et al., 2003), the lack of activity of the ZTL family members FKF1 and LKP2 in the triple mutant protoplasts affected TOC1 expression (Supplementary Figures S7C,D), consistent with the results of Baudry et al. (2010). OST1 stability, on the other hand, showed no effect of ZTL coexpression or proteasome inhibition (Figures 6A,B), which supports our conclusion that ZTL does not regulate OST1 protein levels. OST1 stability was not negatively affected in protoplast suspension cultures, regardless of the presence of ZTL, light or CHX (Supplementary Figure S8).
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FIGURE 6. ZTL and OST1 act synergistically to promote stomatal closure, and PRR5 partially blocks ABA signalling in the absence of both ZTL and OST1. (A, B) Water loss from detached rosette leaves of 3-week-old WT (Col-0) Arabidopsis and single, double and triple mutants carrying different combinations of alleles at the ZTL (ztl-3), PRR5 (prr5-1) and OST1 (ost1-3) loci. Values are means ± SE of two to three biological replicates, each containing one leaf from six to eight plants of each genotype. In (A), significant differences between the ztl-3 and ost1-3 double mutant and the ztl-3, prr5-1 and ost1-3 triple mutant are shown by cyan-coloured asterisks. As all the mutants differed from WT at p < 0.001 (Student’s t-test) at all time points, all the pairwise mutant vs. WT comparisons represented by three black asterisks for simplicity. In (B), pairwise comparisons found that ztl-3 differed significantly from WT but prr5-1 and the prr5-1 and ztl-3 double mutant did not. The result for ztl-3 vs WT (Student’s t-test) is represented by three black asterisks. Statistical levels in (A) and (B): *p < 0.05; **p < 0.01; and ***p < 0.001.




Both ZTL and PRR5 Interact With OST1 to Modulate Stomatal Regulation

The genetic data suggested that ZTL and OST1 both severely and similarly affected stomatal closure in response to ABA (Figure 1E). In order to determine if additional factors were involved, we investigated the role of PRR5, a ZTL substrate that affects ABA metabolism and induced responses (Yang et al., 2021). We adjusted ABA treatment time to match the circadian period of each genotype (ztl-3: 28 h; prr5-11: 23 h and WT: 24 h) and scored the stomatal ratio at Circadian Time (CT) 8–9 for each genotype to confirm that the phenotypic change resulted from ABA treatment rather than circadian mistiming. Under these conditions, the stomata of ztl-3 mutants failed to close following ABA treatment, while stomata of prr5-11 closed more readily (Figure 7A). The responses of both mutants to ABA differed significantly from WT plants, albeit in opposite directions, consistent with the changes in endogenous period.
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FIGURE 7. The circadian clock protein PRR5 interacts with ZTL and OST1 to regulate stomatal responses in Arabidopsis. (A) ztl-3 and prr5-11 mutants show opposite stomatal aperture phenotypes in response to ABA. Time of ABA treatment was adjusted to an equivalent point in the circadian cycle to accommodate the difference in period (τ) between ztl-3 (τ = ~ 28 h), prr5-11 (τ = ~ 23 h) and wild-type (τ = 24 h) plants. Values are means ± SE of three biological replicates, each containing 20 stomata/genotype. (***p < 0.001; Student’s t-test). (B) PRR5 and OST1 interact in vivo. Co-immunoprecipitation assay showing an interaction between PRR5 and OST1 in Arabidopsis protoplasts. Tagged versions of PRR5 and OST1 proteins were expressed in Arabidopsis protoplasts. Proteins were immunoprecipitated using mouse anti-Myc antibody (IP: α-Myc) and subsequently analysed by Western blotting with an anti-HA-POD antibody (WB: α-HA) and anti-c-Myc chicken antibody (WB: α-Myc).


Given that ZTL mediates proteasomal degradation and several ztl mutants show alterations in PRR5 protein stability and other alterations that may affect PRR5 function (Kiba et al., 2007; Fujiwara et al., 2008), we hypothesised that altered ZTL-dependent regulation, for instance stabilisation of PRR5 in the ztl-3 mutant, might increase stomatal opening. Consistent with this, PRR5 appeared to be required for normal stomatal responses. Although prr5-1 mutants remained sensitive to ABA and showed stomatal closure in response to ABA treatment, in the absence of exogenous ABA, their stomata were more open than those of WT plants (Figure 7A). This may result from an increase in ZTL levels in prr5-1 in the absence of ABA. We found a clear interaction between PRR5 and OST1 in plant cells (Figure 7B).

To understand how OST1, ZTL and PRR5 interacted to regulate stomata (i.e. responsiveness to ABA), we performed water loss assays using detached leaves from a series of single, double and triple mutants carrying different combinations of the ztl-3, ost1-3 and prr5-1 alleles to determine their physiological responses to drought (Figure 6A). The ztl-3 and ost1-3 single mutants had a similar phenotype that differed from that of WT plants, consistent with previous data implicating both ZTL and OST1 in stomatal regulation; moreover, each single mutant differed significantly from the double mutant, ztl-3 and ost1-3. The increased severity of the loss-of-function phenotype in the ztl-3 and ost1-3 double mutant indicated both ZTL and OST1 were required for stomatal control and potentially acted additively to each other.

Leaves from prr5-1 single mutants showed rates of water loss similar to WT with slight deviations (Figures 6A,B). The double mutant ztl-3 and prr5-1 behaved as WT (Figure 6B). The double mutant prr5-1 and ost1-3 behaved like ost1-3 (Figure 6A). The ztl-3 and ost1-3 double mutant had the strongest water loss phenotype, indicating that retaining PRR5 in the absence of OST1 and ZTL partially blocked regulation of stomatal aperture by ABA. The ztl-3, prr5-1 and ost1-3 triple mutant showed a significantly lower rate of water loss than the ztl-3 and ost1-3 double mutant between 90 and 150 min, and again at 180 min, which is consistent with the suggestion that PRR5 is involved in ABA signalling in the absence of ZTL and OST1.

These results taken together suggest that inhibition of the ABA-signalling pathway by PRR5 is opposed by ZTL and OST1. The ztl-3, prr5-1 and ost1-3 triple mutant had a significantly stronger water loss phenotype than the ost1-3 single mutant, indicating that ZTL can oppose the inhibitory effect of PRR5 in the absence of OST1. By contrast, the prr5-1 and ost1-3 double mutant and the ost1-3 and ztl-3 single mutants all showed very similar phenotypes that were less extreme than the ztl-3, prr5-1 and ost1-3 triple mutant (Figure 6A), indicating the importance of the interactions between ZTL, OST1 and PRR5.




DISCUSSION


Water Loss Is Regulated by Both Clock and ABA-Signalling Pathways

In Arabidopsis, light and the circadian clock act via ZTL to regulate the daily pattern of stomatal opening (Somers et al., 1998; Salomé et al., 2002; Dodd et al., 2004). Many metabolic processes and enzymes associated with photosynthesis are under circadian control (Dodd et al., 2014). We show that ZTL was also required for circadian clock function (Figure 2; Table 1) in Populus, and ZTL regulated stomatal closure in both Arabidopsis and Populus (Figures 1, 3). In Arabidopsis, both OST1- and ABA-dependent gene expression and integration of ABA-signalling require ZTL (Figure 4; Table 2). ZTL regulated the physiological responses of guard cells to ABA and drought by acting in synergy with OST1 (Figures 1, 5, 6).

OST1 is a central component of ABA signalling and stomatal closure. The increased rate of water loss from Arabidopsis ztl mutants as well as their impaired stomatal regulation in response to ABA (Figure 1) suggests a requirement of ZTL for normal OST1 function. The similar phenotypes observed in Populus trees with reduced ZTL function (Figure 3) indicates a similar mechanism operates in Populus.



OST1 Interacts With the Clock Proteins ZTL and PRR5

We showed that ZTL bound directly to OST1 in plant cells. Loss-of-function prr5-11 mutants showed an opposite stomatal phenotype to ztl-3, a null mutant (Somers et al., 2004) that does not produce mRNA or protein (Figure 7A). The water loss phenotype of the prr5-1 mutant (a low level of water loss comparable to WT) was as expected, given the prr5-11 mutant showed high levels of stomatal closure in the presence of ABA (Figure 7A). In contrast, the stomata of the ztl-3 and ost1-3 single mutants remained more open in response to ABA (Figure 7A), which matched the high levels of water loss shown by these mutants (Figures 6A,B). The genetic data confirmed that a triple mutant that combined the loss-of-function prr5-1 allele with the ztl-3 and ost1-3 alleles had a lower rate of water loss than a ztl-3 and ost1-3 double mutant but did not completely phenocopy it (Figure 6A). This may result from TOC1 accumulation, in the triple mutant as TOssC1 is a substrate of ZTL that affects ABA responses (Legnaioli et al., 2009); moreover, overexpression of TOC1 slightly increases stomatal apertures and reduces water use efficiency (Legnaioli et al., 2009; Simon et al., 2020).

We hypothesised that an increased level of PRR5 in the absence of ZTL would exacerbate the water loss phenotype. Thus, we carried out physiological, biochemical and genetic assays to probe PRR5 function in stomatal closure, rate of water loss and interaction with OST1 (Figures 6, 7). Direct interactions between ZTL and OST1 (Figure 5), and between PRR5 and OST1 (Figure 7B), occurred in plant cells. In addition, the level of PRR5 affected stomatal aperture (Figure 7A). Removing both OST1 and ZTL function (ztl-3 and ost1-3 double mutant) produced a strong water loss phenotype (Figure 6A); however, a triple mutant (ztl-1, prr5-1 and ost1-3) showed a less extreme water loss phenotype (Figure 6A), indicating that, in the absence of ZTL and OST1, PRR5 partially blocked the ABA pathways controlling stomatal aperture. The interactions between OST1, ZTL and PRR5 are thus essential for ABA-signalling and water regulation under stressful conditions. ABA treatment may produce a change in circadian period which is dependent on genotype and thus, the effect of ZTL on ABA-signalling gene expression may result from a phase shift (Legnaioli et al., 2009; Liu et al., 2013), although, in our hands, treatment with 20 μM ABA did not significantly alter the phase in the first 24 h (Supplementary Figure S9) or period of WT and ztl-21 seedlings (Supplementary Figure S9; Supplementary Tables 1, 2).

These findings suggest that both ZTL and PRR5 interact with OST1 to regulate stomata and ABA-dependent responses. As the loss of PRR5 did not influence the ost1-3 water loss phenotype (Figure 6A), PRR5 appears to act upstream of OST1. In contrast, the loss of PRR5 strongly influenced the water loss phenotype of ztl-3 mutants (Figure 6B). PRR5 acting downstream of ZTL but upstream of OST1 would also explain the phenotype of the ztl-3, prr5-1 and ost1-3 triple mutant. These physical and genetic interactions provide a biochemical framework linking ZTL directly to ABA-regulated components. ZTL thus acts with OST1 as a circadian short-cut to help phosphorylate and/or degrade PRR5 enabling osmotic regulation of guard cells and connecting the clock with responses essential for water conservation.



The Roles of ZTL and OST1 in Regulating Water Loss Are Conserved Across Plant Species

There is a significant overlap between ABA and cold signalling pathways and control by the circadian clock (Eriksson and Webb, 2011); for instance, the circadian MYB-transcription factors CCA1 and LHY contribute to cold responses in both Arabidopsis and Populus sp. (Espinoza et al., 2010; Ibáñez et al., 2010; Dong et al., 2011). The circadian clock regulates ABA signalling via transcriptional changes induced by TOC1 (Legnaioli et al., 2009; Huang et al., 2012). Mutations at the circadian clock-associated EARLY BIRD/NFX1-LIKE 2 locus also increase resistance to salt and drought stress (Lisso et al., 2006), as well as inducing hypersensitive responses to ABA (Lisso et al., 2012). Genome-wide analysis of Arabidopsis recently showed that LHY controlled expression of ABA biosynthesis and receptor genes, as well as other aspects of signalling (Adams et al., 2018). We investigated several of these genes, including ABI2, OST1, ABI5, ABF4 and RD29A, and found ZTL affected their expression (Figure 4).

The receptors regulating ABA responses have increased in number since plants first colonised dry land (Umezawa et al., 2010) in response to the need to manage water status and detect and respond to heat and drought stresses. Such stresses are largely managed by controlling stomata. Stomata provide a means of CO2 entry, thus enabling photosynthesis, and also of controlling water loss through transpiration. They thus are critical regulators of plant growth.

Stomatal conductance is a crucial trait affecting water status and photosynthetic capacity that directly impacts biomass accumulation of trees. Stomatal conductance is under diurnal regulation in field-grown Eucalyptus sp., and thus likely controlled by the clock (Resco de Dios et al., 2013). We found previously that Eucalyptus sp. exhibit robust circadian rhythms under constant conditions (Johansson et al., 2015), and our present data suggest that ZTL acts in similar ways in both Arabidopsis and Populus to link the clock to stomatal control. Thus, the important roles of ZTL and OST1 in controlling stomata is conserved across species.

Our work highlights plants’ dependence on the circadian clock to respond to drought stress. Studies in Populus balsamifera (Pb) suggest that PbZTL2 is under local climatic selection, as are ABA-related signalling components, PbGIs and additional clock-associated genes (Keller et al., 2017). In addition, in Populus trichocarpa, PtPRR5, PtPRR7 and other clock genes are associated with biomass, phenology and physiological traits in Genome-Wide Association Studies (GWAS) and appear to have undergone selection (McKown et al., 2014); for example, PtPRR5 is part of an adaptive introgression of genes on Chromosome 15 transferred from P. balsamifera into P. trichocarpa (Suarez-Gonzalez et al., 2016).

OST1 is a kinase and thus a target for both phosphorylation and ubiquitination (Kim et al., 2013). The partnership between ZTL and OST1 underlies changes in ubiquitination and/or phosphorylation. Their associations with PRR5 may facilitate localisation of PRR5 to the nucleus and its interactions with, for instance, ABI5. The circadian clock PRR proteins are expressed sequentially between dawn and dusk in the order PRR9, PRR7, PRR5 and TOC1/PRR1. This may provide a set of ‘cogs’ enabling interactions with OST1, with or without ZTL, to be integrated into circadian clock and ABA-signalling pathways and respond to abiotic stresses occurring at different times across the day. Other circadian genes including PRR7 influence ABA signalling (Liu et al., 2013). Future efforts to resolve the underlying mechanisms controlling stomatal regulation and stress tolerance will benefit from consideration of the interaction between OST1, ZTL and the PRRs. Further studies in both Arabidopsis and Populus will determine the detailed mechanisms controlling diel stomatal closure and ABA-signalling responses.
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In Arabidopsis thaliana plants, exposure to UV-B induces an inhibition of primary root elongation. Different mutants have been isolated that are deficient in this response; however, little is known about the cellular and molecular mechanisms that regulate inhibition of root elongation in seedlings exposed to UV-B. In this work, we investigated the effect UV-B irradiation of different organs on primary root elongation. Our results demonstrate that irradiation of the leaves and shoots only induce a partial inhibition of primary root elongation, while when only roots are exposed to this radiation, primary root inhibition is similar as that measured when the complete seedling is irradiated. The consequences of exposure at different root developmental stages and times after the end of the treatment was also studied. We here show that inhibition of primary root elongation is a consequence of a decrease in cell proliferation in the meristematic zone of the primary roots, while the elongation zone size is not affected by the treatment. The decrease in cell number after UV-B exposure is partially compensated by an increase in cell length in the root meristem; however, this compensation is not enough to maintain the meristem size. We also here demonstrate that, similarly as what occurs in developing leaves, GROWTH REGULATING FACTOR 3 (GRF3) transcription factor regulates cell proliferation in UV-B irradiated roots; however, and in contrast to what occurs in the leaves, this response does not depend on the presence of MITOGEN ACTIVATED PROTEIN KINASE 3 (MPK3). Inhibition of primary root elongation by UV-B under our experimental conditions is also independent of the UV-B photoreceptor UV RESISTANT LOCUS 8 (UVR8) or ATAXIA TELANGIECTASIA MUTATED (ATM); but a deficiency in ATM AND RAD3-RELATED (ATR) expression increases UV-B sensitivity in the roots. Finally, our data demonstrate that UV-B affects primary root growth in various Arabidopsis accessions, showing different sensitivities to this radiation.
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INTRODUCTION

Plants are continually exposed to a changing environment, and this influences their developmental programs. Light is probably the most important environmental factor that affects plant growth and development. Ultraviolet-B (UV-B) radiation (280–315 nm) represents only a small proportion of the solar radiation that reaches the Earth; however, plants respond to exposure to wavelengths in the UV-B range, for example showing changes in plant morphology, physiology and producing secondary metabolites (Dotto and Casati, 2017).

Ultraviolet-B radiation effects on plant growth include specific photomorphogenic responses, mostly mediated by the UV-B specific photoreceptor UV RESISTANT LOCUS 8 (UVR8), and non-specific stress or genotoxic responses (Hu et al., 2016; Podolec et al., 2021). UVR8 is so far the only UV-B specific photoreceptor identified in plants (for a review, see Podolec et al., 2021), this receptor modulates plant responses to UV-B interacting with CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) after UV-B exposure to activate transcription of UV-B responsive genes, initiating UV-B acclimation pathways. On the other hand, the non-specific effects include the formation of reactive oxygen species (ROS), DNA damage and the activation of the DNA damage response, membrane changes and protein crosslinking, these effects are usually produced after exposure to high UV-B doses or long exposure times (Manova and Gruszka, 2015; Parihar et al., 2015). These high UV-B activated responses are usually independent of UVR8 and involve signaling pathways that are partially conserved among different organisms (Hu et al., 2016). One of these pathways is the DNA damage response (DDR), which is induced after DNA damage; in this pathway the protein kinases ATAXIA TELANGIECTASIA MUTATED (ATM) and ATM AND RAD3-RELATED (ATR) function as a key regulators of the DNA damage response, activating SUPPRESSOR OF GAMMA RESPONSE 1 (SOG1; Furukawa et al., 2010), a transcription factor that regulates the expression of genes that encode proteins in this pathway (Bourbousse et al., 2018). A second UV-B pathway that acts independently of UVR8 requires the action of mitogen activated protein kinases (MAPK) MPK3 and MPK6, which are also triggered after exposure to DNA-damaging agents in Arabidopsis; thus, the MPK3/MPK6 cascade is an additional important pathway contributing to UV-B-induced DNA damage (González Besteiro and Ulm, 2013; Hu et al., 2016).

One plant response to UV-B is the reduction in the leaf area (Dotto and Casati, 2017). This decrease can be a consequence of an inhibition of cell division and/or to a decrease in cell expansion, and these different effects are due to different experimental conditions, developmental stages or plant species. For example, UV-B conditions that produce DNA damage in general inhibit cell proliferation, while lower doses and/or chronic UV-B exposure can produce both inhibition of cell proliferation and expansion. In Arabidopsis, the decrease in leaf size in UV-B irradiated plants is a consequence of inhibition of cell proliferation mediated by the microRNA miR396, which downregulates the expression of GROWTH REGULATING FACTORS (GRF) transcription factors (Casadevall et al., 2013). miRNA396 is upregulated by UV-B in proliferating leaves, and this induces the decrease in GRF1, GRF2, and GRF3 levels. Induction of miR396 results in an inhibition of cell proliferation without affecting cell expansion. Interestingly, this response is independent of the UVR8 photereceptor and ATR, but depends on the presence of MPK3 (Casadevall et al., 2013). Interestingly, the role of miR396 in primary root elongation after UV-B exposure was also demonstrated (Gómez et al., 2019). Arabidopsis transgenic plants expressing an artificial target mimic directed against miR396 (MIM396) and showing a decrease in the endogenous microRNA activity, had a shorter primary root than WT plants, but they showed a lower inhibition of primary root elongation after UV-B exposure. In this way, inhibition of primary root elongation in Arabidopsis seedlings by UV-B is also regulated by this microRNA.

In addition, different reports have shown that Arabidopsis plants have a UV-B-sensing mechanism in the roots that regulate morphogenesis (Tong et al., 2008; Leasure et al., 2009). Moreover, after UV-B exposure at high intensity, in Arabidopsis roots, there is an upregulation of the expression of cell cycle regulatory and DNA damage genes, suggesting that UV-B-induced DNA damage in this organ may induce a delay of the G1-to-S transition of the cell cycle (Jiang et al., 2011). Thus, this delay in the progression of the cell cycle may be a protective mechanism to prevent cells with damaged DNA from dividing. Despite this, little is known about the cellular and molecular mechanisms that regulate the inhibition of root elongation in seedlings exposed to UV-B. Here, we investigated the effect UV-B irradiation of different organs on primary root elongation. We also analyzed the consequences of exposure at different root developmental stages and times after the end of the treatment. Our data show that inhibition of primary root elongation is a consequence of an inhibition of cell proliferation in the meristematic zone of the primary roots, while the elongation zone size is not affected by the treatment. The decrease in cell number after UV-B exposure is partially compensated by an increase in cell length in the root meristem; however, this compensation is not enough to maintain the meristem size of control roots grown in the absence of UV-B. The role of GRF3 was also analyzed, demonstrating that similarly as what occurs in developing leaves, transcription factors from this family regulate cell proliferation in the roots under UV-B conditions; however, and in contrast to what occurs in the leaves, this response does not depend on the presence of MPK3. We here also demonstrate that inhibition of primary root elongation by UV-B under the conditions of our experiments is independent of the UV-B photoreceptor UVR8 or ATM; but a deficiency in ATR expression significantly increases UV-B sensitivity in the roots. Finally, our data demonstrate that UV-B affects primary root growth in various Arabidopsis accessions, showing different sensitivities to this radiation.



MATERIALS AND METHODS


Plant Material, Growth Conditions, and Irradiation Protocols

Arabidopsis thaliana ecotypes Columbia (accessions Col-0, Col-3, and Col-4), Landsberg erecta (Ler) and Wassilewskija (Ws) were used for all experiments. uvr8, mpk3, atm, and atr seeds were a gift from Roman Ulm (University of Geneva, Switzerland). rGRF3 plants were previously described by Rodriguez et al. (2010). msh6 mutants in a Col-0 background were previously described in Lario et al. (2011).

For all the experiments, Arabidopsis seeds were grown on Murashige and Skoog (MS) growth medium supplemented with 0.7% agar in Petri dishes, and they were kept in a vertical position in the growth chamber at 22°C under a 16 h/8 h light/dark photoperiod (100 μEm–2 s–1). In most experiments, 5 days after germination, full seedlings were irradiated for 1 h using UV-B lamps on fixtures mounted 30 cm above the plants (9 μmol m–2 s–1 UV-B and 2.9 μmol m–2 s–1 UV-A, Bio-Rad ChemiDoc™ XRS UV-B lamps, catalog 1708097). These lamps have a peak at 302 nm and an emission spectra from 290 to 310 nm, and they were covered using cellulose acetate filters (CA, 100 mm extra-clear cellulose acetate plastic, Tap Plastics, Mountain View, CA, United States). The CA filter absorbs wavelengths lower than 290 nm; this control was done in case some lower wavelength radiation was produced with lamps aging. As a control without UV-B, plants were exposed for the same time under the lamps also covered with a polyester plastic that absorbs UV-B at wavelengths lower than 320 nm (PE, 100 mm clear polyester plastic; Tap Plastics). UV radiation was recorded using a UV-B/UV-A radiometer (UV203 AB radiometer; Macam Photometrics). Alternatively, during the UV-B treatment, the roots or the aerial parts of the seedlings (cotyledons and hypocotyl) were covered using a black paper, so as that only some parts of the seedlings are UV-B irradiated. After the UV-B treatment, seedlings were kept in the growth chamber under a 16 h/8 h light/dark photoperiod in the absence of UV-B. Alternatively, control and UV-B treated seedlings were kept in the dark to analyze the effect of photoreactivation in primary root elongation.

For fluence response analysis of primary root elongation, seedlings were irradiated for 1 h as described above at 4.5, 6.75, 9, or 11.25 μmol m–2 s–1 UV-B. After the UV-B treatment, seedlings were kept in the growth chamber under a 16 h/8 h light/dark photoperiod in the absence of UV-B.



Primary Root Length Measurements

Seedlings were grown for 5 or 9 days in MS-agar plates, they were UV-B irradiated as described above and they were then kept in the growth chamber in the absence of UV-B for 4 days. Plates were photographed before the treatment and 1, 2, 3, and 4 days after. Primary root length was measured using the ImageJ software version 1.52p.



Primary Root Meristem Analysis and Programmed Cell Death After Ultraviolet-B Exposure

Five days after stratification, MS-agar plate grown seedlings were irradiated with UV-B or kept under control conditions. Then, seedlings were maintained in the growth chamber under control conditions without UV-B for 24 or 96 h, and meristem length, cell number, average cell length in the meristematic zone and programmed cell death (PCD) were quantified by staining the root tips with a modified pseudo-Schiff propidium iodide (PI) staining protocol (Furukawa et al., 2010). Primary roots were analyzed by confocal laser scanning microscopy (Nikon C1) under water with 40X. The excitation wavelength for PI-stained samples was 488 nm and emission was collected at 520–720 nm. The meristematic zone characteristics were analyzed using the Image J software version 1.52p.



DNA Damage Analysis

Cyclobutane pyrimidine dimers (CPD) were measured using monoclonal antibodies by dot-blot analysis (TDM-2; Cosmo Bio Co., Ltd., Japan). Twelve-day-old plants were treated with UV-B for 1 or 4 h as described above, and samples (0.1 g) were collected after the treatment. 2 μg of the extracted DNA by a modified cetyltrimethylammonium bromide (CTAB) method was then denatured using 0.3 M NaOH for 10 min. Samples were analyzed using a nylon membrane (PerkinElmer Life Sciences, Inc.) in sextuplicate. The membrane was incubated at 80°C for 2 h and blocked with a buffer containing 20 mM Tris–HCl, pH 7.6, 137 mM NaCl (TBS) and 5% (p/v) dried milk for 1 h at room temperature. The membrane was finally washed with TBS and incubated with anti-CPDs antibodies (1:2000 in TBS) overnight at 4°C with agitation. Unbound antibodies were washed away and secondary antibodies conjugated to alkaline phosphatase (1:3000; Bio-Rad) were added. The blot was washed and finally developed by the addition of 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium. Dots were quantified by densitometry using ImageQuant software version 5.2. Total DNA was quantified fluorometrically using the Qubit dsDNA assay kit (Invitrogen).



Statistical Analysis

Comparisons between one independent variable were done using One-Way ANOVA (Dunn Test), while comparisons between more than two variables were analyzed using Two-Way ANOVA (Tukey’s Test), using non-transformed data. These statistical analyses were performed using Sigma Plot 7.0. Dead meristematic cells were analyzed using the mixed generalized linear model with a Poisson distribution (p > 0.05), these analysis were performed using Infostat.




RESULTS


Full Inhibition of Primary Root Elongation in Col-0 Seedlings by Ultraviolet-B Requires Direct Exposure of the Roots and It Is a Consequence of Decreased Cell Proliferation in the Meristematic Zone

As described in the section “Introduction,” in Arabidopsis seedlings, UV-B exposure produces an inhibition of primary root elongation. Because Arabidopsis plants have UV-B specific sensing and responsive mechanisms in the roots (Tong et al., 2008; Leasure et al., 2009), and as they also express the UV-B photoreceptor UVR8 in this organ (van Gelderen et al., 2018), we first investigated whether primary root inhibition after UV-B exposure requires full exposure of roots, or if it can also occur when only the shoots and leaves are irradiated, as it generally happens in nature. Figure 1 shows that 1 day after a UV-B treatment, primary roots are significantly shorter than those from non-irradiated plants when they are irradiated for 1 h at an intensity of 9 μmol m–2 s–1. Interestingly, when only the shoots and leaves were exposed to a similar UV-B treatment, primary roots still showed a significant inhibition of elongation; however, this inhibition was much lower than that measured in fully exposed seedlings (Figures 1A,C). On the contrary, when only roots were UV-B irradiated, the decrease in primary root elongation was similar to that observed in fully irradiated seedlings (Figures 1B,C). Together, these results suggest that although a partial inhibition of primary root elongation by UV-B could be activated from signals from usually directly exposed tissues, such as the shoots and leaves, full inhibition requires direct UV-B exposure of the roots.
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FIGURE 1. Primary root growth inhibition assays in WT Col-0 after UV-B exposure. (A) Graphs of average root lengths of Col-0 seedlings that were grown in the absence of UV-B (control), after UV-B irradiation for 1 h at 9 μmol m–2 s–1 UV-B of the full seedlings or when only the shoot and leaves were irradiated. (B) Graphs of average root lengths of Col-0 seedlings that were grown in the absence of UV-B (control), after UV-B irradiation for 1 h at 9 μmol m–2 s–1 UV-B of the full seedlings or when only the roots were irradiated. (C) Representative pictures of one experiment showing primary roots from WT Col-0 seedlings under the different experimental conditions analyzed in (A,B). (D) Fluence response curves of primary root inhibition by UV-B in Col-0 seedlings. Seedlings were irradiated at 4.5, 6.75, 9, or 11.25 μmol m–2 s–1 UV-B for 1 h. (E) Graphs of average root lengths of Col-0 seedlings that were grown in the absence of UV-B (control), after UV-B irradiation for 1 h at 9 μmol m–2 s–1 UV-B and were then kept under normal photoperiod (light) or in the darkness (dark). (F) Ratio between root lengths after UV-B exposure vs. under control conditions shown in (E). Results show the individual values and the average from at least 20 biological replicates ± S.D. from one experiment. Three independent experiments were performed with similar results. Different letters indicate statistically significant differences applying one-way ANOVA (Dunn test, P < 0.05).


Next, we analyzed how primary root inhibition was affected by UV-B treatments at different fluences. Our results show that when seedlings were UV-B irradiated for 1 h at an intensity of 4.5 μmol m–2 s–1, primary root elongation was less affected than when the experiment was done for the same time using 9 μmol m–2 s–1 (Figure 1D). However, higher UV-B doses produced a similar inhibition of primary root elongation (Figure 1D), suggesting that at 9 μmol m–2 s–1 this response gets its maximal inhibitory effect.

The consequence of UV-B exposure in primary root elongation was also studied when irradiated plants were allowed to recover under dark conditions. Figure 1E shows that darkness not only affected primary root elongation in UV-B irradiated plants, but also in control non-irradiated seedlings. However, growth under dark conditions was more affected in UV-B irradiated plants, suggesting that white light is required to improve root elongation in UV-B irradiated seedlings.

Arabidopsis primary roots can be divided in three different regions: the meristematic zone, which contains cells that actively divide and elongate; the elongation zone, which includes cells that no longer divide but only elongate (Figure 2G); and the mature zone, containing cells that no longer divide nor elongate (Fiorani and Beemster, 2006). Thus, we investigated whether the decrease in primary root length was a consequence of an inhibition of the growth of either or both the meristematic and the elongation zones, which are those that could affect primary root elongation. One day after a UV-B treatment, while the elongation zone size was not affected by the treatment in WT Col-0 plants, the meristematic zone length was significantly decreased, showing a significant lower number of cortex cells after the treatment (Figures 2A–C). Interestingly, in UV-B irradiated roots, cell length in the meristems was increased compared to that under control conditions (Figure 2E), suggesting that a compensating effect may be taking place to counteract the inhibition of cell proliferation measured. Despite this, this compensation did not completely revert the decrease in the meristem length measured. In contrast, cortex cell number and cortex cell length in the elongation zone was not affected by the UV-B treatment (Figures 2D,F); thus, inhibition of primary root elongation by UV-B is probably due to an inhibition of cell proliferation in the meristem of Col-0 seedlings.
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FIGURE 2. UV-B inhibits cell proliferation in the primary root meristematic zone and does not affect the elongation zone of WT Col-0 seedlings. (A) Root meristematic zone length, (C) cortex cell number, and (E) cortex cell length from control or UV-B treated for 1 h at 9 μmol m–2 s–1 UV-B WT Col-0 seedlings 1 day after the treatment. (B) Root elongation zone length, (D) cortex cell number, and (F) cortex cell length from UV-B treated or control WT Col-0 seedlings. Results show the individual values and the average from at least eight independent biological replicates ± S.D. from one experiment. Different letters indicate statistically significant differences applying one-way ANOVA (Dunn test, P < 0.05). Three independent experiments were performed with similar results. (G) Representative images of primary roots of WT Col-0 seedlings 1 day after a UV-B treatment or kept in the absence of UV-B (control).


When the effect of a UV-B treatment on the primary root meristematic and elongating zones was analyzed 4 days after the treatment, the results showed that there is still a decrease in the size of the meristem of UV-B treated seedlings, with a lower number of cells with longer sizes, suggesting that the inhibitory effect persists several days after the end of the treatment (Supplementary Figure 1). On the contrary, the elongation zone was not affected 4 days after the treatment, similarly as shown 1 day after the treatment (Supplementary Figure 1).



Ultraviolet-B Affects Cell Expansion, Cell Division, and Programmed Cell Death in the Primary Root Meristems at Different Root Developmental Stages

Next, we compared how cell expansion and cell elongation in the meristematic zone was affected at 1 and 4 days after recovery from a UV-B treatment, or when irradiation was done at different stages of primary root development. Our results show that 4 days after a UV-B treatment, the primary root meristematic zone is still shorter than that from non-irradiated plants (Figures 3A,B). However, the decrease in cell number is lower than that measured 1 day after the treatment, and this lower decrease in cell proliferation is accompanied with a lower increase in cell expansion (Figures 3C–F), suggesting that inhibition of cell proliferation is recovered over time after the end of the treatment.
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FIGURE 3. UV-B differently affects cell proliferation in the root meristematic zone of WT Col-0 seedlings at different developmental stages or times after exposure. (A) Meristematic zone length, (C) cortex cell number, and (E) cortex cell length in the primary roots from UV-B treated or control WT Col-0 seedlings 1 or 4 days after the treatment in plants irradiated 5 or 9 days after sowing (DAS). Different letters indicate statistically significant differences applying two-way ANOVA (Tukey’s test, P < 0.05). (B) Ratio between meristematic zone length, (D) cortex cell number, and (F) cortex cell length values measured after UV-B exposure vs. those under control conditions in primary roots are shown. Different letters indicate statistically significant differences applying one-way ANOVA (Dunn test, P < 0.05). Results show the individual values and the average from at least eight independent biological replicates ± S.D. from one experiment. Three independent experiments were performed with similar results.


In the primary root meristems of Arabidopsis plants, proliferating and expanding cells coexist and are primarily separated in space. At early stages of development, primary root meristem size increases as a consequence of coordinated cell division and elongation, until the meristem size reaches to a maximal size (Fiorani and Beemster, 2006). As shown in Figure 3, the size of the primary root meristems 5 days after sowing in control seedlings not exposed to UV-B is still growing, as 9 days after sowing the size of the meristems is longer; with more cortex cells. Thus, we investigated the effect of UV-B exposure in Arabidopsis seedlings where the meristem has completely expanded, and primary root elongation is mostly achieved by increased number of mature cells (Fiorani and Beemster, 2006). Figure 3B shows that the decrease in meristem size 1 day after the UV-B treatment at 9 DAS was more important than when it was applied 5 DAS. Interestingly, inhibition of cell proliferation 1 day after the treatment was similar when seedlings were irradiated at 5 and 9 DAS (Figures 3C,D). However, the decrease in the meristem size was larger in these plants because at this developmental stage, cell elongation was less increased by UV-B (Figures 3E,F).

After Arabidopsis seedlings are exposed to UV-B radiation, there is also an activation of programmed cell death (PCD) in the primary root meristematic zone (Furukawa et al., 2010). Dead cells are stained when incubated with propidium iodide (PI), while live cells exclude this compound (Furukawa et al., 2010). Thus, we next analyzed how PCD activation was affected at different times after exposure or when UV-B irradiation was done at different developmental stages. Figure 4 shows that when UV-B irradiation was done when the meristematic zone is still growing (5 DAS), the number of dead cells was significantly higher than when the treatment was done after the meristem has reached its final size. Interestingly, 4 days after UV-B exposure, primary roots from irradiated seedlings at 5 DAS showed a significant reduction of dead cells, as previously reported (Johnson et al., 2018; Maulión et al., 2019).
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FIGURE 4. UV-B affects programmed cell death in the root meristematic zone of WT Col-0 seedlings. (A) Number of stem cells that are dead after UV-B exposure in WT Col-0 primary root meristems 1 and 4 days after the treatment 5 days after sowing (DAS), or 1 day after the treatment 9 DAS. Results show the individual values and the average from at least 15 independent biological replicates ± S.D. from one experiment. Different letters represent statistically significant differences applying a mixed generalized linear model with a Poisson distribution (p > 0.05). Three independent experiments were performed with similar results. (B) Representative images of primary roots of WT Col-0 seedlings in which stem cells and adjacent daughter cells were PI staining to count dead stem cells per root 1 or 4 days after UV-B exposure or in control conditions 5 or 9 DAS.


Together, these results demonstrate that in the primary root meristems, inhibition of cell proliferation, increase in cell expansion and PCD after UV-B exposure take place at different developmental stages and remain several days after the treatment. However, the degree to which these processes are affected depend on the developmental stage of the primary roots and the time after exposure.



Growth Regulating Factor 3 Regulates Primary Root Elongation, Inhibition of Cell Proliferation and Programmed Cell Death in the Meristematic Zone After Ultraviolet-B Exposure

Previously, we demonstrated that after UV-B exposure, inhibition of leaf growth was mediated by the miR396 and the Growth Regulating Factors (GRFs), including GRF3. Therefore, we investigated if transcription factors from this family also participate in the inhibition of primary root elongation in UV-B irradiated seedlings. For these experiments, we analyzed the effect of UV-B radiation in cell proliferation in transgenic plants expressing a miR396-resistant version of GRF3 under its own promoter (rGRF3). This transgene was prepared by introducing synonymous mutations in the miR396 binding site of GRF3 (Casadevall et al., 2013). Primary roots from rGRF3 plants were shorter than those from WT Col-0 plants when grown under control conditions as previously reported (Rodriguez et al., 2015; Figure 5). After UV-B exposure, rGRF3 roots were still shorter than WT roots (Figure 5A), but showed a lower inhibition of elongation by UV-B (Figure 5B).
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FIGURE 5. Primary root growth inhibition assays in WT Col-0 and rGRF3 seedlings after UV-B exposure. (A) Graphs of average root lengths of WT Col-0 and rGRF3 seedlings after UV-B exposure or grown under control conditions without UV-B. (B) Ratio between root lengths after UV-B exposure vs. under control conditions. Results show the individual values and the average from at least 20 biological replicates ± S.D. from one experiment. Three independent experiments were performed with similar results. Different letters indicate statistical significant differences applying one-way ANOVA (Dunn test, P < 0.05). (C) Representative pictures of one experiment showing primary roots from control and UV-B irradiated WT Col-0 and rGRF3 seedlings.


When the effect of UV-B on primary root meristems was compared in WT and rGRF3 seedlings, the results showed that, in the transgenic plants, inhibition of cell proliferation in the primary roots was reduced compared to WT roots, while cell elongation was not affected (Figure 6). As previously reported, rGRF3 primary root meristems were shorter with less cells than those from WT seedlings (Rodriguez et al., 2015; Figure 6). Together, our results suggest that similarly as what it was previously reported in proliferating leaves, inhibition of cell proliferation in the roots requires the activity of GRF3. Because rGRF3 primary root meristems were shorter than WT meristems, the number of dead cells 1 day after the treatment were calculated relative to the cortex cells in this zone, showing that rGRF3 primary roots had less dead cells after the treatment (Figure 7). This result suggests that GRF3 not only regulates cell proliferation but also PCD after UV-B exposure. Four days after the treatment, both WT and rGRF3 primary roots showed undetectable levels of dead cells; thus, roots from both lines are similarly recovered in the absence of UV-B (Figure 7B).


[image: image]

FIGURE 6. UV-B differently affects cell proliferation in the primary root meristematic zone of WT Col-0 and rGRF3 seedlings. (A) Root meristematic zone length, (C) cortex cell number, and (E) cortex cell length from UV-B treated or control WT Col-0 and rGRF3 seedlings 4 days after the treatment. Different letters indicate statistically significant differences applying two-way ANOVA (Tukey’s test, P < 0.05). (B) Ratio between meristematic zone length, (D) cortex cell number, and (F) cortex cell area values measured after UV-B exposure vs. those under control conditions in primary roots are shown. Different letters indicate statistically significant differences applying one-way ANOVA (Dunn test, P < 0.05). Results show the individual values and the average from at least eight independent biological replicates ± S.D. from one experiment. Three independent experiments were performed with similar results.
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FIGURE 7. UV-B affects programmed cell death in the root meristematic zone of rGRF3 seedlings. (A) Number of stem cells that are dead 1 day after UV-B exposure in WT Col-0 and rGRF3 primary root meristems. Results show the individual values and the average from at least 15 independent biological replicates ± S.D. from one experiment. Different letters represent statistically significant differences applying a mixed generalized linear model with a Poisson distribution (p > 0.05). Three independent experiments were performed with similar results. (B) Representative images of primary roots of WT Col-0 and rGRF3 seedlings in which stem cells and adjacent daughter cells were PI staining to count dead stem cells per root 1 and 4 days after UV-B exposure or in control conditions without UV-B.




Regulation of Cell Number in the Primary Root Meristems by Ultraviolet-B Is Not Mediated by UVR8, MPK3 or Ataxia Telangiectasia Mutated, but Requires ATM and Rad3-Related and It Is Not Affected in DNA Repair Deficient Mutants

As described in the section “Introduction,” UV-B responses activated by low-fluence UV-B radiation are mostly regulated by the UV-B specific UVR8 photoreceptor (Rizzini et al., 2011). Nevertheless, some responses to higher UV-B doses are independent of UVR8 and require the activation of different pathways that involve the activity of several protein kinases, for example MPK3, ATM, or/and ATR (Ulm, 2003). Previously, we showed that inhibition of cell division by UV-B in proliferating leaves of Arabidopsis by miR396 and GRFs depended on the activation of MPK3 but was independent of UVR8, MPK6, ATM, and ATR (Casadevall et al., 2013). Thus, we further investigated if a similar regulation occurs in the primary roots. As shown in Figure 8A, uvr8 mutants showed a similar inhibition of root elongation after UV-B exposure; with a similar reduction of the meristematic zone length after the treatment (Supplementary Figure 2). The decrease in the number of cortex cells and increase in cell length after the treatment was also similar as that in WT roots, suggesting that this response to UV-B is independent of the photoreceptor. Interestingly, a similar response was measured when experiments were done using mpk3 mutants (Figure 8B and Supplementary Figure 3). This demonstrates that inhibition of cell proliferation in the roots by UV-B is activated by a different pathway as that occurring in leaves, independently of MPK3.
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FIGURE 8. Primary root growth inhibition assays in WT Col-0, uvr8, mpk3, msh6, atm, and atr seedlings after UV-B exposure. (A–C) Graphs of average root lengths in WT Col-0, uvr8 (A), mpk3 (B), atm and atr (C) seedlings after UV-B exposure for 1 h at 9 μmol m–2 s–1 UV-B at or grown under control conditions without UV-B. Results show the individual values and the average from at least 20 biological replicates ± S.D. from one experiment. Three independent experiments were performed with similar results. Different letters indicate statistically significant differences applying two-way ANOVA (Tukey’s test, P < 0.05). (D) Root meristematic zone length, (E) cortex cell number, and (F) cortex cell length from UV-B treated or control WT Col-0 and atr seedlings 1 day after the treatment. Different letters indicate statistically significant differences applying two-way ANOVA (Tukey’s test, P < 0.05). (G) Number of stem cells that are dead 1 and 4 days after UV-B exposure in WT Col-0 and atr primary root meristems. Different letters represent statistically significant differences applying a mixed generalized linear model with a Poisson distribution (p > 0.05). Results show the individual values and the average from at least 15 independent biological replicates ± S.D. from one experiment. Three independent experiments were performed with similar results. (H) Fluence response curves of primary root inhibition by UV-B in Col-0 and msh6 seedlings. Seedlings were irradiated at 4.5, 6.75, 9, or 11.25 μmol m–2 s–1 UV-B for 1 h. Results show the individual values and the average from at least 20 biological replicates ± S.D. from one experiment. Three independent experiments were performed with similar results. Different letters indicate statistically significant differences applying two-way ANOVA (Tukey’s test, P < 0.05).


On the other hand, while primary roots from atm mutants also showed a similar inhibition of elongation after a UV-B treatment by UV-B as WT plants, elongation of atr primary roots was more inhibited than WT or atm roots (Figure 8C). Under control conditions, the meristematic zone length from atr roots was similar to that from WT roots, with a similar number of cells of similar length (Figures 8D–F). However, 1 day after a UV-B treatment, the meristem size was significantly more shortened, showing a larger decrease in the number of cortex cells than that in the meristematic zone of WT Col-0 seedlings, but a similar increase in cell length (Figures 8D–F). Moreover, atr mutants accumulated more dead cells after UV-B exposure, both 1 and 4 days after the treatment (Figure 8G), while neither uvr8 nor mpk3 mutants showed differences in the number of dead cells compared to WT seedlings (Supplementary Figures 2D,E, 3D). Therefore, while inhibition of cell proliferation by UV-B in the leaves and in the primary roots require the activity of GRF3, MPK3 only regulates cell proliferation in the leaves while ATR is required for proper inhibition of cell division in the roots.

In previous studies, mutants in DNA repair enzymes involved in Nucleotide Excision Repair showed a more important decrease in hypocotyl elongation by UV-B than WT seedlings (Gardner et al., 2009; Biever et al., 2014). These results suggested that direct damage to DNA may regulate photomorphogenic responses. In our lab, we previously demonstrated that Arabidopsis mutants in MSH2 and MSH6, encoding two proteins that participate in the Mismatch Repair DNA pathway, were deficient in DNA repair after UV-B exposure (Lario et al., 2011). Thus, we investigated whether msh6 primary roots were more affected by UV-B than WT roots. Our results showed that elongation of primary roots from msh6 mutants was similarly inhibited by UV-B radiation as those from WT seedlings, and this was also true when irradiation was done using different UV-B fluences (Figure 8H). Interestingly, elongation of msh6 primary roots was similarly inhibited by UV-B exposure when seedlings were allowed to recover under normal photoperiod in the presence of white light that allow photorepair of damaged DNA, or under darkness (Supplementary Figure 4). These results demonstrate that although msh6 mutants accumulate more DNA damage after UV-B exposure than WT plants, they show a similar inhibition of root growth at similar UV-B fluences and also under conditions that do not allow photorepair, suggesting that levels of DNA damage accumulated in WT plants after UV-B exposure are sufficient to activate inhibition of cell proliferation in the primary root meristems.



Ultraviolet-B Inhibition of Root Elongation Differ in Arabidopsis Ecotypes and Accessions

Finally, we analyzed weather the different primary root phenotypes in Col-0 seedlings after UV-B exposure were also observed in other Arabidopsis accessions and ecotypes. When primary root elongation was compared in Col-0, Col-3, Col-4, Ws, and Ler seedlings after UV-B exposure, all lines showed a significant inhibition of growth (Figure 9). However, while primary roots from Col-3 were longer than those from Col-0 seedlings, after UV-B exposure at different fluences, primary roots from both accessions showed a similar length (Figures 9A–D). It is interesting to note that higher inhibition of primary root elongation in Col-3 seedlings occurs even at low UV-B fluences, and the inhibitory effect is similar under all UV-B conditions investigated (Figure 9D). Thus, elongation of Col-3 primary roots is more affected by UV-B. In contrast; primary roots from all other accessions/ecotypes analyzed showed a similar inhibition of elongation after a UV-B treatment as Col-0 (Figures 9E–H).
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FIGURE 9. Primary root growth inhibition assays in WT Col-0, Col-3, Col-4, Ws, and Ler seedlings after UV-B exposure. (A) Graphs of average root lengths in WT Col-0 and Col-3 seedlings after UV-B exposure for 1 h at 9 μmol m–2 s–1 UV-B or grown under control conditions without UV-B. (B) Ratio between root lengths after UV-B exposure vs. under control conditions. (C) Representative pictures of one experiment showing primary roots from control and UV-B irradiated WT Col-0 and Col-3 seedlings. (D) Fluence response curves of primary root inhibition by UV-B in Col-0 and Col-3 seedlings. Seedlings were irradiated at 4.5, 6.75, 9, or 11.25 μmol m–2 s–1 UV-B for 1 h. (E–G) Graphs of average root lengths in WT Col-0 and Col-4 (E), Ws (F), and Ler (G) seedlings after UV-B exposure or grown under control conditions without UV-B. Results show the individual values and the average from at least 20 biological replicates ± S.D. from one experiment. (H) Ratio between Col-0 and Ler root lengths after UV-B exposure vs. under control conditions. Three independent experiments were performed with similar results. Different letters indicate statistically significant differences applying one-way ANOVA (Dunn test, P < 0.05).


In addition, all accessions except Col-3 showed a similar inhibition of the meristematic zone length after UV-B exposure, with a similar decrease in cell proliferation after the treatment (Figure 10 and Supplementary Figure 5). In contrast, Col-3 meristematic zone was longer than that from Col-0 roots, but after the treatment, meristems from both accessions showed a similar length (Figure 10A). The higher decrease in the meristem size in Col-3 was a consequence of a higher inhibition of cell proliferation after the treatment (Figures 10C,D), while the increase in cell length was similar in both accessions (Figures 10E,F). Together, Col-3 primary roots are more sensitive to UV-B than those from the other accessions and ecotypes analyzed.
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FIGURE 10. UV-B differently affects cell proliferation and PCD in the root meristematic zone of WT Col-0 and Col-3 seedlings. (A) Root meristematic zone length, (C) cortex cell number, and (E) cortex cell length from UV-B treated or control WT Col-0 and Col-3 seedlings 1 day after the treatment. Different letters indicate statistical significant differences applying two-way ANOVA (Tukey’s test, P < 0.05). (B) Ratio between meristematic zone length, (D) cortex cell number, and (F) cortex cell area values measured after UV-B exposure vs. those under control conditions in primary roots are shown. Different letters indicate statistically significant differences applying one-way ANOVA (Dunn test, P < 0.05). Results show the individual values and the average from at least eight independent biological replicates ± S.D. from one experiment. (G) Number of stem cells that are dead 1 day after UV-B exposure in WT Col-0 and Col-3 primary root meristems. Different letters represent statistically significant differences applying a mixed generalized linear model with a Poisson distribution (p > 0.05). Results show the individual values and the average from at least 15 independent biological replicates ± S.D. from one experiment. Three independent experiments were performed with similar results. (H) Representative images of primary roots of WT Col-0 and Col-3 seedlings in which stem cells and adjacent daughter cells were PI staining to count dead stem cells per root 1 day after UV-B exposure or in control conditions without UV-B.


Interestingly, when PCD was studied 1 day after a UV-B exposure, not only Col-3 but also Col-4 primary roots meristems showed decreased number of dead cells compared to Col-0, while Ler and Ws roots showed similar PCD as Col-0 (Figures 10G,H and Supplementary Figure 5). Interestingly, all accessions showed similar DNA damage accumulation after UV-B exposure (Supplementary Figures 5J,K). These results demonstrate that while primary roots from all accessions analyzed are affected by a UV-B, there is natural variation in the responses measured.




DISCUSSION

In the primary roots of Arabidopsis thaliana plants, the meristematic zone located in the root tips contains cells that actively divide and elongate; while the elongation zone includes cells that no longer divide but only elongate, and the mature zone has cells that no longer divide nor elongate (Fiorani and Beemster, 2006). Cells are generally organized in parallel files along which one-dimensional developmental gradients are present. Therefore, primary root elongation is mostly a consequence of cell proliferation in the meristematic zone, and cell expansion in the meristematic and elongation zones. In this work, we investigated the effect of a single UV-B radiation treatment on the primary roots of Arabidopsis seedlings, and we demonstrated that UV-B exposure can inhibit its elongation by decreasing cell proliferation in the meristematic zone. We also here show that the decrease in cell proliferation is accompanied with an increase in cell elongation; thus, a compensating effect occurs to balance the inhibition of cell proliferation measured. However, the effect of UV-B on cell proliferation is more important than that on cell expansion, and the consequence of this is that the meristem size of irradiated primary roots is smaller than that from control roots (Figure 2). In contrast, cortex cell number and cortex cell length in the elongation zone was not affected by the UV-B treatment (Figure 2); thus, inhibition of primary root elongation by UV-B is probably mostly due to an inhibition of cell proliferation in the meristematic zone of Col-0 seedlings. Interestingly, when we previously studied the effect of a UV-B treatment on Arabidopsis leaves, which were grown at similar intensities as those used in this study, our results showed that in proliferating leaves, only cell division was affected, while cell size was not modified (Casadevall et al., 2013). Moreover, similar experiments using maize plants also demonstrated that cell number in the meristematic zone of growing leaves was decreased by UV-B but not cell size, and this decrease in cell number caused a decrease in the meristematic zone size (Fina et al., 2017). Maize is a monocot plant, and elongation of growing leaves occurs in a similar way as primary root elongation in Arabidopsis (Fiorani and Beemster, 2006; Fina et al., 2017). Our previous study using maize leaves showed that UV-B affected the meristematic zone size without changing the elongation zone, similarly as what is now described for primary roots from Arabidopsis thaliana seedlings (Fina et al., 2017; Figure 2). Together, these results demonstrate that exposure to UV-B at our experimental conditions affects cell proliferation in leaves and roots but only cell expansion in the root meristems. The increase in cell size could be a consequence of changes in the cell wall structure or composition occurring after exposure, as previously described in the leaf cell walls of mutants with altered sensitivity to this radiation (Maulión et al., 2019), to changes in endoreduplication levels in the cells, which are sometimes measured after UV-B exposure in leaf cells (Radziejwoski et al., 2011), or to other UV-B modulated mechanisms that could specifically affect cell size in the roots not yet characterized.

On the other hand, our results also show that UV-B inhibits cell division in the primary root meristems at different developmental stages, but the degree of inhibition and the effect in cell elongation varies according to the development stage of the meristematic zone. Interestingly, 4 days after irradiation, meristems from UV-B exposed plants were still smaller than those control plants, with less but longer cells (Figure 3), demonstrating that the developmental consequences of a UV-B treatment are maintained several days in the absence of the stress. On the contrary, while the number of dead cells in the meristems 1 day after a UV-B treatment was substantial, 4 days after the treatment most roots showed a significant recovery with very low number of dead cells (Figure 4). Therefore, in the root meristematic zone there is a faster recovery from PCD than from developmental changes that occur after UV-B exposure. In agreement with the results presented here, Johnson et al. (2018) showed that, after DNA damage occurs, programmed cell death in the root meristematic cells triggers its regeneration and enables growth recovery. This process is regulated by the activity of the transcription factor SUPPRESSOR OF GAMMA RESPONSE 1 (SOG1), which activates DNA damage-induced programmed cell death. In this way, proper activation and then recovery of PCD after DNA damage from UV-B is required to undergo normal cell division rates. Thus, and as also proposed by Johnson et al. (2018), recovery from programmed cell death could be a signal employed by plants to restore growth after repair of DNA damage following UV-B exposure. Previously, Gardner et al. (2009) showed that, similarly as what we here report occurs in Arabidopsis seedlings primary roots, UV-B exposure induces growth inhibition of etiolated seedlings. As a consequence, inhibition of hypocotyl elongation was observed, which depended on photon fluence. In our experiments, the degree of primary root inhibition also depended on UV-B fluence. Mutants in DNA repair enzymes involved in Nucleotide Excision Repair showed a more important decrease in hypocotyl elongation by UV-B than WT seedlings, suggesting that direct damage to DNA may regulate photomorphogenic responses, probably repressing cell cycle progression (Gardner et al., 2009; Biever et al., 2014). In contrast, in our experiments, msh6 mutants, which are deficient in DNA repair after UV-B exposure (Lario et al., 2011) showed a similar inhibition of primary root elongation as WT seedlings at all UV-B fluences studied, and even under dark conditions that do not allow photorepair of the DNA by photolyases. This suggests that levels of DNA damage accumulated in WT plants after UV-B exposure are sufficient to inhibit cell proliferation in the primary root meristems. Thus, inhibition of cell proliferation caused by UV-B are probably a consequence of an activation of the DNA damage response that could occur at different fluences in the different organs. It is important to note that, as reviewed by Biever and Gardner (2016), it is evident that some photomorphogenic responses, such as the inhibition of hypocotyl and primary root elongation in Arabidopsis seedlings, respond to UV-B-induced DNA damage and do not require the activation of the UVR8 photoreceptor, and this could also be dependent on the UV-B fluence used during the irradiation treatments.

Interestingly, while complete inhibition of the primary root elongation by UV-B requires full exposure of this organ, irradiation of the leaves and shoots provokes a partial but significant decrease in the root length (Figure 1). Thus, it is possible that signals from these tissues could be transmitted to the roots. Previously, we demonstrated that maize plants that were irradiated with UV-B lamps at similar intensities used in the experiments described here showed transcriptome changes in the roots, which were not directly exposed to UV-B (Casati and Walbot, 2004). In this previous study, transcriptome changes were also measured in different types of maize shielded tissues besides roots, such as immature ears and shielded leaves, and these different tissues all displayed altered transcriptome profiles after exposure of the plant to UV-B (Casati and Walbot, 2004). Thus, some signal(s) must be transmitted from irradiated to shielded tissues in different plants species, and in Arabidopsis, these signals could regulate root growth in the absence of direct exposure.

Our data provides evidence that primary root inhibition by UV-B is at least in part regulated by GRF3, a transcription factor from the Growth regulating family that is a target of the microRNA miR396. In the experiments presented here, the decrease in cortex cell number after a UV-B exposure in the primary root meristems was partially compensated by an increase in cell length, but the regulation of cell elongation was independent of GRF3, as cells from rGRF3 roots were similarly elongated as those from WT after a treatment. The role of GRF3 and other GRFs in root growth has been previously described (Rodriguez et al., 2015; Ercoli et al., 2018). While decreased levels of GRFs and their co-activators GRF-INTERACTING FACTORS (GIFs) leads to an increased size of the primary root meristem, a reduction in miR396 levels, rGRF2 or 3 expression or GIF overexpression decrease the meristem size. In agreement, primary roots from rGRF3 seedlings in our experiments were also shorter, with smaller meristematic zones (Figures 5, 6). In the roots, GRFs and GIFs regulate PLETHORA genes, which are transcription factors that control root growth (Rodriguez et al., 2015; Ercoli et al., 2018). GRF2/3 are expressed in actively dividing cells in the root meristems, and together with GIFs directly decrease PLETHORA genes transcription (Rodriguez et al., 2015; Ercoli et al., 2018). Thus, the regulation of cell proliferation by GRFs after UV-B exposure in the roots may also involve the participation of PLETHORA transcription factors.

In Arabidopsis and maize, inhibition of cell proliferation in the leaves by UV-B is regulated by the microRNA miR396 (Casadevall et al., 2013; Fina et al., 2017). miR396 also regulates primary root elongation after UV-B exposure in Arabidopsis (Gómez et al., 2019). Interestingly, it was recently reported that a different microRNA, miR5642, has a potential role regulating UV-B responses during early development in Arabidopsis seedlings (Dukowic-Schulze et al., 2021). This microRNA seems to participate in hypocotyl growth inhibition after UV-B exposure, regulating transcript levels of putative target mRNAs. Both miR396 and miR5642 participate in DNA damage responses activated by UV-B, in particular regulating cell cycle arrest (Casadevall et al., 2013; Dukowic-Schulze et al., 2021). Thus, it would be interesting to investigate whether these two miRNAs participate in a common pathway in response to UV-B.

We have previously showed that, in the leaves, inhibition of cell division by UV-B required the presence of MPK3 (Casadevall et al., 2013). This MPK, together with MPK6 and their phosphatase MKP1, participates in UV-B stress responses in Arabidopsis leaves (González Besteiro and Ulm, 2013). In this species, both MPK3 and MPK6 are activated by UV-B–induced DNA damage. Our results show that, in the primary root meristems, inhibition of cell proliferation by UV-B is independent of MPK3 (Figure 8 and Supplementary Figure 3). However, roots from atr seedlings are highly sensitive to a UV-B treatment, showing a higher inhibition of root elongation with a larger decrease in the meristem size of irradiated seedlings (Figure 8). In the leaves of Arabidopsis plants exposed to UV-B, atr mutants did not show differences in cell proliferation with WT leaves (Casadevall et al., 2013). ATR participates in a different UV-B activated pathway from MPK3 and MPK6, which seems to be mainly present in the roots (González Besteiro and Ulm, 2013). Thus, the results presented here demonstrate that while GRF3 regulates cell proliferation under UV-B conditions both in the leaves and roots, MPK3 is only required for this regulation in the leaves; and a deficiency in ATR expression significantly affects cell division in UV-B exposed roots. Interestingly, rGRF3 roots showed a lower number of dead cells after UV-B than WT roots (Figure 7), suggesting the GRF3 not only regulates cell proliferation but also other DNA damage responses. Finally, we here also demonstrate that, in our experimental conditions, inhibition of cell proliferation in the roots and leaves after UV-B exposure is independent of the activity of the UV-B photoreceptor UVR8 and the protein kinase ATM (Casadevall et al., 2013; Figure 8 and Supplementary Figure 2). Interestingly, inhibition of hypocotyl elongation by UV-B was previously reported to be independent of the presence of any of the known photoreceptors including UVR8 (Gardner et al., 2009; Biever et al., 2014); which is in agreement with our results. Thus, it is possible that inhibition of hypocotyl and primary root elongation may share at least some components of a common pathway.

Last, we investigated the effect of UV-B exposure in the roots of different Arabidopsis accessions and ecotypes. Our results demonstrate that despite there are differences in the responses to UV-B analyzed between some accessions; all genotypes responded to the treatment, showing an inhibition of cell proliferation in the root meristems that produced, at least in part, an inhibition in primary root elongation. Moreover, UV-B exposure provoked an induction of PCD in the primary root meristems of all plants studied, and they all showed a similar accumulation of DNA damage after UV-B exposure. These data demonstrate that primary roots from all accessions analyzed are affected by UV-B; however, there is natural variation in the UV-B responses in some ecotypes.



CONCLUSION

We here show that inhibition of primary root elongation is a consequence of an inhibition of cell proliferation in the meristematic zone of the primary roots that is regulated by GRF3, while the elongation zone size is not affected by the treatment. The decrease in cell number after UV-B exposure is partially compensated by an increase in cell length in the root meristem; however, this compensation is not enough to maintain the meristem size of control roots grown in the absence of UV-B. Our data also demonstrates that there is natural variation in the root responses to UV-B.
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Ultraviolet-B (UV-B) irradiation (280–320 nm) is an integral part of sunlight and a pivotal environmental cue that triggers various plant responses, from photoprotection to photomorphogenesis and metabolic processes. UV-B is perceived by ULTRAVIOLET RESISTANCE 8 (UVR8), which orchestrates UV-B signal transduction and transcriptional control of UV-B-responsive genes. However, there is limited information on the molecular mechanism underlying the UV-B- and UVR8-dependent regulation of flowering time in plants. Here, we investigate the role of UV-B and UVR8 in photoperiodic flowering in Arabidopsis thaliana. Our findings suggest that UV-B controls photoperiodic flowering in an ecotype-specific manner and that UVR8 acts as a negative regulator of UV-B-induced flowering. Overall, our research shows that UV-B modulates flowering initiation through the action of UVR8 at the transcriptional level.
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INTRODUCTION

Plants are sessile organisms that have evolved to adapt to environmental variation in order to ensure survival. Light, in particular, is an external stimulus that affects every aspect of a plant’s life, from seed germination to the transition to the reproductive state by floral initiation (Sullivan and Deng, 2003). Plants are able to perceive the intensity, quality, duration, and even direction of light in order to phenotypically adjust according to their ever-changing environment (Montgomery and Lagarias, 2002). However, since plants have not evolved eyesight like organisms that belong to the animal kingdom, they employ proteins called photoreceptors which perceive light cues, allowing plants to respond to diurnal and seasonal light shifts (Briggs and Olney, 2001). This sophisticated mechanism grants the ability for plants to timely coordinate crucial developmental processes such as flowering initiation (Fornara et al., 2010). Arabidopsis thaliana is a facultative long-day plant and its flowering time is mediated through the function of two master orchestrators: FLOWERING LOCUS T (FT) and CONSTANS (CO) that are regulated by light, circadian rhythms, temperature, and hormones (Fornara et al., 2010). CO induces the expression of FT in a long-day-dependent fashion, through direct association with its promoter (Fornara et al., 2010). CO gene expression and protein stability is tightly regulated by light and circadian clock components (Imaizumi et al., 2005; Sawa et al., 2007; Song et al., 2012). For instance, FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1) and GIGANTEA (GI) facilitate the degradation of CYCLING DOF FACTOR (CDF) proteins which suppress the expression of CO and FT (Sawa et al., 2007; Song et al., 2012). Furthermore, GI stabilizes FKF1 and ZEITLUPE (ZTL), which act in synergy with their homolog LOV KELCH PROTEIN 2 (LKP2) to degrade the DOF transcription factor CDF2 (Kim et al., 2007; Fornara et al., 2009). An additional circadian clock component that controls CO abundance is EARLY FLOWERING 3 (ELF3) (Hicks et al., 2001; Nusinow et al., 2011). In particular, ELF3 forms a complex with CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and GI which leads to the inactivation of GI and ultimately the repression of CO expression (Zhao et al., 2021).

Ultraviolet-B irradiation is an integral part of sunlight that reaches the earth and ranges from 280 to 315 nm. Although UV-B can be harmful to most living organisms, it simultaneously triggers various photomorphogenic responses in plants depending on the intensity (Jenkins, 2014). Plants perceive UV-B light through the function of UVR8, the only photoreceptor identified so far absorbing and mediating responses to UV-B light (Brown et al., 2005; Favory et al., 2009; Rizzini et al., 2011; Jenkins, 2014). Upon UV-B exposure, dimeric UVR8 undergoes structural alterations that lead to the photo-induced dissociation of the dimer into a monomeric active state (Heilmann et al., 2016). UVR8 activation is negatively regulated by REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1 and 2 (RUP1 and RUP2), which facilitate the re-dimerization of the UVR8 monomers (Gruber et al., 2010; Heijde and Ulm, 2012). Upon monomerization, UVR8 translocates from the cytosol to the nucleus, where it interacts with COP1 an E3 ubiquitin ligase, to mediate photomorphogenic and photoprotection responses through the transcriptional activation of UV-B-responsive genes (Kaiserli and Jenkins, 2007; Cloix and Jenkins, 2008; Heijde and Ulm, 2012). In addition, the physical interaction between UVR8 and COP1 leads to the stabilization of bZIP transcription factor ELONGATED HYPOCOTYL 5 (HY5), granting the activation of HY5-induced genes involved in UV-B-associated photomorphogenic responses (Ulm et al., 2004; Huang et al., 2012).

UVR8 has been reported to antagonize shade avoidance and thermomorphogenic responses through the deactivation of PHYTOCHROME INTERACTING FACTOR 4 and 5 (PIF4 and PIF5) (Hayes et al., 2014, 2017). A recent study demonstrated that even in the absence of shade conditions the UVR8-mediated degradation of PIF4 and PIF5 is an essential step in UV-B signal transduction and UVR8-dependent hypocotyl growth inhibition (Tavridou et al., 2020).

Apart from photomorphogenic responses, low intensity UV-B also mediates circadian clock entrainment through the synergistic function of UVR8 and COP1 (Feher et al., 2011). However, circadian clock components can in turn attenuate UV-B responsiveness by repressing UVR8, COP1, and UV-B-induced genes to limit energy expenses (Feher et al., 2011). Indicatively, studies on arrhythmic elf3 mutants showed elevated levels of UV-B-associated gene activation, however, this response did not promote UV-B stress tolerance (Feher et al., 2011).

Studies on the role of UV-B and/or UVR8 in regulating flowering time in plants are limited. Landsberg erecta (Ler) wild type plants subjected to UV-B irradiation demonstrated a delayed flowering phenotype, whilst the opposite was observed in uvr8 mutants which flower earlier than their wild type counterparts (Hayes et al., 2014). In addition, the delay in flowering time in the Arabidopsis Columbia-0 (Col-0) ecotype under long day (LD) and short day (SD) photoperiodic conditions has also been attributed to the UVR8-signaling trajectory. Flowering time analysis demonstrated that uvr8 did not show a significant change in flowering time compared to a late flowering phenotype observed in Col-0 in response to WL (white light) supplemented with short-time interval high fluence rate UV-B in LD (Dotto et al., 2018). Interestingly, the UVR8-repressor, RUP2, was shown to inhibit CO from binding to the FT promoter leading to a significant delay in flowering time in plants under a SD photoperiod supplemented with UV-B (Arongaus et al., 2018).

Although a lot of effort has been invested in elucidating how UVR8 and UV-B regulate plant responses, the molecular mechanism through which the aforementioned factors regulate flowering time under LDs remains largely uncharted. Our results indicate that constant low levels of UV-B (0.5 μmol m–2s–1) promote flowering initiation under LD photoperiodic conditions in Col-0 and Ler Arabidopsis ecotypes. Additionally, UV-B induces early flowering of mutants lacking key flowering (co), UV-B (uvr8 and rup1rup2) and light signaling (cop1, pif4, and ztl) components. Furthermore, we show that UVR8 acts as a negative regulator of UV-B-induced early flowering since uvr8 mutants exhibited early flowering phenotypes under white light supplemented with UV-B. Overall, our data uncover that UV-B can modulate flowering initiation through the action of UVR8 at the transcriptional level.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The following wild type Arabidopsis thaliana ecotypes of Col-0, Ler, and Cape Verde Islands (Cvi) were used. Additionally, mutant and transgenic lines were used for flowering and gene expression studies in Col-0 background [rup1rup2 (Gruber et al., 2010; Vanhaelewyn et al., 2016), cop1-4 (McNellis et al., 1994), constans-10 (co-10) (Laubinger, 2006), ztl lkp2 fkf1 (zlf) (Baudry et al., 2010), elf3-1 (Zagotta et al., 1992), pif4 (Koini et al., 2009), pif4pif5 (Lucas et al., 2008), and OX-PIF4-HA (Kumar et al., 2012)], or Ler [uvr8-1 (Kliebenstein et al., 2002), uvr8-2 (Brown et al., 2005) and OX-GFPUVR8/uvr8-1 (Kaiserli and Jenkins, 2007)]. The UVR8 over-expressing line will be referenced in the text as OXUVR8. Seeds used for flowering and gene expression experiments were stratified in sterile distilled dH2O for 3–4 days at 4°C and were sown on soil (Phytotron growth chambers) under long day (LD) photoperiods (16 h light and 8 h dark) with an illumination intensity of white light (50 μmol m–2s–1) ± UV-B (0.5 μmol m–2s–1) for UV-B experiments. The WL in these experiments was provided by LED lights (CEC). UV-B was provided by narrowband fluorescent lights (PHILIPS NARROWBAND TL 40W/0I-PS). The temperature of the chamber plants were grown was 22°C.



RNA Extraction and Quantitative Gene Expression Analysis

Total RNA was extracted from 12-day-old (until they reached the juvenile phase, before transition to reproductive growth) plants grown under LD photoperiodic conditions at zeitgeber ZT 0.5 (30 min after light onset) and ZT 15 (15 h after light onset). The tissue was rapidly frozen in liquid nitrogen and disrupted using a TissueLyser by Qiagen (1 min with 18.0 m/s frequency). RNA was extracted using the RNeasy plant mini kit (Qiagen) according to the manufacturer’s instructions and the total amount of RNA was quantified using a spectrophotometer nanodrop (Implen). Complementary DNA synthesis was performed on 1 μg of total RNA using the QuantiTect Reverse Transcription Kit by Qiagen according to the manufacturer’s instructions. Real-time quantitative PCR was performed using the StepOnePlus™ Real-Time PCR System (Applied Biosystems, Life Technologies) and the Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix (Agilent Technologies) using the following thermocycler (Step 1: Incubate at 95°C for 2 min, Step 2: Incubate at 95°C for 3 s, Step 3: Incubate at 59.5°C for 30 s, Step 4: Repeat Step 2 and 3 for 50 cycles, Step 5: Incubate at 95°C for 1 min, Step 6: Incubate at 60°C for 30 s, Step 7: Incubate at 95°C for 30 s). Expression of one of two abundantly expresses housekeeping genes was used for normalization. These genes were either IRON-SULFUR CLUSTER ASSEMBLY PROTEIN 1 (ISU1), a well-established house-keeping gene which is involved in iron-sulfur cluster biogenesis (Perrella et al., 2018) or ISOPENTENYL DIPHOSPHATE ISOMERASE 2 (IPP2), another well-established house-keeping gene used as a control for clock and light signaling gene expression studies as its expression is not regulated by diurnal rhythms (Farre et al., 2005; Zhu et al., 2016; Hwang et al., 2017). The amplification efficiency of each sample was calculated by StepOne™ Software v2.2 (Life Technologies) by using the slope of the regression line in the standard curve. The normalization of the data was achieved by geometric averaging of ISU1 or IPP2 as internal reference genes. A complete list of primers used for qRT-PCR are listed in Supplementary Table 1.



Flowering Time Measurements

Flowering time was monitored by either (a) counting the total number of rosette leaves of each plant on the day it bolted (appearance of the first flower bud with a stem of 2 cm) or (b) by calculating the number of days after germination at the time of bolting.



Statistical Analysis

The statistical analysis of the results acquired in the current research was performed using Student’s t-test provided by Excel. ANOVA analysis was performed using GraphPad Prism 8.4.1 and Tukey’s Post hoc test was conducted.




RESULTS


Ultraviolet-B Accelerates Photoperiodic Flowering in an Ecotype-Specific Manner

Environmental regulation of flowering time is a complex process that requires signal integration (Fornara et al., 2010). In order to better understand the effect of UV-B irradiation in Arabidopsis thaliana, we conducted flowering experiments on different ecotypes, mutants and overexpressing lines of light signaling and flowering components under a LD photoperiod of WL (50 μmol m–2s–1) or WL supplemented with physiologically relevant UV-B irradiation (0.5 μmol m–2s–1). The intensity of UV-B irradiation was calculated based on the intensity of UV-B on a sunny day at the University of Glasgow campus (0.5–1 μmol m–2s–1). Separate measurements were conducted in the months of March, April, May, June, July, and September and a mean of total UV-B intensity at floral level was calculated based on the aforementioned measurements. Three possible UV-B intensities were initially tested (0.3, 0.5, and 1 μmol m–2s–1) and one of them was chosen (0.5 μmol m–2s–1) based on its efficiency in mediating UV-B-dependent photomorphogenesis, by monitoring the expression of HY5, a marker gene for UV-B mediated photomorphogenic responses (Brown et al., 2005) and was therefore used as an indicator that our UV-B treatment efficiently induced physiological UV-B responses (Supplementary Figures 1A,B). From the intensities we tested 0.3 μmol m–2s–1 was not able to initiate plant photomorphogenic responses (Supplementary Figure 1C). Moreover, the UV-B intensity selected (0.5 μmol m–2s–1) did not cause any damaging effects on the plants, in order to avoid stress-induced responses (Supplementary Figure 2). The constant UV-B irradiation of 1 μmol m–2s–1 was too damaging for plants to survive and could therefore not reach the floral induction stage. Three common Arabidopsis ecotypes were tested in our experiments: Landsberg erecta (Ler), Columbia-0 (Col-0) and Cape Verde islands (Cvi). In order to assess flowering time two variables were taken into consideration: (a) the number of rosette leaves each plant had on the day the bolt reached approximately 2 cm in height and (b) the number of days after germination when the first bud emerged. From these two parameters the number of rosette leaves was selected as the most reliable assay in order to investigate changes regarding flowering initiation in response to UV-B. This decision was based mainly on two factors. Firstly, flowering experiments in published literature use primarily the number of rosette leaves at the time of bolting to avoid any growth rate defects presented in many mutant genotypes (Wollenberg et al., 2008; Hayes et al., 2014). Furthermore, it is well-established that UV-B inhibits hypocotyl elongation (Gruber et al., 2010) but also delays plant growth altogether which can result in an increase in the number of days that have passed before bolting, which is not directly related to flowering initiation but to growth rate. Nevertheless our conclusions were formed after investigating both of these factors along with data from gene expression analysis.

Our data showed that flowering time under WL supplemented with UV-B was induced early in Col-0 wild-type ecotype compared to non-UV-B treated plants, since a statistically significant decrease both in the number of rosette leaves as well as in the number of days before plants bolted was observed under WL supplemented with UV-B versus WL treatments (Figures 1B,E). Wild type Ler ecotype also depicted a milder early flowering phenotype, since there was a statistically significant decrease in the number of rosette leaves plants had at the day of bolting but not in the number of days at bolting under UV-B irradiation compared to WL treatment only (Figures 1A,D). Flowering time under UV-B irradiation compared to WL treatment was delayed in the Cvi ecotype, more specifically a statistically significant increase was observed in both the number of rosette leaves as well as in the number of days before plants bolted (Figures 1C,F). To further investigate the molecular mechanism underlying the early flowering phenotypes observed in the Col-0 and Ler ecotypes, gene expression analysis was performed monitoring master integrators of the photoperiodic pathway, which is controlled by the day length and the circadian clock. The zeitgeber time point (ZT 0.5) was chosen based on the expression patterns of the monitored genes (Fornara et al., 2010) and at the time point where the maximal UV-B effect was observed. Specifically under LD both FT and CO expression peaks after dawn (ZT 0.5) and at dusk (ZT 15) (Yanovsky and Kay, 2003). Our results suggest that FT and CO are significantly upregulated in Col-0 and Ler grown under WL supplemented with UV-B, in comparison to the ones grown solely under WL (Figures 2A–D) indicating that FT and CO are mediating the early induced flowering phenotype observed in Col-0 and Ler under WL supplemented UV-B. On the other hand, Cvi plants show a downregulation in FT transcript levels (Supplementary Figure 3).
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FIGURE 1. UV-B induces early flowering in Col-0 and Ler but delays it in Cvi. (A–C) Flowering times (as measured by rosette leaf number) of Col-0 (A), Ler (B), and Cvi (C) ecotypes grown under a LD photoperiod in WL (50 μmol m–2s–1) or WL supplemented with UV-B (0.5 μmol m–2s–1). Data are represented as mean ± SEM (n ≥ 15 plants recorded) and an asterisk (*) indicates statistically significant differences (P < 0.05) between means. (D–F) Flowering times (as measured by the number of days prior to bolting) of Col-0 (D), Ler (E), and Cvi (F) ecotypes grown under a LD photoperiod in WL (50 μmol m–2s–1) or WL supplemented with UV-B (0.5 μmol m–2s–1). Data are represented as mean ± SEM (n ≥ 15 plants recorded) and an asterisk (*) indicates statistically significant differences (P < 0.05) between means. Data are representative of three biological repeats including all genotypes represented above, a minimum number of 15 plants was assayed per genotype per condition.
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FIGURE 2. UV-B induces photoperiodic pathway genes FT and CO in Col-0 and Ler ecotypes. (A–D) qRT-PCR analysis of FT and CO transcript levels in Ler (A,B) and Col-0 (C,D) normalized with the housekeeping gene ISU. Plant tissue was collected at ZT 0.5 12 days after germination. Plants were grown under a LD photoperiod of WL (50 μmol m–2s–1) or WL supplemented with UV-B (0.5 μmol m–2s–1). Plants grown under WL were used as reference (100%). Data are represented as mean ± SEM. Data are representative of three biological repeats including all genotypes represented above. For each biological repeat three technical qPCR replicates were conducted. *indicates a statistically significant difference.




Ultraviolet Resistance 8 Acts as a Negative Regulator of Flowering

Since UVR8 is the only identified UV-B photoreceptor to date (Tilbrook et al., 2013), we were interested in further investigating its role in photoperiodic-controlled flowering initiation, by examining uvr8 mutant and UVR8 over-expressing lines. We conducted flowering experiments under a LD photoperiod of WL (50 μmol m–2s–1) or WL supplemented with UV-B (0.5 μmol m–2s–1), in Ler wild-type plants, two different uvr8 mutant alleles (uvr8-1 and uvr8-2) and a UVR8 over-expressing line. More specifically, to examine the Ler ecotype we used a UVR8 over-expressing line in an uvr8 mutant background [OXUVR8 = 35SproGFP-UVR8/uvr8-1 (Kaiserli and Jenkins, 2007)] and two different uvr8 mutant alleles: uvr8-1 and uvr8-2. Uvr8-1 mutants have a single recessive mutation leading to a deletion of 15 nucleotides, which results in the absence of UVR8 protein production (null allele) (Kliebenstein et al., 2002). Uvr8-2 mutants contain a premature stop codon on the 400th amino acid (Brown et al., 2005; Yin et al., 2015), therefore these mutants are still able to produce truncated but non-functional UVR8 protein (Cloix et al., 2012). The data from the flowering experiments depicted that UV-B induces an early flowering phenotype in uvr8-1 and uvr8-2, but does not significantly affect flowering of OXUVR8 (Figure 3A). Additionally, under WL uvr8-1 flowers earlier than wild type, while uvr8-2, OXUVR8 and wild type (Ler) flower simultaneously (Figure 3A). When uvr8-1 and uvr8-2 mutants were exposed to WL + UV-B, they flowered earlier compared to wild type, while OXUVR8 had a late flowering phenotype (Figure 3A). In order to investigate these responses at the molecular level, we examined once more the transcript levels of genes encoding the key flowering regulators FT and CO (Fornara et al., 2010) in WT, uvr8-1 and OXUVR8 backgrounds. Our results indicate that FT and CO genes are significantly upregulated in uvr8-1 mutants grown under WL supplemented with UV-B (Figures 3B,C). FT transcript levels are also significantly downregulated in the OXUVR8 line in plants grown under WL supplemented with UV-B compared to the ones grown solely under WL, while CO levels do not depict significant change (Figures 3B,C). As demonstrated in Figures 3B,C, there is a greater induction of FT in uvr8-1 compared to the wild type and an overall higher level of FT transcripts over CO in both wild type and mutant plants.
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FIGURE 3. UVR8 acts as a negative regulator of flowering initiation. (A) Flowering time of wild-type (Ler), uvr8-1, uvr8-2, and OX-UVR8 plants grown under a LD photoperiod in WL (50 μmol m–2s–1) or WL supplemented with UV-B (0.5 μmol m–2s–1). Data are represented as mean ± SEM (n ≥ 15). Different letters indicate statistically significant differences (P < 0.05) between means. (B,C) qRT-PCR analysis of FT (B) and CO (C) transcript levels normalized with the housekeeping gene ISU in wild-type (Ler), uvr8-1, uvr8-2 and OX-UVR8 plants. Plant tissue was collected at ZT 0.5 12 days after germination. Plants were grown under a LD photoperiod of WL (50 μmol m–2s–1) or WL supplemented with UV-B (0.5 μmol m–2s–1). Plants grown under WL were used as reference (100%). Data are representative of three biological repeats including all genotypes represented above, a minimum number of 15 plants was assayed per genotype. For qPCR experiments for each biological repeat three technical qPCR replicates were conducted.




Ultraviolet-B Affects Flowering in Photoperiodic and Light Signaling Mutant and Over-Expressing Lines

To understand how UV-B regulates photoperiodic flowering in Arabidopsis, we examined flowering time initiation of mutant and transgenic lines of key light signaling and/or photoperiodic flowering components. More specifically, co, zlf and elf3-1 mutants, lacking photoperiodic flowering components CO (Fornara et al., 2010), ZTL/LKP2/FKF1 (Kim et al., 2007) and ELF3 (Hicks et al., 2001) were examined. Pif4pif5 mutants lacking the key light signaling proteins PIF4 and PIF5 (Hayes et al., 2014), as well as OXPIF4 over-expressing PIF4 (Kumar et al., 2012) were also examined. Finally, we tested how UV-B dependent flowering in cop1-4 and rup1rup2 mutants which lack important UV-B signaling mediating proteins COP1 (Oravecz, 2006; Yin and Ulm, 2017), and RUP1 and RUP2 (Arongaus et al., 2018). The research findings from our flowering experiments showed that UV-B can still induce early flowering in the late flowering co and zlf mutants, in a similar manner to Col-0 (Figure 4A). On the contrary, UV-B exposure slightly delayed the early flowering phenotype of elf3-1 (Figure 4D). Furthermore, UV-B induced an early flowering phenotype in the light signaling pif4pif5 mutants, which was comparable to the response observed in wild type Col-0 plants (Figure 4B). Early flowering OX-PIF4 grown under WL and WL supplemented with UV-B, showed a reversion of the early flowering phenotype induced by UV-B that is observed in the wild type Col-0 (Figure 4E), therefore UV-B is found to also slightly delay flowering initiation in OXPIF4 plants. Finally, differences in flowering time between UV-B signaling cop1-4 and rup1rup2 mutants grown under WL and WL supplemented with UV-B, suggest that UV-B induces early photoperiodic flowering in those lines, a similar response to the one observed in wild type Col-0 plants (Figure 4C).
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FIGURE 4. UV-B accelerates flowering of co, zlf, pif4pif5, cop1-4, and rup1rup2 but delays flowering of elf3-1 and OXPIF4. (A–C) Flowering time of wild-type Col-0, co and zlf (A), pif4pif5 (B), and cop1-4 and rup1rup2 (C) plants grown under a LD photoperiod in WL (50 μmol m–2s–1) or WL supplemented with UV-B (0.5 μmol m–2s–1). Data are represented as mean ± SEM (n ≥ 15). Different letters indicate statistically significant differences (P < 0.05) between means. (D,E) Flowering time of wild-type Col-0, elf3-1 (D) and OXPIF4 (E) plants grown under a LD photoperiod in WL (50 μmol m–2s–1) or WL supplemented with UV-B (0.5 μmol m–2s–1). Data are represented as mean ± SEM (n ≥ 15). Different letters indicate statistically significant differences (P < 0.05) between means. Data are representative of three biological repeats including all genotypes represented above, a minimum number of 15 plants was assayed per genotype.





DISCUSSION


The Effect of Ultraviolet-B on Photoperiodic Flowering Is Ecotype-Specific

Understanding the molecular trajectory and components that modulate photoperiodic flowering is key for acquiring the ability to improve plant yield in agricultural production systems. Although UV-B is an integral part of sunlight, the impact of UV-B radiation on photoperiodic flowering has not yet been extensively studied. Flowering experiments were conducted under the presence or absence of non-damaging UV-B levels. The intensity of the irradiation was selected to simulate natural UV-B conditions, since it was measured as the intensity a plant would receive on a moderately sunny day in Glasgow. The chosen amount of UV-B irradiation did not induce any stress responses which could potentially cause early flowering, as depicted from the low transcript levels of stress gene COLD-REGULATED 15 (COR15) (Lin and Thomashow, 1992; Supplementary Figure 2). From these results it is observed that Col-0 and Ler ecotypes have different stress expression gene responses under UV-B, probably due to their different environmental origins, a common cause for Arabidopsis species to develop phenotypic and genetic variations (Alonso-blanco and Koornneef, 2000; Supplementary Figure 2). Our results suggest that out of the three Arabidopsis accessions that were tested two of them (Ler and Col-0) demonstrated an early flowering phenotype when irradiated with low UV-B, more specifically in Col-0 ecotype a stronger early flowering phenotype was observed compared to a milder one in Ler (Figures 1A,B,D,E). On the other hand the third ecotype tested (Cvi), depicted a delay in flowering time in response to UV-B (Figures 1C,F). Furthermore, transcript expression analysis of the key flowering regulating genes FT and CO suggested that a concomitant UV-B dependent upregulation of FT and CO is observed in Ler and Col-0 ecotypes (Figures 2A–D), while a UV-B dependent downregulation of FT occurs in Cvi (Supplementary Figure 3). The aforementioned data indicate that different environments of origin are crucial for adaptation of different Arabidopsis responses, considering that all three ecotypes originate from very different environmental conditions. Cvi is an islandic population (Alonso-blanco and Koornneef, 2000) and Cape Verde islands are known to exhibit a particular geography and a photoperiod of 12 h of light and 12 h of darkness all year long. This contrasts Col-0 and Ler which were originally identified in the United States and Europe, respectively (Koornneef et al., 2010) and are subjected to either a SD (8 h light/16 h darkness) or LD (16 h light/8 h darkness) photoperiod depending on the time of year. Moreover, Cvi is generally found in higher altitudes compared to Col-0 and shorter latitudes compared to Col-0 and Ler, which exhibit very similar altitudes to each other (data acquired from The Arabidopsis Information Resource). A possible explanation could be that Col-0 and Ler interpret UV-B irradiation signals as a probable harmful factor even when the intensity of the irradiation is not harmful but could potentially increase, especially if these ecotypes experience a variation of photoperiodic length during the course of a year. In this case early flowering might be triggered as a way for the plant to ensure successful reproduction. On the other hand, ecotypes like Cvi, which face little or no changes in photoperiodic length and probably experience less variation in the sunlight they perceive, might have adapted differently in interpreting UV-B irradiation signals. In any case it has been found that it is very common for Arabidopsis thaliana species to develop variations both phenotypically and genetically, due to their wide distribution (Alonso-blanco and Koornneef, 2000). Thus, it would be interesting to further examine the genetic variations exhibited in the UVR8 locus in the Cvi ecotype.

Two previous studies reported that under UV-B irradiation both Ler and Col-0 exhibit a late flowering phenotype compared to the corresponding plants grown solely under WL (Hayes et al., 2014; Dotto et al., 2018). The experimental conditions used in the previous studies were significantly different from the ones employed by this research work, as we were interested in testing photoperiodic flowering initiation under a continuous and non-harmful UV-B regime. Previous flowering time analysis conducted in Col-0 was in response to an irradiation intensity almost 20 times greater than the one utilized in this study, with a duration of 1 h during a SD or LD photoperiod (Dotto et al., 2018). The conditions where Ler exhibited a late flowering phenotype under UV-B irradiation, were also different than the growth conditions in our own experiments, since the intensity of the irradiation and the commencement of the UV-B treatment differed; plants were subjected to 9 days of continuous UV-B irradiation after exposure to WL for 10 days (Hayes et al., 2014). The UV-B intensity that was used in the aforementioned study could lead to non-specific stress responses if used long-term. In a more recent study a lower UV-B regime led to a delay in flowering time induction in Col-0 under a SD photoperiod (Arongaus et al., 2018). Thus, we can conclude that the variability and intensity of the UV-B regime used in flowering time experiments is crucial for inducing flowering initiation, since different UV-B irradiation intensities initiate different UV-B- mediated responses, which subsequently lead to diverse outcomes regarding the initiation of flowering.

Gene expression analysis on the potential mechanism of early flowering initiation further solidifies our results, as both Col-0 and Ler showed significant upregulation of FT and CO transcript levels under WL supplement with UV-B (Figures 2A–D), suggesting that components of the photoperiodic pathway (Fornara et al., 2010) are involved in the early flowering response.



Ultraviolet Resistance 8 Acts as a Negative Regulator of Flowering

To better understand if the UV-B receptor UVR8 affects flowering initiation, we investigated flowering time of plants that either lack or over-express UVR8. Our results suggest that UVR8 acts as a negative regulator of flowering under UV-B irradiation. This conclusion was based on the early flowering phenotype that uvr8 mutant plants demonstrate when grown under WL that was supplemented with UV-B compared to wild type Ler (Figure 3A). On the other hand, uvr8-1 plants flower significantly earlier than wild type Ler under WL, while uvr8-2 mutant plants flower around the same time as Ler, suggesting that the type of mutation of UVR8 (uvr8-1 is a null mutant while in uvr8-2 the produced protein is impaired) plays a role in their observed flowering phenotype (Figure 3A). These observations are in agreement with our transcript analysis findings, since transcript abundance of both flowering inducers FT and CO was significantly upregulated in uvr8 mutants, whilst FT levels were significantly downregulated in UVR8 overexpressors (Figures 3B,C), suggesting that CO and FT are involved in UV-B dependent regulation of flowering. Under WL conditions wild type Ler and uvr8-1 mutant plants depict similar transcript levels of FT (Figure 3B), with uvr8-1 flowering earlier (Figure 3A), suggesting that other flowering regulators such as CO are important since CO is increased in uvr8-1 plants compared to wild type Ler under WL (Figure 3C). An upregulation of FT transcript levels in uvr8 grown under WL + UV-B compared to WL, has also been observed in a recent study investigating the effects of UV-B in flowering via changes in the activity of the PRC2 complex and miR156 levels (Dotto et al., 2018). The aforementioned research work focused mainly on the potential mechanism that leads to FLC upregulation through the control of the age flowering pathway that ultimately delays flowering in their experimental conditions under UV-B irradiation (Dotto et al., 2018).

The significance of our findings is that we provide evidence of an additional flowering pathway in Arabidopsis, the photoperiodic, that is involved in the regulation of flowering time under UV-B irradiation, through UVR8-specific mediated responses.



Ultraviolet-B Accelerates Flowering in Key Flowering and Signaling Mutants

The effect of UV-B on the flowering time of different Arabidopsis mutants of key protein components of photoperiodic flowering and/or light signaling, was also analyzed through flowering experiments. UV-B irradiation was found to induce early flowering in co, zlf, pif4pif5, cop1-4, and rup1rup2 leading to the conclusion that these factors may not be essential for UV-B specific acceleration of flowering.

A UV-B induced acceleration of flowering was observed in the late flowering mutants co (Wu et al., 2014) and zlf (Baudry et al., 2010; Figure 4A). The aforementioned observation for the co mutant line would suggest that even if the photoperiodic pathway is most likely involved in UV-B specific acceleration of flowering (Figures 2A–D), it may require additional factors other than CO for the subsequent induction of FT. This could imply a putative mechanism where UVR8 bypasses CO in the photoperiodic flowering pathway by interacting directly with the FT promoter or by interacting with another transcription factor that induces FT expression. This hypothesis is further supported by evidence showing that the FT expression is still significantly induced under WL supplemented with UV-B in co mutant plants (Supplementary Figure 4).

Another component that has been shown to be involved in flowering induction especially in a temperature-dependent manner is PIF4 (Tavridou et al., 2020). In particular, PIF4 and PIF5 are degraded under UV-B in an UVR8-specific manner (Tavridou et al., 2020). Our results suggest that pif4pif5 (Lucas et al., 2008) mutants demonstrate the same early flowering phenotype under UV-B conditions as WT (Figure 4B), thus indicating that PIF4 is not essential for UV-B-induced early flowering.

Early flowering time under WL supplemented with UV-B of mutants for UV-B signaling components cop1-4 (McNellis et al., 1994) and rup1rup2 (Gruber et al., 2010; Vanhaelewyn et al., 2016) was also induced compared to WL (Figure 4C). RUP2 has been associated with flowering regulation under UV-B conditions (Wang et al., 2011; Arongaus et al., 2018). Previous studies showed that RUP1 and RUP2 play a role in regulating floral transition under WL (Wang et al., 2011). While RUP1 does not regulate flowering, RUP2 was found to repress flowering, under WL conditions (Wang et al., 2011). Intriguingly, over-expression of RUP1 or RUP2 accelerated flowering in plants grown under LD photoperiodic conditions subjected solely to WL irradiation (Wang et al., 2011). Rup2 mutants demonstrated an early flowering phenotype as well as RUP2 over-expressing plants, indicating a more complex regulatory mechanism affecting photoperiodic flowering, whilst both factors were found to be controlled by the circadian clock (Wang et al., 2011). A more recent study indicated that rup2 mutants flower at the same time as WT under WL LD conditions (Arongaus et al., 2018), a phenotype similar to our findings where under WL rup1rup2 flowering time is not statistically different to the one of wild type Col-0 (Figure 4C). Under SD WL supplemented with UV-B, rup2 and rup1rup2 flower earlier than wild type plants in a UVR8 dependent manner (Arongaus et al., 2018). Interestingly, this observation correlates with our own findings from flowering experiments conducted under a LD photoperiod for rup1rup2 (Figure 4C). Moreover, it was demonstrated that RUP2 and CO can interact directly and that the early phenotype of rup2 is dependent on both FT and CO (Arongaus et al., 2018), suggesting that factors of the photoperiodic flowering pathway are indeed essential for mediating the early UV-B dependent flowering initiation response under both LD and SD photoperiods.



Ultraviolet-B Delays the Early Flowering Phenotype of elf3-1 and OXPIF4

In contrast to the other genotypes examined, elf3-1 (Zagotta et al., 1992) and OXPIF4 (Kumar et al., 2012), demonstrated a slight delay in flowering initiation under WL + UV-B compared to WL (Figures 4D,E). This data would suggest that ELF3 could potentially act as a key regulator of the UV-B mediated flowering initiation response downstream of UVR8. Our results altogether indicate that UV-B has clearly a different effect on flowering initiation of early flowering mutants. Thus, it would be particularly interesting to further examine the molecular mechanism underlying these responses and examine the effect of UV-B on additional early flowering [possibly SUCpro::CO-HA also known as the over-expressing CO line (Mizuno et al., 2014)]. Flowering time regulation is a very complex process regulated by many different protein factors and pathways (Fornara et al., 2010), therefore it is possible that in mutant or transgenic plants exhibiting an early flowering phenotype under WL, UV-B signal affects differently photoperiodic flowering responses.

Based on all of the above conclusions a preliminary and simplified model of UVR8 action can be formulated (Figure 5). More specifically upon UV-B irradiation multiple flowering pathways control flowering time. The age and autonomous pathways lead to an upregulation of FLC (Dotto et al., 2018), which acts as an FT repressor. CO and FT are flowering promoting factors of the photoperiodic pathway. CO is repressed by RUP2, a negative regulator of UVR8 signaling (Arongaus et al., 2018). ELF3, a circadian clock component also represses FT, indirectly by targeting CO for degradation. UVR8 represses ELF3 and possibly interacts with a protein factor that has not yet been identified in order to promote FT gene expression. However, further investigation need to be performed in order to identify the mechanism and factors that are involved in the UV-B specific control of flowering time in Arabidopsis thaliana, through the action of UVR8.


[image: image]

FIGURE 5. Schematic representation of UV-B mediated control of flowering time (factors and flowering pathways involved). Upon UV-B irradiation multiple flowering pathways control flowering time. The age and autonomous pathways lead to an upregulation of FLC [as demonstrated by Dotto et al. (2018)], which acts as an FT repressor. CO and FT are flowering promoting factors of the photoperiodic pathway. CO is repressed by RUP2, a negative regulator of UVR8 signaling [as demonstrated by Arongaus et al. (2018)] and a circadian clock component. ELF3, another circadian clock component also represses FT, indirectly by targeting CO for degradation. UVR8 represses ELF3 and possibly interacts with another protein factor (P) in order to promote FT gene expression.


Our experiments have provided further insights on the way UV-B irradiation affects flowering initiation in Arabidopsis thaliana. However, future experiments need to be performed in order to fully elucidate the molecular mechanism, as well as the physiological significance of these flowering time alternations. Uncovering the mechanism underlying UV-B-mediated flowering initiation, including all the factors and pathways that integrate the UV-B-specific photoperiodic flowering, as well as determining the role of UVR8 in this process, will further advance our abilities on designing more efficient agricultural practices which will contribute to the goal of improving global food security. Developing strategies to improve crop resilience and increase yield according to environmental stimuli such as UV-B, can provide the tools to maximize global crop production. Deciphering these mechanisms primarily in Arabidopsis thaliana consists an integral part of this process since it is the most universally used model plant organism, due to its many advantages and the ability to identify homologs in many commercial crops.
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The characterization of the molecular mechanisms, such as high light irradiance resistance, that allowed plant terrestralization is a cornerstone in evolutionary studies since the conquest of land by plants played a pivotal role in life evolution on Earth. Viridiplantae or the green lineage is divided into two clades, Chlorophyta and Streptophyta, that in turn splits into Embryophyta or land plants and Charophyta. Charophyta are used in evolutionary studies on plant terrestralization since they are generally accepted as the extant algal species most closely related to current land plants. In this study, we have chosen the facultative terrestrial early charophyte alga Klebsormidium nitens to perform an integrative transcriptomic and metabolomic analysis under high light in order to unveil key mechanisms involved in the early steps of plants terrestralization. We found a fast chloroplast retrograde signaling possibly mediated by reactive oxygen species and the inositol polyphosphate 1-phosphatase (SAL1) and 3′-phosphoadenosine-5′-phosphate (PAP) pathways inducing gene expression and accumulation of specific metabolites. Systems used by both Chlorophyta and Embryophyta were activated such as the xanthophyll cycle with an accumulation of zeaxanthin and protein folding and repair mechanisms constituted by NADPH-dependent thioredoxin reductases, thioredoxin-disulfide reductases, and peroxiredoxins. Similarly, cyclic electron flow, specifically the pathway dependent on proton gradient regulation 5, was strongly activated under high light. We detected a simultaneous co-activation of the non-photochemical quenching mechanisms based on LHC-like stress related (LHCSR) protein and the photosystem II subunit S that are specific to Chlorophyta and Embryophyta, respectively. Exclusive Embryophyta systems for the synthesis, sensing, and response to the phytohormone auxin were also activated under high light in K. nitens leading to an increase in auxin content with the concomitant accumulation of amino acids such as tryptophan, histidine, and phenylalanine.

Keywords: light stress, Charophyta, omics integration, plant evolution, carotenoids, chloroplast retrograde signaling, linear/cyclic electron flow, PsbS/LHCSR NPQ systems


INTRODUCTION

The evolutionary history of the green plants kingdom or Viridiplantae splits into two different lineages Chlorophyta and Streptophyta. Chlorophyta are primarily constituted by marine and freshwater green microalgae. In turn, Streptophyta are divided into two different clades Charophyta and Embryophyta. Whereas Embryophyta comprises mainly land plants, Charophyta are still considered algae with a preference for freshwater and with some facultative terrestrial species (Becker and Marin, 2009). It is widely accepted that the primary adaptation of Charophyta to freshwater played a key role facilitating their transition to dry land in contrast to marine Chlorophyta. Plant terrestralization constitutes a key milestone in life evolution on Earth since it led to a massive increase in land biomass resulting in a substantial atmospheric CO2 drop, oxygen increase and terrestrial habitat stabilization promoting land colonization by animals and fungi (Lenton et al., 2016; Morris et al., 2018). Present-day Charophyta are generally accepted as the extant algal species most closely related to the aquatic ancestors of land plants or Embryophyta. Accordingly, the molecular systems that potentially allowed this group of photosynthetic organisms to evolve toward terrestrial land plants are under intense analysis (Nishiyama et al., 2018). These studies focus mainly on genomic data. The lack of multi-omic data such as transcriptomic and metabolomic data for Charophyta under specific conditions relevant to the terrestralization process is preventing the full characterization of the molecular systems that promoted the transition to the first land plants (Hori et al., 2014). During this transition, the evolution of response molecular systems to terrestrial environmental stresses was critical. Some terrestrial physiological adaptations, such as desiccation resistance and tolerance to UV radiation are present in Charophyta from which current land plant mechanisms supposedly evolved (Becker and Marin, 2009). Multiple cellular features such as phragmoplast, plasmodesmata, hexameric cellulose synthase, and oogamous sexual reproduction with zygote retention first evolved in Streptophytic algae or Charophyta leading to multicellularity (Umen, 2014). A tight retrograde signaling communicating the chloroplast state to the nucleus making plastids more dependent on the nucleus has been reported in Charophyta under cold and high light stresses (De Vries et al., 2018). Other systems found in Embryophyta such as abscisic acid (ABA) and auxin biosynthesis and transport, photoprotective capacity, and adaptation to transient light changes have been identified in Charophyta as Zygnema circumcarinatum (Ohtaka et al., 2017; Pierangelini et al., 2017). Biosynthetic pathways sources of metabolites relevant to abiotic stresses typical of terrestrial environments such as the phenylpropanoid pathway has been described to first emerged in Charophyta (de Vries et al., 2021). In this study, we have chosen the freshwater facultative terrestrial Charophyte alga Klebsormidium nitens (K. nitens) as model organism to study the transcriptomic and metabolomic response to high light intensity recreating at least one of the most critical environmental changes faced by plants during terrestralization. Klebsormidium cultures consist of multicellular and non-branching filaments without specialized cells with a single chloroplast. Many Klebsormidium species are cosmopolitan distributed in terrestrial environments as soil crusts and rocks as well as freshwater habitats like streams and rivers where they contribute to important ecological roles as primary producers and soil stabilizers (Karsten et al., 2016). Their presence in these environments expose cells to extreme conditions including high light irradiance (Holzinger and Pichrtová, 2016). Physiological studies under such conditions have been carried out reporting photosynthetic resistance against intense light meditated by the presence of photoprotective mechanisms dissipating energy as heat (non-photochemical quenching, NPQ) (Gerotto and Morosinotto, 2013) and/or by the activation of alternative electron routes to reduce reactive oxygen species (ROS) production (Alboresi et al., 2019). Several comparative genomic analyses have been carried out providing evidence about K. nitens possessing fundamental molecular mechanisms required for the adaptation and survival in terrestrial environments including wax-related genes (Kondo et al., 2016), phytohormone signaling (Holzinger and Becker, 2015), and transcription factors involved in resistance to high light and UV radiation (Kitzing and Karsten, 2015; Domozych et al., 2016). Nonetheless, there are very few transcriptomic studies integrating gene expression with physiological data aiming at the characterization of K. nitens responses to abiotic stresses such as desiccation, cold, and heat (Holzinger et al., 2014; Rippin et al., 2019a; de Vries et al., 2020; Monte et al., 2020). Furthermore, K. nitens is also of interest for its biotechnological applications in the removal of nutrients from horticultural wastewater (Liu et al., 2016a) and in the production of polyunsaturated fatty acids and lipids (Liu et al., 2016b; Xu et al., 2021).

The goal of the current study consists in identifying the molecular mechanisms underlying the response to high light intensity in the Charophyte alga K. nitens. The similarity of these systems with those used by Embryophyta and Chlorophyta is discussed in order to elucidate the key mechanisms that allowed the transition from aquatic environments to dry land during plant evolution. Our results were obtained from an integrative analysis combining gene expression and metabolite profiles. Further validation of our results were carried out using pulse-amplitude-modulation fluorometry (PAM), Western blotting, and confocal microscopy.



MATERIALS AND METHODS


Algal Material, Growth Conditions, and Sample Collection

Klebsormidium nitens (strain NIES-2285) was obtained from the National Institute for Environmental Studies (Japan). Cells were grown photoautotrophically in Bold’s Basal Medium using photobioreactors containing 0.8 L of cell suspension and bubbled with air supplemented with 1% (v/v) CO2 as carbon source. Photobioreactors were continuously illuminated with white light lamps at 50 μE m–2 s–1 and maintained at 20°C. Defoamer (Antifoam 204) was added to avoid the contamination of the aeration systems. Cultures at exponential phase with 45 μg/mL chlorophyll content were used in our experiments. Control cultures were kept under a light irradiance of 50 μE m–2 s–1 whereas high light cultures were illuminated for 3 h with an irradiance of 1500 μE m–2 s–1. Cells were collected by centrifugation at 3500 × g for 5 min at 4°C. Cell pellets were washed with PBS, flash frozen with liquid Nitrogen and stored at −80°C.



RNA-Seq Data Generation and Processing

Two independent biological replicates were considered for both low and high light irradiance conditions. RNA extraction was performed using mechanical disruption of the frozen cell pellets in a Mini Bead Beater (Biospe Products) mixed with 2.7 mm glass beads for filament fragmentation and 0.5 mm glass beads for individual cell lysis (ratio 1/3) in the presence of an extraction buffer consisting of phenol:chloroform (1:1, v/v). Subsequently, RNA was purified using ISOLATE II RNA Plant Kit (Bioline) following manufacturer’s instructions. RNA integrity number (RIN) was computed using an Agilent 2100 Bioanalyzer producing values greater than 8 per sample. Sequencing libraries were generated according to Illumina TruSeq Stranded mRNA protocol and sequenced on an Illumina NextSeq 500 sequencer producing approximately 17 million 50 nt long reads per sample. The computational pipeline MARACAS (Romero-Losada et al., 2022) was used to determine differentially expressed genes according to a log2FC of ±1 and a q-value or false discovery rate (FDR) threshold of 0.05. MARACAS uses the K. nitens genome sequence assembly and annotation v1.0 (accession number DF236950) as reference genome (Hori et al., 2014). The software tool AlgaeFUN1 was used to perform functional enrichment analysis based on Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways over the sets of differentially expressed genes.

Specifically, in our study, MARACAS was set to run using fastqc, HISAT2 and Stringtie for quality control, read mapping, transcript assembly, and gene expression quantification, respectively (Pertea et al., 2016). Normalization is carried out in MARACAS based on the Bioconductor R package NormalyzerDE (Willforss et al., 2019). In our study, gene expression was normalized using quantile normalization. Differentially expressed genes were determined in MARACAS using the bioconductor R package limma based on linear models with a moderated t-student (Ritchie et al., 2015). This method estimates individual gene expression variance using information from all genes and can be applied in analysis with two replicates in contrast to R packages such as DESeq2 based on binomial negative distribution that require at least three replicates (Love et al., 2014). Several studies comparing the performance of limma (linear models with a moderated t-student) and DEseq2 (negative binomial distribution) conclude that, although they are mostly equivalent, limma outperforms DESeq2 at reducing batch effects and false positives (Seyednasrollah et al., 2013; Stupnikov et al., 2021). The presence of low levels of noise in our two replicates was confirmed in MARACAS using scatterplots and principal components analysis (PCA), Supplementary Figure 1. We also checked that our sequencing coverage (or depth) with more than 17 million reads per sample was enough to detect gene expression and determine differentially expressed genes using a saturation analysis that identified around 12 million read as the saturation point for RNA-seq data in K. nitens (Supplementary Figure 1). In conclusion, the read coverage, level of noise in our data and use of linear models with a moderated t-student would guarantee the reliability of our analysis based on two replicates.



Metabolomic Data Generation and Processing

Six independent biological replicates were considered for low and high light irradiance metabolomic data generation. Significant differences were determined using the non-parametric Wilcoxon signed-rank test implemented in the wilcox.test function from the stats R package.

For metabolite content determination, cell pellets were lyophilized (Skadi-Europe TFD 8503), flushed with a nitrogen stream to prevent oxidation and stored at −20°C. Primary metabolites were determined from 20 mg of lyophilized biomass subjected to mechanical disruption in a Mini Bead Beater (Biospe Products) with a mixture of 2.7 and 0.5 mm glass beads (ratio 1/3) in the presence of 1 mL extraction buffer consisting of chloroform:methanol (3:7, v/v). As internal standard, 5 μL of ribitol 4 mM were added. Following centrifugation at 5000 × g for 5 min at RT (room temperature) the supernatant was collected. This process was repeated adding 1 mL of extraction buffer until the supernatant was colorless. The combined supernatants were dried under nitrogen stream, resuspended in Milli-Q water and submitted for analysis. Primary metabolite determination was carried out by ultra high performance liquid chromatography system coupled with mass spectrometry (UPLC/MS) as described in Mccloskey and Ubhi (2015).

Phytohormone content was determined from 50 mg of lyophilized biomass following the protocol presented in Salem et al. (2020). Cellular lysis and sample homogenization was performed as described above for RNA and primary metabolite extraction using, in this case, 1 mL of an extraction buffer consisting of methyl tert-butyl ether (MTBE):methanol (3:1, v/v). Samples were incubated for 30 min at 4°C in a rotating mixer, followed by sonication for 15 min at 4°C and centrifugation at 10,000 × g for 10 min. The supernatant was mixed with 0.1% HCl (1:1, v/v) and 20 μL of paracetamol added as internal standard at 4°C. Subsequently, samples were first vigorously vortexed for 1 min and then gently shaken in a rotating mixer for 30 min at 4°C and centrifuged again. The supernatant was dried overnight in spin vacuum and finally resuspended in water:methanol (1:1, v/v) and filtered for determination using UPLC/MS.

Carotenoid content was determined by high-performance liquid chromatography (HPLC) coupled to an UV-visible scanning spectrophotometer from 5 mg of lyophilized biomass using acetone extracts subjected to mechanical disruption for cell lysis and sample homogenization as described in Del Campo et al. (2004).



Pulse-Amplitude-Modulation Fluorometry

Photosynthetic parameters were determined by pulse-amplitude-modulation fluorometry (PAM) with a DUAL-PAM-100 (Walz). Samples were dark adapted for 10 min before fluorescence was measured. Values for basal fluorescence level, F0, were determined after 5 min in the presence of non-actinic light 450 nm. Values for maximal fluorescence (Fm) were determined by applying a pulse of saturating red light 655 nm, 2.4 μE for 40 s. Values for photosystem II (PSII) maximal efficiency (Fv/Fm) were calculated as (Fm–F0)/Fm. Cyclic electron flow (CEF) was detected by subjecting dark adapted samples to constant actinic light (500 μE) for 5 min and subsequently turning off light and measuring fluorescence.



Total Protein Extraction, Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis, and Western Blotting Analysis

Cells were pelleted by centrifugation at 3500 × g for 5 min at 4°C, washed with PBS and resuspended in 50 mM Tris pH 8, SDS 9%, PID, PMSF 0.1 M and NaCl 150 mM. Total protein extracts were obtained by freeze/thaw cycles in liquid nitrogen followed by another mechanical disruption procedure as described above. Protein extracts were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), stained with Comassie blue, and transferred onto a PVDF membrane (Immobilon ®-P, pore size 0.45 μm) using a power blotting station (Invitrogen™, Thermo Fischer). Immunoblotting analysis was performed with an antibody against photosystem II subunit S (PsbS) at 1:1000 (Agrisera). Anti-rabbit secondary antibody was used at 1:10,000 (Invitrogen). Immunoblots were visualized using IQ800 Control software (ImageQuant 800, Amersham).




RESULTS AND DISCUSSION


Transcriptomic and Metabolomic Analysis Unveil a Response to High Light Intensity

Nuclear gene expression responses to high light in K. nitens were studied using RNA-seq data. We detected expression in 68.4% of the 17,290 genes in the current K. nitens genome annotation (Hori et al., 2014). We found that after 3 h of high light treatment 7.84% of the entire K. nitens genome was differentially expressed with respect to low light conditions. Specifically, we identified 677 activated and 678 repressed genes (Figure 1 and Supplementary Table 1). Using AlgaeFUN (microALGAE FUNctional enrichment tool), we performed functional enrichment analysis based on GO terms to identify the cellular components and biological processes significantly affected by high light (Figure 1). The proteins encoded by differentially expressed genes, both activated and repressed genes, were significantly localized in the chloroplast thylakoid membranes indicating the initiation of a major chloroplast reprogramming. Specifically, proteins encoded by repressed genes were significantly associated with photosystems and cellular structures present during cell division such as condensed nuclear chromosomes and microtubules. Accordingly, photosynthesis, hexose biosynthesis, cell cycle, and DNA metabolism were significantly enriched processes in the repressed genes. This points to an arrest in the photosynthetic machinery and cell cycle progression as response to high light. Proteins encoded by activated genes are, in turn, significantly localized in cellular structures involved in de novo protein biosynthesis such as preribosomes and translation initiation factor 3′ complex. In particular, categories encompassing ribosome biogenesis, cytoplasmic translation initiation, and protein folding were significantly enriched in the activated genes. Moreover, response to oxidative stress, response to high light intensity, tetraterpenoid and carotenoid metabolism were identified as significantly activated processes. This suggests an activation of repair and protective mechanisms to damages caused by high light.
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FIGURE 1. Differential gene expression analysis under high light intensity and functional enrichment analysis. (A) Volcano plot representing differentially activated (red), repressed (blue), and unaltered (gray) genes under high light when compared to low light. (B) Cellular components to which the proteins encoded by repressed genes are significantly associated. (C) Cellular components to which the proteins encoded by the activated genes are significantly associated. (D) Biological processes in which the proteins encoded by the repressed genes are significantly involved. (E) Biological processes in which the proteins encoded by the activated genes are significantly involved.


Metabolomic responses to 3 h of high light treatment in K. nitens were also analyzed. Six independent biological replicates were considered for both, high and low light conditions. We detected 69 different primary and secondary metabolites including most amino acids and some phytohormones, Supplementary Table 2. Significant differentially abundant metabolites were identified by performing the non-parametric Wilcoxon test using a p-value threshold of 0.05. We found 12 significantly more abundant and 8 less abundant metabolites under high light when compared to low light (Figure 2). For instance, under high light, we detected significant changes in specific carotenoids, accumulation of the amino acid tryptophan and the phytohormone indole-3-acetic acid (IAA).
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FIGURE 2. Differential metabolite abundance analysis under high light intensity. (A) Volcano plot representing more abundant (red), less abundant (blue), and equally abundant (gray) metabolites under high light when compared to low light. (B) Barplots representing the relative metabolite abundance under high light in red (HL) with respect to low light in blue (LL) for violaxanthin, zeaxanthin, tryptophan, and indole-3-acetic acid (IAA).




An Activation of the Carotenoid Biosynthesis β-Branch and Xanthophyll Cycle Is Observed

Here, we present an integrated transcriptomic and metabolomic analysis of this specific photoprotective response to high light in K. nitens (Figure 3). The gene encoding the first enzyme in the carotenoid pathway and the main rate-limiting step, phytoene synthase (PSY, kfl00019_0320) was 1.53-fold activated after 3 h of high light treatment. Similarly, the genes encoding the next enzymes in the pathway producing lycopene, phytoene desaturase (PDS, kfl00103_0130), and ζ-carotene desaturase (ZDS, kfl00496_0070), were 1.88- and 1.64-fold activated, respectively. At this point carotenoid biosynthesis bifurcates into the ε-branch leading to lutein and the β-branch proceeding to β-carotene and the xanthophyll cycle. These two branches showed antagonist regulation in the response to high light in K. nitens. On the one hand, a strong gene repression of 7.49-fold was found for the enzyme funneling lycopene into the ε-branch, lycopene epsilon cyclase (LCYε, kfl00536_0070). Nonetheless, no significant change was observed in the carotenoids produced in this branch, α-carotene and lutein in contrast to the massive increase in this latest carotenoid observed in Chlorophyta as Chlamydomonas under high light (Ma et al., 2019). On the other hand, simultaneously, a strong gene activation of 2.52-fold was detected for the enzyme channeling lycopene into the β-branch, lycopene beta cyclase (LCYβ, kfl00003_0600) and of 2.24-fold for the enzyme β-carotene hydroxylase (BCH, kfl00515_0050) that converts β-carotene into zeaxanthin. This response has been also observed in Chlorophyta (Couso et al., 2012). Although, β-carotene content was similar under low and high light conditions, significant changes were found in the carotenoids constituting the xanthophyll cycle. Violaxanthin content decreased 4.73-fold whereas antheraxanthin and zeaxanthin contents were increased 3.44- and 41.5-fold, respectively, under high light when compared to low light. Accordingly, the gene encoding the enzyme involved in the xanthophyll cycle, violaxanthin de-epoxidase (VDE, kfl00604_0070) converting violaxanthin into antheraxanthin and zeaxanthin was activated 1.86-fold. Furthermore, the gene encoding zeaxanthin epoxidase (ZEP, kfl00092_0060) that catalyzes the synthesis of violaxanthin from zeaxanthin and antheraxanthin was 3.84-fold repressed under high light. In the xanthophyll cycle, the interconversion of violaxanthin into antheraxanthin and zeaxanthin, constitutes one of the major photoprotective mechanism in Embryophyta (Latowski et al., 2011) and Chlorophyta (Goss and Jakob, 2010). High light induces the mobilization of violaxanthin to zeaxanthin whereas low light or darkness produce the reverse reaction. De-epoxidation of violaxanthin to zeaxanthin enhances dissipation of excess excitation energy (NPQ) in the PSII antenna, thereby preventing inactivation and damage to the photosynthetic apparatus. NPQ is considered a fundamental mechanism for Streptophyta adaptation to terrestrial habitats (Pierangelini et al., 2017). Here, we specifically show that the xanthophyll cycle is part of the early transcriptomic and metabolomic response to high light intensity in the Charophyta K. nitens.
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FIGURE 3. Gene expression level and relative carotenoid content in the carotenoid biosynthesis pathway in Klebsormidium nitens under high light (HL) and low light (LL). Expression fold change under high light compared to low light is represented for genes corresponding to the different enzymes involved in carotenogenesis in Klebsormidium nitens: phytoene synthase (PSY), phytoene desaturase (PDS), ζ-carotene desaturase (ZDS), lycopene epsilon cyclase (LCYε), lycopene beta cyclase (LCYβ), β-carotene hydroxylase (BCH), violaxanthin de-epoxidase (VDE), and zeaxanthin epoxidase (ZEP). Red squares represent strong activation whereas blue squares stand for strong repression. Barplots show relative carotenoid content under high light in red (HL) compared to low light in blue (LL).




Chloroplast Retrograde Signaling Triggered by Oxidative Stress and Protein Misfolding Is Identified as a Response to High Light

Under high light conditions exceeding photosynthetic capacity, production of harmful ROS is unavoidable associated with electron transport in the photosystems. Excess electron leakage to molecular oxygen and incomplete water oxidation produce singlet oxygen (1O2), superoxide (O2⋅⁣–), hydrogen peroxide (H2O2), and hydroxyl radical (HO⋅) (Pospíšil, 2016). This triggers a signaling cascade communicating the chloroplast state to the nucleus termed retrograde signaling that ultimately induces the expression of nuclear genes. The evolution of this system has played a central role in plant terrestralization (Zhao et al., 2019; Calderon and Strand, 2021). Retrograde signaling induced by ROS is dependent on executer (EX, kfl00184_0040), whose gene expression was not affected in our experiment, and on the FtsH2 protease (kfl00201_0150) strongly activated in our study (Dogra et al., 2017, 2019b; Kim, 2020). Indeed, response to oxidative stress was one of the most significant GO term in our functional enrichment analysis over the activated genes in a response to high light treatment in K. nitens. More than twofold activation was detected in genes encoding chloroplast targeted antioxidant enzymes such as catalase (CAT, kfl01057_0030) and peroxiredoxins Q (PRXQ, kfl00014_0230 and kfl00014_0250) that, together with carotenoids such as zeaxanthin, contribute to ROS scavenging (Pinnola and Bassi, 2018). Under these conditions proteins suffer oxidative damage specifically but not limited to the active thiol groups of cysteine residues, which are oxidized to disulfide bonds (Cejudo et al., 2021). This produces major modifications in protein structure that can lead to misfolding and loss of function. The accumulation in the chloroplast of aberrant misfolded proteins also contributes to initiate retrograde signaling (Dogra et al., 2019a). In this respect, activation was identified for genes such as kfl00120_0050 and kfl00573_0030 encoding several thioredoxin-disulfide reductases (TRX) and kfl00021_0420 corresponding to NADPH-dependent thioredoxin reductase (NTR). These enzymes constitute a system involved in oxidative damage avoidance by supplying reducing power to reductases repairing oxidized proteins (Vieira Dos Santos and Rey, 2006; Figure 4). Moreover, we found the activation of multiple chloroplast targeted chaperones, co-chaperones and chaperonins that would contribute to restore misfolded proteins, such as heat shock proteins 90 and 101 (HSP90, kfl00002_0530 and HSP101, kfl00387_0020); chloroplast chaperonin 60 alpha and beta subunits (CPN60A, kfl00113_0150 and CPN60B, kfl00076_0150), specifically involved in Rubisco correct folding (Zhao and Liu, 2018), and chloroplast GrpE involved in correct oligomerization of the photosynthesis-related light harvesting complex II (LHCII) in Arabidopsis (de Luna-Valdez et al., 2019). An example of a protein that suffers severe oxidative damage under high light stress is the D1 protein (PsbA) located at PSII reaction center. Specific tryptophan residues undergo oxidation in this protein triggering protein repair mechanisms (Dogra et al., 2019a). It has been shown that the aminoacids trypthophan and histidine easily suffer photooxidation (Huvaere and Skibsted, 2009). Recent studies have shown accumulation of tryptophan and phenylalanine under several environmental conditions as high light, drought, and temperature stress in Embryophyta (Galili et al., 2016). In this respect, our analysis shows that similar accumulation of the amino acids tryptophan, phenylalanine, and histidine takes place in a response to high light stress in Charophyta, like K. nitens, Supplementary Table 2.
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FIGURE 4. Gene expression level for enzymes involved in retrograde signaling triggered by high light oxidative stress inducing gene activation of protein repair mechanisms and de novo protein synthesis. Barplots represent gene expression measured in FPKM (Fragments per Kilobase of exon and million of Mapped reads) under high light in red (HL) and low light in blue (LL) for enzymes EX (executer), protease FtsH2, PRXQ (peroxiredoxin Q), TRX (thioredoxin), NTR (NADPH-dependent thioredoxin reductase), HSP90 (heat shock protein 90), CAT (catalase), SAL1 (inositol polyphosphate 1-phosphatase), midasin AAA ATPase 1 (MDN1), NIN/RPN12 binding protein (NOB1), nonsense-mediated decay 3 (NMD3), and eukaryotic translation initiation factor 2 (eIF2).


Concomitant to the activation of protein repair mechanisms we found significant activation of ribosome biogenesis and cytoplasmic translation initiation (Figure 1). For example, genes encoding nuclear enzymes involved in 18S, 40S, and 60S rRNA biogenesis (UTP15 kfl00593_0050, NOB1 kfl00104_0280, and MDN1 kfl00198_0260) were strongly activated. Similarly, the genes CRM1 (kfl00518_0070) and NMD3 (kfl00006_0030), encoding nuclear export systems of these ribosomal components, were also detected as more than twofold activated. Additional activation was identified, for instance, in genes corresponding to eukaryotic translation initiation factor 2 (eIF2 kfl00434_0020) and 3 (eIF3 kfl00078_0290) (Figure 4). These strongly activated processes are required for de novo protein synthesis and, together with the previously described protein repair mechanisms, constitute part of the response to high light in K. nitens, contributing to maintain proteome homeostasis under this stress.

Besides, the retrograde signaling pathways induced by ROS and aberrant misfolded proteins discussed above, there exists another pathway regulated by the accumulation of 3′-phosphoadenosine-5′-phosphate (PAP). The inositol polyphosphate 1-phosphatase (SAL1) removes PAP preventing its accumulation. The gene encoding this enzyme kfl00096_0240 was twofold repressed indicating a possible accumulation of PAP and an activation of the SAL1-PAP retrograde signaling pathway, as a response to high light intensity in K. nitens.



Cyclic Electron Flow Is Strongly Induced as a Response to High Light

Photosynthetic electron flow operates in two modes, linear and cyclic (Suorsa, 2015). Our transcriptomic analysis unveiled an antagonist regulation of these two systems as a response to high light in K. nitens. The major route of electron transport in oxygenic photosynthesis is linear electron flow (LEF) initiated from water by harvesting sunlight and transferring excitation energy by LHCII to PSII and then through cytochrome b6f (Cytb6f) to photosystem I (PSI) and NADP+ toward the Calvin–Benson cycle. Proteins encoded by repressed genes during the response to high light in K. nitens were significantly associated with both photosystems resulting in a strong repression of photosynthesis and hexose biosynthesis (Figure 1). For example, we found more than twofold repression for genes corresponding to the LHCII protein LHCB1 (kfl00098_0080); to the PSII proteins PsbP (kfl00239_0120) and PsbW (kfl00638_0030); to the Cytb6f protein PetC (kfl00433_0020); and to the PSI proteins PsaD (kfl00193_0150) and PsaO (kfl00283_0090) (Figure 5). Funneling electrons from PSI to the Calvin–Benson cycle we found similarly repressed genes encoding ferredoxin-NADP-reductase (FNR, kfl00169_0050) and ferredoxin (Fd, kfl00017_0060). Correspondingly, gene repression was identified for all the enzymes involved in CO2 assimilation from the Calvin–Benson cycle. This indicates a strong repression of LEF in K. nitens under high light stress overexciting photosystems and producing electron excess that would damage them. Certainly, we observed lower values for PSII maximal efficiency (Fv/Fm) under high light 0.49, when compared to low light 0.66. As described in the previous section an excess of electrons at the PSI acceptor side results in reduction of molecular oxygen and generation of superoxide (O2⋅⁣–). The Mehler reaction or water–water cycle removes this harmful anion radical. In our transcriptomic analysis, we detected gene activation for enzymes in this cycle as superoxide dismutase (SOD, kfl00631_0030), converting O2⋅⁣– to H2O2, and ascorbate peroxidase (APX, kfl00460_0010), which scavenges H2O2 with the aid of ascorbate to produce H2O and monodehydroascorbate radical (MDA). In turn, MDA is reduced by the MDA reductase (MDAR, kfl00196_0050) (Cardol et al., 2011). Nonetheless, the corresponding gene was found underexpressed in high light when compared to low light conditions. Flavodiiron proteins (Flv, kfl00041_0060) constitute another enzymatic system involved in the water–water cycle photoreducing O2 to H2O. Although Flv genes can be found in Charophyta genomes (Chaux et al., 2017) no activation was identified suggesting their expression is not related to the response to high light in K. nitens (Figure 5).
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FIGURE 5. Electron flow through photosystems and non-photochemical quenching mechanisms dissipating excess light energy. Expression fold change under high light compared to low light is represented for genes corresponding to the different proteins involved in linear and cyclic electron flow, NPQ, state transitions and water-water cycle: violaxanthin de-epoxidase (VDE), light harvesting complex II (LHCII), LHC-like stress related (LHCSR) protein, photosystem II subunit S (PsbS), photosystem II subunit 28 (Psb28), photosystem II subunit P (PsbP), photosystem II subunit W (PsbW), photosystem II subunit O (PsbO), plastid terminal oxidase (PTOX), plastoquinone (PQ), cytochrome b6f (Cytb6f), proton gradient regulation 5 (PGR5), PGR-like 1 (PRGL1), NADH dehydrogenase-like complex (NDH), photosystem I subunit O (PsaO), photosystem I subunit K (PsaK), photosystem I subunit D (PsaD), photosystem I subunit F (PsaF), photosystem I subunit D (PsaD), photosystem I subunit F (PsaF), ferredoxin (Fd), ferredoxin-NADP-reductase (FNR), flavodiiron proteins (Flv), protein phosphatase 1 (PPH1), state transition 7/8 (STN7/8), superoxide dismutase (SOD), ascorbate peroxidase (APX) and monodehydroascorbate radical reductase (MDAR). Red represents strong activation whereas blue stands for strong repression under high light.


In contrast to LEF, our transcriptomic analysis unveiled a strong activation in CEF around PSI. In this route, electrons are recycled from Fd back to plastoquinone (PQ), creating a transthylakoid proton gradient, and leading to the production of only ATP (Figure 5). Indeed, we detected CEF activity as a clear transient increase in chlorophyll fluorescence after turning off actinic light by PAM in K. nitens cultures under high light that was not observed under low light (Figure 6). CEF has been identified as an essential regulatory process governing light acclimation and photosystems protection from ROS after high light exposure in Chlorophyta and Embryophyta (Iwai et al., 2010; Ma et al., 2021). Two different CEF pathways have been identified based on their different sensitivity to antimycin (Ravenel et al., 1994). The antimycin-insensitive CEF pathway is dependent on the NADH dehydrogenase-like complex (NDH). Even though this is the major pathway in cyanobacteria (Miller et al., 2021) and it plays crucial roles at low light intensity in Embryophyta such as rice (Yamori et al., 2015) and Marchantia polymorpha (Ueda et al., 2012), Ndh genes have disappeared from most Chlorophyta species including Chlamydomonas, Chlorella, Scenedesmus, and Ostreococcus. Nonetheless, Ndh genes are present in Charophytic genomes as Chara and Mesostigma (Peltier et al., 2010). Specifically, in K. nitens, several Ndh isoforms have been detected (Hori et al., 2014). However, all the Ndh subunits encoded by nuclear genes such as Ndh M/N/O (kfl00053_0440, kfl00564_0070, and kfl00414_0120) presented strong downregulation under high light (Figure 5). This suggests that the major CEF pathway in K. nitens under this stress is not dependent on the Ndh complex. In the antimycin-sensitive CEF pathway, the proteins proton gradient regulation 5 (PGR5, kfl00020_0020) and PGR-Like 1 (PRGL1, kfl00342_0140) are essential components. Genes corresponding to these proteins have been identified across Chlorophyta, Charophyta, and Embryophyta (Peltier et al., 2010; Hori et al., 2014; Yamamoto and Shikanai, 2019) which supports their relevance in the physiology of photosynthetic organisms. Although PGR5 plays a pivotal role in CEF, its function is not fully characterized. PGRL1 is a transmembrane protein with an iron cofactor, which is probably responsible for electron transfer from Fd to PQ (Ma et al., 2021). Both proteins PGR5 and PGRL1 need to operate jointly for efficient CEF to take place. Our analysis unveiled a strong activation of 5-fold in the gene encoding PGR5 and a mild activation of 1.24-fold in the gene for PGRL1 indicating that this is the major CEF pathway in response to high light in K. nitens.
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FIGURE 6. Measurement of cyclic electron flow (CEF), gene expression of enzymes involved in state transitions and identification of the response in PsbS protein abundance to light intensity. (A) Dark adapted Klebsormidium nitens cultures exposed to low light (blue) or high light (red) were subjected to actinic light after the first minute. CEF activity was detected after 5 min when actinic light was turn off and a clear transient increase in chlorophyll fluorescence was observed only for the high light cultures (red) using pulse-amplitude-modulation fluorometry. (B) Barplots representing gene expression measured in FPKM (Fragments per Kilobase of exon and million of Mapped reads) under high light in red (HL) and low light in blue (LL) for enzymes involved in state transitions: protein phosphatase 1 (PPH1) involved in dephosphorylation of light harvesting complex II (LHCII) associating it with photosystem II (PSII) and kinases State Transition 7/8 (STN7/8) involved in phosphorylation of LHCII associating it with photosystem I (PSI). (C) Identification of the PsbS protein abundance response using Western blotting with anti-PsbS antibody. Almost no PsbS protein was detected from cultures maintained under constant dark for 24 h (dark), whereas for cultures under high light (HL) greater PsbS protein abundance was observed when compared to low light (LL).


The redistribution of excitation energy between PSII and PSI by reversible phosphorylation of LHCII, known as state transitions, plays an important role in light response in plants (Mekala et al., 2015). In state I, LHCII is phosphorylated by the kinases State Transition 7/8 (STN7/8, kfl00129_0080 and kfl00018_0210) separated from PSII and adhered to PSI. In state II, LHCII is dephosphorylated by protein phosphatase 1 (PPH1, kfl00753_0080), and moved back to PSII. In our transcriptomic data, we found a strong repression greater than threefold in the gene encoding PPH1 and no significant changes in the genes for STN7/8 (Figure 6). This suggests that, in a response to high light, K. nitens locks photosystems in state I maintaining LHCII bound to PSI which would protect PSII from excess light and allocate light energy to PSI further enhancing CEF.

Another system contributing to adjust the redox poise of the photosynthetic electron transport chain tuning the ratios between LEF and CEF is constituted by the concerted operation between plastid terminal oxidase (PTOX, kfl00009_0280) and NADH dehydrogenase (Rumeau et al., 2007). Our transcriptomic analysis showed 3.5-fold upregulation of the corresponding gene for PTOX in high light cultures similar to a common adaptation strategy in marine phytoplankton to high light conditions (Cardol et al., 2008). This system has also been proposed to act as a safety valve during photosynthesis, preventing over reduction of the PQ pool during light stress (Niyogi, 2000).



Photosystem II Subunit S and LHC-Like Stress Related Systems Are Simultaneously Activated Under High Light

Non-photochemical quenching plays an essential role in photoprotection dissipating excessive absorbed light energy as heat. Two different proteins for NPQ activation are known in Chlorophyta and Embryophyta, namely, the LHC-like stress related (LHCSR) protein and the PsbS. These two systems induce NPQ through different molecular mechanisms. LHCSRs are grouped under the so-called stress-induced chlorophyll-binding proteins (Dittami et al., 2010). The abundance of LHCSR increases under high light just as NPQ is induced (Peers et al., 2009). LHCSR homologs have been shown to be involved in NPQ in diatoms (Bailleul et al., 2010; Zhu et al., 2010). LHCSR binds pigments and is capable of efficiently dissipate excitation energy as heat. PsbS induces a reorganization of the photosynthetic apparatus by interfering with the formation of aggregates of thylakoid membrane proteins, thus allowing easy exchange and incorporation of xanthophyll cycle pigments into such structures. The structures formed in the presence of violaxanthin are characterized by minimized dissipation of excitation energy, whereas the structures formed in the presence of zeaxanthin show enhanced excitation quenching (Welc et al., 2021). It has been reported that NPQ relies mainly on PsbS in Embryophyta (Li et al., 2000) whereas in Chlorophyta the major role is played by LHCSR (Peers et al., 2009). Our study aims at contributing to the elucidation of these two systems in Charophyta as K. nitens.

Our transcriptomic analysis identified a strong overexpression of both systems under high light when compared to low light in K. nitens. Specifically, we detected a 3-fold activation of the gene kfl00478_0030 corresponding to LHCSR and a massive upregulation of 114-fold in the gene encoding PsbS, kfl00093_0070 (Figure 5). Although the PsbS transcript has been detected previously in K. nitens, the identification of the corresponding protein remained elusive (Hori et al., 2014). Accumulation of the PsbS protein has only been detected in Charophyta, such as Zygnema and Mesotaenium (Gerotto and Morosinotto, 2013) and so, it was discussed that the PsbS system is only operational in late and not in early Charophyta as K. nitens. In contrast to these previous negative results, we were able to detect the protein PsbS in K. nitens protein extracts using Western blotting (Figure 6). We observed almost no detectable PsbS protein from cultures maintained under constant dark for 24 h whereas for cultures under low light a band corresponding to PsbS was detected whose level was increased in cultures under high light supporting a response of this system to increasing levels of light intensity (Figure 6).

Our results support the fact that, as a response to high light, both systems based on LHCSR and PsbS are strongly activated for efficient NPQ in early Charophyta as K. nitens. A similar response has been described for the Bryophyta Physcomitrium patens (Gerotto et al., 2012), which diverged from vascular plants early after land colonization. In this specie, both systems are also active, contributing to efficient NPQ. This suggests the co-existence of these two NPQ mechanisms from early Charophyta to Bryophyta during plant evolution, before the emergence of vascular land plants that eventually lost LHCSR while retaining PsbS instead (Pinnola, 2019).



Genes Present Only in Streptophyta Are Induced as a Response to High Light Intensity

Based on sequence similarity, specific genes only found in Streptophyta were identified in K. nitens, as those without a significant homolog in Chlorophyta genomes (Hori et al., 2014). These genes could have played important roles in the adaptation of Charophyta to terrestrial environments, promoting land colonization by Streptophyta. According to this classification, we found 70 specific Streptophyta activated genes corresponding to 10% of the whole activated transcriptome in K. nitens. Several genes with significant sequence homology to transcription factors involved in development in Embryophyta were identified. For example, potential homolog genes of transcription factors regulating floral transition in Arabidopsis were found activated as kfl00088_0250 (Homeobox 51), kfl00396_0130 (Protodermal Factor 2), and kfl00882_0020 (Terminal Flower 1). Similarly, we identified, as significantly activated, the genes kfl00186_0090 and kfl00862_0040 potential homologs of the transcription factors growth regulating factor 2 (grf2) and homeobox 2 (HB-2), respectively (Figure 7). These are regulators of cell growth, expansion and proliferation as a response to phytohormones in Arabidopsis (He et al., 2020). Genomic studies have unveiled certain types of primitive land plant signaling pathways for phytohormone response in K. nitens (Holzinger and Becker, 2015; Holzinger and Pichrtová, 2016). These primitive phytohormone systems may be involved in various responses to harsh environmental stresses on land in this early Charophyta (Hori et al., 2014). Our metabolomic analysis identified the presence of the phytohormones salicylic acid (SA), gamma-aminobutyric acid (GABA), ABA, indole-3-carboxylic acid (ICA), and IAA in K. nitens cultures, Supplementary Table 2. None of these phytohormones changed significantly except IAA with a threefold increase under high light (Figure 2). Auxins are synthesized from tryptophan through a pathway where the protein YUCCA plays a central role. As described previously, our metabolomic analysis found a significant threefold increase in tryptophan abundance under high light that could be related to the increase in IAA content. Moreover, the gene kfl00109_0340 encoding YUCCA exhibited a large 16-fold increase in expression in a response to high light in K. nitens. Other Streptophyta specific genes involved in auxin sensing and response such as the receptor kfl00434_0030 (auxin signaling F-box 3, AFB3) and kfl00426_0080 (expansin, EXP) were also significantly activated under high light (Figure 7). Nevertheless, no significant change was observed in the gene kfl00071_0010 encoding the single PIN auxin transporter protein identified in K. nitens. However, the expression of the related gene kfl00192_0040, encoding a sterol 4-alpha-methyl-oxidase (SMO), was also increased under high light. It has been suggested that SMO enzymes affect the polar localization of PIN altering developmental processes in Embryophyta (Zhang and Li, 2016). Auxins has been described to induce cell elongation in plants (Ma and Li, 2019). Although no phenotypic change was apparent after 3 h of high light treatment, we could observe significant cell elongations (p-vale 1.3 × 10–11) in K. nitens filaments after 72 h (Figure 8). Nonetheless, the observed cell elongation could be produced by the arrest in cell cycle identified in our functional enrichment analysis (Figure 1) rather than on the activation of IAA responsive genes such as EXP (Ohtaka et al., 2017).


[image: image]

FIGURE 7. Expression level for Streptophyta exclusive genes. (A) Barplots representing gene expression measured in FPKM (Fragments per Kilobase of exon and million of Mapped reads) under high light in red (HL) and low light in blue (LL) for potential homolog genes of transcription factors regulating floral transition in Arabidopsis: Homeobox 51 (HB-51), Protodermal Factor 2 (PDF2), and Terminal Flower 1 (TFL1). (B) Barplots representing gene expression measured in FPKM (Fragments per Kilobase of exon and million of Mapped reads) under high light in red (HL) and low light in blue (LL) for potential homolog genes involved in auxin biosynthesis, sensing, and response in Arabidopsis: YUCCA, auxin signaling F-box 3 (AFB3), expansin (EXP), PIN, and sterol 4-alpha-methyl-oxidase (SMO). (C) Barplots representing gene expression measured in FPKM (Fragments per Kilobase of exon and million of Mapped reads) under high light in red (HL) and low light in blue (LL) for potential homolog genes involved in the phenylpropanoid pathway: phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), cinnamoyl-CoA reductase (CCR), and 4-coumarate 3-hydroxylase (C3H). The high activation of early light induced protein (ELIP) is also shown.
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FIGURE 8. Klebsormidium nitens cell elongation under high light. (A) Confocal images of Klebsormidium nitens cells under low light (LL) on the left and high light (HL) on the right. (B) Boxplot representing the significative increase in cell elongation under high light (HL) in red when compared to low light (LL) in blue.


The phenylpropanoid pathway was considered to be an important Embryophyta specific source for metabolites relevant to environmental stresses. Nonetheless, candidate homologous genes codifying for enzymes acting at different steps in this pathway have recently been identified in K. nitens (de Vries et al., 2021). Concomitant to an increase in the aromatic amino acid phenylalanine, input to this pathway (Figure 2), some of these genes were found activated under high light stress in our study (Figure 7). Specifically, one of the candidate genes encoding phenylalanine ammonia-lyase (PAL) kfl00024_0250 was 1.53-fold activated. Although no clear cinnamate 4-hydroxylase (C4H) homolog has been determined in K. nitens one of the candidates kfl00038_0230 was 3-fold activated. Similarly, candidates for 4-coumarate 3-hydroxylase (C3H), kfl00038_0230, and cinnamoyl-CoA reductase (CCR), kfl00062_0190, were 2.92- and 1.43-fold activated, respectively.

Early light induced proteins (ELIPs) were thought to be Embryophyta specific stress responsive mechanisms (Adamska et al., 1992). Nonetheless, ELIPs have been found activated in Charophyta under abiotic stresses such as heat and desiccation (Holzinger et al., 2014; De Vries et al., 2018; Rippin et al., 2019b; de Vries et al., 2020). In our study, genes codifying for ELIPs were among the most activated ones under high light stress, for example, kfl00052_0260 was more than 21-fold activated (Figure 7).




CONCLUSION

Klebsormidium nitens, as a representative of early Charophyta, exhibit the co-existence of high light response mechanisms that are also detected in Chlorophyta and Embryophyta. Assuming that these systems have not independently arisen in K. nitens, our results support a model by which the streptophyte ancestor of land plants conserved features of its chlorophyte relatives and also developed new signaling responses to high light that promoted the transition to land and the emergence of Embryophyta. K. nitens possesses a tight and fast chloroplast retrograde signaling, possibly mediated by ROS and the SAL1-PAP pathways, as suggested by the downregulation of the SAL1 gene. This system, after only 3 h of high light, induces gene expression and accumulation of specific metabolites to overcome this stress, especially relevant in terrestrial environments. Precisely, mechanisms common to Chlorophyta and Embryophyta are induced such as the xanthophyll cycle, with VDE activation and ZEP repression, leading to the accumulation of zeaxanthin; and protein repair mechanisms based on the NTR-TRX-PRX system. Further photoprotective mechanisms were identified such as the downregulation of LEF and the upregulation of CEF, with the specific activation of PGR5 and repression of Ndh components, and PPH1 locking LHCII in state I associated with PSI. More interestingly, the simultaneous strong activation of NPQ mechanisms specific to Chlorophyta, as LHCSR, and to Embryophyta, as PsbS, were detected. Finally, specific Embryophyta systems for auxin synthesis, sensing, and response were activated leading to an increase in auxin content with the concomitant accumulation of amino acids such as tryptophan, histidine, and phenylalanine. Moreover, specific genes in the phenylpropanoid pathway and ELIPs were also activated in our study. All these systems could have been major facilitators for plants conquest of terrestrial environments since they would have enabled an adaptation of land plants algal ancestors to high light, one of the major stressors for Charophyta in terrestrial habitats.
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Phytochromes (phy) are key regulators of photomorphogenesis in plants. Among the different phys characterized in higher plants (i.e., phyA to phyE), phyA and phyB primarily regulate phenotypic responses in plants under far-red (FR) and red (R) conditions, respectively. Recent findings suggest that some zinc finger proteins (ZFPs) are involved in plant light-modulated morphogenesis. However, the interaction(s) between phyA, phyB and ZFP homologs potentially involved in photomorphogenesis, as well as their phenotypic and molecular effects in Arabidopsis seedlings exposed to R and FR light remain to be elucidated fully. Prior analyses with phytochrome chromophore deficient lines indicated that ZFP6 expression is misregulated compared to levels in Col-0 wild type (WT). Here, we used plants with phytochrome chromophore or apoprotein (specifically phyA and phyB) deficiencies, lines with mutations in ZFP6 and ZFP6 HOMOLOG (ZFPH) genes, and plants overexpressing ZFP6 to examine regulatory interactions between phytochromes, ZFP6, and ZFPH. Our results indicate that phytochromes are required for downregulation of ZFP6 and ZFPH and suggest a role for light-regulated control of ZFP levels in phytochrome-dependent photomorphogenesis. Conversely, PHYB is downregulated in zfp6 mutants under R light. Analyses of a zfp6zfph double mutant confirmed disruption in photomorphogenic phenotypes, including the regulation of hypocotyl elongation in seedlings grown under FR light. In addition, PIF3 and PIF4 levels are transcriptionally regulated by ZFP6 and ZFPH in a gibberellic acid-dependent manner. ZFP6 overexpression resulted in opposite phenotypic responses to those observed in the zfp6 and zfph mutants grown in FR and R light, as well as a reduction in the rosette size of mature ZFP6 OX plants relative to WT under white light. Based on these observations, we provide insight into how phy and ZFPs interact to regulate specific aspects of light-dependent processes in Arabidopsis.

Keywords: phytochrome, ZFP6, ZFPH, gibberellic acid, PIF, DELLA, far-red light


INTRODUCTION

Light controls multiple and critical processes throughout the plant life cycle. Aspects of plant growth and development regulated by light include seed germination, etiolation or de-etiolation behaviors in seedlings, responses to neighboring plants in competition for light, and the shift between vegetative and reproductive stages, among others (Fankhauser and Chory, 1997). These light-dependent growth and developmental processes are mediated by light perception by photoreceptors throughout the life cycle of plants, including phytochromes, cryptochromes, phototropins, and UVR8 (Legris et al., 2019). Phytochrome (phy) A (phyA) and phyB are the most extensively studied photoreceptors; they are the predominant phytochromes that control photomorphogenic responses in the presence of far-red (FR) and red (R) light, respectively (Li et al., 2011; Cheng et al., 2021; Kim et al., 2021). Encoded by genes in the nucleus, phy proteins are synthesized and the chromophore covalently attached in the cytoplasm; holophytochromes remain in the cytosol in their inactive form (Pr) if no activating light is present, or upon light-activated conversion to their active form (Pfr) are translocated into the nucleus (Kevei et al., 2007). In the nucleus, phytochromes control distinct classes of regulatory genes, including those encoding transcription factors.

Zinc finger proteins (ZFPs) are one class of transcription factor families that are widely distributed in plants. ZFPs participate in numerous biological processes, including flowering, light-mediated morphogenesis, disease suppression, and activation of defense mechanisms in response to abiotic stress (Feurtado et al., 2011; Noman et al., 2019; Xie et al., 2019). They are classified into nine families based on their conserved cysteine-histidine-amino acid motif, which coordinates with a zinc atom (Xie et al., 2019). The largest group comprises 176 C2H2-type ZFP proteins (Englbrecht et al., 2004). ZFPs have been shown to have DNA-binding activity in plants, indicating roles for these proteins in transcriptional regulation (Han et al., 2020). While one of the larger protein families, this group of regulatory proteins have been underexplored in planta (Fedotova et al., 2017). ZFP6 and closely related ZFP6 HOMOLOG (ZFPH) are of particular interest in this current research given their identification as differentially regulated genes in prior transcriptomic analyses of phytochrome-deficient plant lines (Oh et al., 2013).

Prior experimental analyses demonstrated that ZFP6 overexpression in 35S:ZFP6 transgenic lines led to an increased number of trichomes on the sepals of flowers, in addition to ectopic trichome formation on carpels in Arabidopsis (Zhou et al., 2013). Of note, exogenous gibberellic acid (GA) application induced significantly higher ZFP6 expression compared to untreated plants, indicating interaction between GA signaling and ZFP6 function (Zhou et al., 2013). The GA hormone is implicated in several plant development stages in Arabidopsis, including control of seed germination, promotion of stem elongation and leaf expansion, and the induction of flowering (Phillips, 1998). In addition to ZFP6, ZFP5 also aids in the GA pathway to induce trichome initiation on shoots in Arabidopsis (Zhou et al., 2011). Molecular-based approaches suggested that ZFP6 regulates ZFP5 expression (Zhou et al., 2013) and ZFP5 in turn induces GLABROUS INFLORESCENCE STEMS 1 (GIS1), GLABROUS INFLORESCENCE STEMS 2 (GIS2), and ZFP8 expression (Zhou et al., 2011). GIS genes also encode C2H2-type ZFPs. ZFPH was previously identified as GIS3 and also was demonstrated to increase trichome density when overexpressed (Sun et al., 2015). ZFPH/GIS3, however, exerts its impact on trichomes independent of ZFP6 and ZFP5; yet, impacts GIS1, GIS2, and ZFP8 similar to ZFP5 (Sun et al., 2015). Another ZFP family member, i.e., ZFP3, impacts seedling development, but through a distinct mechanism. Overexpression of ZFP3 interfered with the ABA signaling pathway in Arabidopsis, rendering the seeds unable to germinate. Additionally, seedlings overexpressing ZFP3 displayed shorter hypocotyls both in light and dark conditions (Joseph et al., 2014). Together, these results indicate multiple roles for ZFP homologs in plant growth and development, including some phenotypes that overlap with those controlled by light and phytochromes.

PIFs (Phytochrome-Interacting Factors) are phytochrome-dependent transcription factors that have been shown to physically interact with phytochromes and to activate organ-elongation genes and promote etiolation (Leivar and Monte, 2014), i.e., the dark-dependent development of seedlings with long stems and small, yellow-colored cotyledons. During de-etiolation, R light-dependent activation of phyB leads to degradation of PIFs and characteristic inhibition of stem elongation and promotion of leaf development and greening (Leivar and Monte, 2014). In addition to impacting PIFs, phyB inhibits the morphogenetic repressor COP1 (CONSTITUTIVE PHOTOMORPHOGENIC 1) in a light-dependent manner, restraining its ability to target the transcription factor ELONGATED HYPOCOTYL 5 (HY5) for proteasome-mediated degradation (Osterlund and Deng, 1998). Thus, HY5 accumulates in the light and promotes photomorphogenesis in plants (Osterlund et al., 2000; Shi et al., 2018). Conversely to its R-dependent movement into the nucleus, phyB remains in its inactive red-light absorbing form (Pr) in the cytoplasm under FR light conditions. When phyB remains in the cytosol in FR, PIF molecules are able to accumulate in the nucleus where they function to transcribe PIF target genes, including those that promote elongation (Ejaz et al., 2021). PIF proteins intersect with hormone-based regulation of growth as targets of the GA signaling pathway (Hernández-García et al., 2021). PIFs are targeted for inactivation by DELLA proteins, which are molecules that suppress growth (Kusnetsov et al., 2020). DELLAs restrain PIFs (PIF1, PIF3, PIF4, and PIF5) by targeting them for proteasome-mediated degradation in a light-independent manner (Li et al., 2016).

Given the prior associations of ZFP6 as a target of transcriptional regulation by phytochromes and GA regulation, as well as roles for both phytochromes and GA in light-dependent growth and development in Arabidopsis, we investigated light and phytochrome-dependent transcript accumulation for ZFP6 and ZFPH, light and GA-dependent phenotypic and molecular responses of zfp6 and zfph mutants, and the consequence of overexpressing the ZFP6 gene on light-dependent plant growth and development. To gain specific insights into the crosstalk between phytochromes, PIFs, and ZFP6 during the regulation of growth, we assessed expression of select genes within the phytochrome, GA, and organ elongation pathways. Considering these observations collectively, we describe specific aspects of phytochrome-dependent processes that are mediated via ZFP6 and closely related ZFPH in Arabidopsis.



MATERIALS AND METHODS


Plant Materials

Col-0 wild type (WT) ecotype of Arabidopsis thaliana (hereafter Arabidopsis) was obtained from the Arabidopsis Biological Resource Center (ABRC).1 An Arabidopsis phyAphyB (PHYA: AT1G09570; PHYB: AT2G18790) double mutant line was previously constructed and described (Mayfield et al., 2007; Ruckle et al., 2007). zfp6 (SALK_200865; AT1G68360) and zfph (SALK_043793; AT1G68360) mutant lines were also obtained from ABRC, and the zfp6zfph double mutant was isolated from a genetic cross between the two single mutants. The production of transgenic BVR lines was previously described (Montgomery et al., 1999; Warnasooriya and Montgomery, 2009).

For ZFP6 overexpression lines, ZFP6 cDNA was amplified from a cDNA clone for ZFP6 (U13157) from ABRC using forward primer 5′-ATGGCGACTGAAACATCTTCTT-3′ and reverse primer 5′-TCATGGCCCAAGGCTTAAAT-3′ and recombined into the pCR™8/GW/TOPO™ vector using a TA Cloning Kit according to manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, United States). Insertion of the full-length ZFP6 cDNA fragment into the vector was confirmed via EcoRI digestion and validated by DNA sequencing. The recombinant vector was cloned into One Shot™ TOP10 E. coli cells (Thermo Fisher Scientific, Waltham, MA, United States) following the manufacturer’s directions. Full-length ZFP6 cDNA was recombined into the 35S promoter-containing pEarlyGate 100 vector using LR Clonase II enzyme according to manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, United States) to generate the 35S:ZFP6 construct, which was introduced into GV3101 Agrobacterium to transform Col-0 WT plants via a standard floral-dip transformation protocol (Clough and Bent, 1998). ZFP6 overexpression was confirmed by RT-PCR as described below.



Plant Growth and Light Sources

Arabidopsis seeds were sterilized with 2.88% (v/v) sodium hypochlorite including 0.025% (v/v) SDS for 15 min. Chlorine was removed by rinsing seeds with sterilized ddH2O five times. Then, the seeds were planted on 0.5 × Murashige and Skoog (MS) medium (Caisson Laboratories, Smithfield, UT, United States) containing 0.9% (w/v) Phytoblend (Caisson Laboratories) and 1% (w/v) sucrose (Thermo Fisher Scientific, Waltham, MA, United States). Seeds were stratified on agar plates at 4°C for 4 days in darkness and then replicate plates were incubated in white (W), far-red (FR) and red (R) light for 7 days at 22°C. Additional treatments included germination and/or growth of seedlings on plates with 10 μM GA and GA biosynthesis inhibitor paclobutrazol (PAC) at a concentration of 100 nM. For W light, a Percival chamber model no. CU36LA irradiating light at 110 μmol m–2 s–1 was used; for the rest of the tested lights (see below), Percival LED chambers (model E30LED; Percival, Perry, IA, United States) were employed. For continuous FR (FR; λmax ∼735 nm) light, the light was emitted at 5 μmol m–2 s–1; for R conditions (λmax ∼670 nm), the fluence rate was ∼25 to 50 μmol m–2 s–1; and for blue (B) conditions (λmax ∼ 470 nm), the fluence rate was ∼50 μmol m–2 s–1.



Phenotypic Analyses

Hypocotyl and root lengths of 7-days-old zfp6, zfph, and zfp6zfph mutant seedlings were measured using the ruler tool in Photoshop 2021 or using Image J. Similar measurements were performed on single copy, homozygous lines overexpressing ZFP6 grown for 7 days in MS media containing 1% sucrose and 0.7% agar, pH 5.7, under FR (5 μmol m–2 s–1), R (50 μmol m–2 s–1), and blue (50 μmol m–2 s–1) lights at 22°C. To document additional phenotype characteristics of mature lines overexpressing ZFP6, Col-0 WT and 35S:ZFP6 overexpression lines were grown in soil for 21 days at 22°C in W at ∼125 μmol m–2 s–1 under a 16 h light/8 h dark cycle. Plants were photographed to evaluate rosette architecture and trichome formation.



RNA Extraction and RT-PCR

Seven-day-old seedlings incubated in R and FR light at 22°C were harvested in green light conditions, while those grown in W light were harvested under room light. Collected seedlings were immediately submerged in liquid nitrogen and stored at –70°C. Total RNA was extracted using the E.Z.N.A. Plant RNA Kit (Omega Bio-Tek, Norcross, GA, United States), following the manufacturer’s instructions and including the DNase I digestion protocol. An additional DNA digestion was performed using DNase I RNase-free (Thermo Fisher Scientific, Waltham, MA, United States) using 1 unit per microgram of RNA. Total RNA (500 ng) was reverse-transcribed using a qScript cDNA SuperMix kit (Quantabio, Beverly, MA, United States). Real-time quantitative PCR (qPCR) was performed on an ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, United States). The primers (at a final concentration of 200–500 nm) and cycling conditions are specified in Supplementary Table 1. A melting curve protocol was performed at the end of the PCR starting at 60°C with increments of 0.5°C/20 s. Three biological replicates along with three technical replicates were used. The UBC21 gene was used for normalizing purposes and gene expression analyses were conducted using the 2–ΔCT method. To confirm overexpression of ZFP6, standard RT-PCR was performed with UBC21 as the internal control using primers (final primer concentration 400 nm) and cycling conditions indicated in Supplementary Table 1.



In silico Promoter Analyses

Analyses of the ZFP6 and ZFPH promoter regions were performed using the PlantCare database2 to identify conserved cis-elements potentially involved in gene regulation. Approximately 1,000 nucleotides upstream of the start codon of each gene were analyzed to search for transcription start (TS) sites using the neural network promoter prediction with a minimum promoter score of 0.93 and for predicted transcription factor binding sites using the PlantCare database. In parallel, the TF2Network database (Kulkarni et al., 2018)4 was used to investigate potential light- and/or phytochrome-dependent regulators for ZFP6 and ZFPH.



Statistical Analysis

ANOVA analysis was performed to examine significant differences in the means. A normal distribution of the data was evaluated by the Kolmogorov-Smirnov test. Data that did not follow a normal distribution were transformed using the Box-Cox algorithm. The Fisher test at p ≤ 0.05 was conducted to evaluate significant differences among population means. All statistical analyses and graphs were generated on OriginPro 2018.




RESULTS


Phytochrome A and Phytochrome B Negatively Regulate ZFP6 and ZFPH Transcript Levels

Mining of previous transcriptomic data indicated that ZFP6 and ZFPH were differentially regulated in phytochrome chromophore-deficient transgenic BVR lines grown in FR light conditions (Oh et al., 2013). BVR (biliverdin IX reductase) inactivates the tetrapyrrole precursors required for synthesis of the phytochrome chromophore, phytochromobilin; thus, BVR induces a chromophore deficiency in transgenic plants (Montgomery et al., 1999). The mRNA levels for both ZFP6 and ZFPH were significantly higher in FR-grown CAB3:pBVR lines that lack the accumulation of photoactive phytochromes in mesophyll cells of leaves (Figures 1A,B; Oh et al., 2013). To confirm this finding for ZFP6, we assessed its expression by quantitative, real-time PCR (qRT-PCR) analysis. ZFP6 mRNA levels were ∼2.6-fold higher in a CAB3:pBVR line than in Col-0 WT grown in FR light (Figure 1C). As the lack of phytochrome chromophore results in a lack of all holophytochromes, we used a phyAphyB mutant lacking the two predominant phytochromes to confirm that it was the lack of phytochromes in the BVR line which directly contributed to a disruption in transcript accumulation for ZFP homologs. Consistent with the phenotype for chromophore-deficient BVR-expressing plants, ZFP6 transcripts levels also were increased ∼2.5 fold in a phyAphyB T-DNA mutant line (Figure 1D), compared to Col-0 WT. These findings suggest that phyA and phyB are the primary phytochromes required to downregulate ZFP6.
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FIGURE 1. Relative expression of ZFP6 homologs in Arabidopsis seedlings. Expression levels (signal value) of (A) ZFP6 and (B) ZFPH in wild-type (WT), 35S:pBVR, and CAB3:pBVR seedlings grown under continuous far-red (FRc) from published data set (Oh et al., 2013) are shown (± SD, n = 3). Signal value indicates signal intensity on the ATH1 array as calculated by Affymetrix Microarray Suite (MAS). (C) ZFP6 relative expression in CAB3:pBVR3 line (Warnasooriya and Montgomery, 2009) in FRc light compared to WT. (D) ZFP6 relative expression in phyAphyB mutant in continuous red (Rc) light conditions compared to WT. (C,D) Seedlings were stratified at 4°C for 4 days in MS plates with 1% sucrose and then incubated in FRc or Rc light for 7 days. Gene expression data were obtained following the 2–ΔCT method using UBC21 as the reference gene. Means ± SD were calculated from at least three biological replicates. *p ≤ 0.05, relative to WT.




ZFP6 and ZFPH Are Expressed in Different Tissues and in Response to Distinct Light Conditions

Given the role of phys in regulating ZFP6 and ZFPH, we examined the expression of these genes and the closely related ZFP5 in different tissues and light conditions utilizing public microarray data for Col-0 WT from AtGenExpress5 (Figures 2A,B). We chose to examine expression of ZFP5 in parallel given that it is regulated by ZFP6 (Zhou et al., 2013), shares regulation of similar GA-dependent phenotypic responses as ZFP6 (Zhou et al., 2011), and controls expression of some of the same genes as ZFPH (Sun et al., 2015). ZFP5 shared some overlap with ZFP6 and ZFPH in terms of tissues in which it was expressed, including roots and hypocotyls; yet, ZFP5 was expressed to relatively higher levels in roots than either ZFP6 or ZFPH (Figure 2A). ZFP6 and ZFPH are highly expressed in roots, hypocotyls, and internodes, with ZFPH also exhibiting some expression in the shoot apex and inflorescence tissues (Figure 2A). We focused our subsequent analyses on the most closely related ZFP6 and ZFPH.
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FIGURE 2. Expression of ZFP6, ZFP5, and ZFPH in different tissues and light conditions. Heat map showing the expression of ZFP6, ZFP5, and ZFPH in (A) different tissues or (B) different light conditions for Arabidopsis. For heat map, mean-normalized values of Col-0 WT from AtGenExpress expression library and BAR Heatmapper Plus (bar.utoronto.ca) were used. For light experiments in panel (B), aerial parts (hypocotyl and cotyledons) of 4-days-old Col-0 WT seedling grown on MS medium were treated with different light for either 45 or 240 min. (C) qRT-PCR analysis of ZFP6 expression in Col-0 WT root, hypocotyl, or cotyledon tissues from seedlings grown on MS medium containing 1% sucrose and 0.7% Phytoblend agar at 22°C for 7 days under white light (W) at 100 μmol m–2 s–1. (D) ZFP6 expression analyses in Col-0 WT grown as mentioned in (C) but under dark, continuous red (Rc; 50 μmol m–2 s–1), continuous far-red (FRc; 5 μmol m–2 s–1), or W (100 μmol m–2 s–1) light conditions. Relative ZFP6 expression level compared with UBC21 is shown (± SD, n = 3).


Using qRT-PCR, we confirmed the differential accumulation of ZFP6 mRNA in roots and hypocotyls, but not in cotyledons (Figure 2C). Additionally, ZFP6 is upregulated by light, with significant upregulation after 4 h of FR (10 μmol m–2 s–1) exposure according to public microarray data (Figure 2B). By comparison, ZFPH exhibits more moderate light-dependent changes in expression, with UV-A/B having the most significant impact. Given the association of multiple wavelengths of light that are correlated with phytochrome activity having a greater impact on ZFP6 induction, we documented that ZFP6 expression was 3. 1-, 1. 72-, and 2.7-fold downregulated in Col-0 WT exposed to continuous R, FR, and W light conditions, respectively, compared to Col-0 WT grown in dark (Figure 2D).



ZFP6 and ZFPH-Deficient Lines Exhibit Defects in Light-Dependent Phenotypes

Aiming to evaluate the phenotypic impact conferred by ZFP6 and ZFPH, we identified homozygous T-DNA mutants for ZFP6 (i.e., zfp6) and ZFPH (i.e., zfph). We also created a homozygous zfp6zfph double mutant via a genetic cross. Given the regulation of ZFP6 and ZFPH mRNA accumulation by phytochromes and by light for ZFP6, we examined seedling photomorphogenic phenotypes in R and FR light grown seedlings. In FR light, the zfp6, zfph, and zfp6zfph mutant lines all exhibited significantly longer hypocotyls (∼1.2-fold longer) than Col-0 WT (Figure 3A). Although mutant seedlings trended longer that WT under R light conditions, hypocotyl elongation was not significantly different in R conditions (Figure 3B). Noted differences in hypocotyl elongation were light-specific as there was no difference among WT, zfp6, zfph, and zfp6zfph for seedlings grown in darkness (Supplementary Figure 1).
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FIGURE 3. Hypocotyl measurements in FR and R light-exposed seedlings. Seedlings were stratified at 4°C for 4 days in dark on MS plates with 1% sucrose, and subsequently incubated in continuous far-red FR light or R light for 7 days at 22°C. (A,B) Untreated seedlings on MS plates exposed to (A) FR or (B) R light. (C,D) Seedlings on MS plates with (+) or without (–) the addition of 10 μM GA under (C) FR or (D) R light. Hypocotyl measurements were performed using Photoshop 2021 with 3 plates per treatment, each containing 10 seedlings (n = 30). Significant differences are highlighted with different letters (A,B) or asterisks (C,D) at p ≤ 0.05. Representative images of seedlings under each condition are shown to the right of bar graphs and the bar in the images equals 1 cm.


In addition to the impact of light, seedling growth is tightly regulated by plant hormones. For instance, auxins and GA promote plant growth while abscisic acid is generally known as a plant-growth inhibitor. Given the importance of GA in promoting elongation in seedlings and the prior report of GA regulation of ZFP6 (Zhou et al., 2013), we evaluated the effect of GA or inhibition of GA accumulation using the pharmacological agent paclobutrazol (PAC) on zfp6, zfph, and zfp6zfph mutant lines. Seedling hypocotyl length was significantly increased by ∼1.3-fold on average in zfp6, zfph, and zfp6zfph seedlings treated with GA compared to their corresponding untreated seedlings in FR, which was slightly less than the 1.4-fold longer seedlings observed for GA-treated WT seedlings (Figure 3C). Adding the GA biosynthesis inhibitor PAC disrupted the germination process in all seedlings exposed to FR light, including Col-0 WT. To overcome this, seeds were stratified on MS media without PAC and grown under W light for ∼2 d to allow germination, after which, they were exposed to PAC under FR conditions. All FR-grown, PAC-treated seedlings exhibited significantly shorter hypocotyls than their untreated counterparts, with no significant differences observed between WT and mutants (Supplementary Figure 2A). For R light-grown seedlings, we observed a moderate increase in hypocotyl lengths for GA-treated seedlings compared to control conditions for all lines including WT (Figure 3D), although these differences were not statistically significant as they were under FR. R-light, PAC-treated seedlings exhibited significantly shorter hypocotyls than untreated seedlings for all lines tested inclusive of WT (Supplementary Figure 2B). We also assessed hypocotyl lengths of seedlings under W light, where there were no significant changes in hypocotyl length observed among Col-0 WT and the zfp6 mutants (Supplementary Figure 3A). There were also no significant changes in root lengths for any of the seedlings lines grown in R, FR, or W light (Supplementary Figures 3B–D).



ZFP6 Overexpression Is Sufficient to Inhibit Hypocotyl Elongation in R and Far-Red Light-Grown Seedlings

An absence of ZFP6 and ZFPH expression resulted in longer hypocotyls in FR light compared to WT; hence, we hypothesized that overexpression of ZFP6 or ZFPH may inversely result in shorter hypocotyls in seedlings. As expected, elongated hypocotyls observed in zfp6 seedlings were inversely shortened in ZFP6-overexpression (OX) lines (Figure 4). In multiple transgenic lines exhibiting elevated levels of ZFP6 mRNA (Figure 4A), the inhibition of hypocotyl elongation was impacted compared to WT and vector control (VC) lines (Figures 4B,C), particularly under R and FR conditions. The strongest reduction occurred under R light conditions for the homozygous ZFP6 #7-2 OX line, compared to Col-0 WT and VC seedlings. Hypocotyl elongation phenotypes were not affected in ZFP6 OX seedlings treated with blue light, with the exception of a reduction observed for ZFP6 #7-2 OX in blue light, suggesting a direct interaction between phys and ZFP6 in the regulation of hypocotyl length. There were no differences for any lines grown in darkness.
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FIGURE 4. ZFP6 Overexpression and analyses of hypocotyl lengths of seedlings under different light conditions. (A) RT-PCR of ZFP6 mRNA levels relative to control gene UBC21 for wild-type, control lines transformed with an empty vector or vector control (VC), and three independent ZFP6 overexpression lines. (B,C) Seedlings were stratified at 4°C for 4 days in the dark, grown in MS plates with 1% sucrose, 0.7% agar, and subsequently incubated in different light conditions for 7 days at 22°C. Seedlings (Col-0 WT, VC lines, and different ZFP6 overexpression (OX) lines (i.e., OX 7-2, OX 7-6, OX 8-1, OX 8-8, and OX 19-5) were grown under continuous far-red (FRc; 5 μmol m–2 s–1 or μE), red (Rc; 50 μmol m–2 s–1 or μE), and blue (Bc; 10 μmol m–2 s–1 or μE) light. (B) Hypocotyl measurements were performed using Image J with at least 25 seedlings per line. Significant differences are shown with asterisks at p ≤ 0.05. (C) Representative images of seedlings are shown. Bar, 1 cm.


Besides the marked reductions in the lengths of hypocotyls observed for seedlings overexpressing ZFP6, we also noted other phenotypic changes for ZFP6 OX plants. Mature 21 day-old ZFP6 OX plants grown on soil at 22°C under long days (16 h light, 8 h dark) developed smaller rosettes than Col-0 WT or empty vector plants (Figure 5). Moreover, ZFP6 OX lines developed more trichomes on their rosette leaves than Col-0 WT plants, which is consistent with a previous report (Zhou et al., 2013).
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FIGURE 5. Phenotypes of 35S:ZFP6 overexpression (OX) transgenic lines. (A) Rosette structure of Arabidopsis Col-0 WT, vector control (empty vector, i.e., V5-6), and the 35S:ZFP6 OX transgenic lines 7-2 and 8-1. Trichome formation in (B) Col-0 WT and (C) ZFP6 OX 7-2 line.




Light- and Growth-Responsive Genes Are Differentially Regulated in ZFP6- and ZFPH-Deficient Lines

Using qRT-PCR, we evaluated the expression of PIF3, PIF4, PHYB, and RGA1 (Repressor of GA1), key genes participating in the light- or hormone-dependent regulation of tissue growth (Figure 6; de Lucas et al., 2008; Leivar et al., 2008; Oh et al., 2014). RGA1 is one member of the DELLA family of proteins that binds to PIF3 and PIF4, inhibiting DNA binding activity of these PIF proteins and thus affecting the expression of PIF3- and PIF4-regulated genes (de Lucas et al., 2008; Feng et al., 2008). In R light, target gene PIF3 was ∼2.6-fold upregulated in Col-0 WT compared to W light-treated Col-0 WT (Figure 6A). Notably, PIF3 mRNA levels were significantly reduced in the zfph and zfp6zfph mutants (Figure 6A). This result indicated a positive role for ZFPH in R-dependent PIF3 mRNA accumulation.
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FIGURE 6. PIF3, PIF4, PHYB, and RGA1 expression in seedlings grown in white, far-red, and red light conditions with or without GA. Seedlings were stratified at 4°C for 4 days in darkness and then incubated for 7 days at 22°C in white (W; 110 μmol m–2 s–1), continuous far-red (FRc; λmax ∼735 nm at 5 μmol m–2 s–1), or continuous red (Rc; λmax ∼670 nm at a fluence ∼25 μmol m–2 s–1) in the absence (A–D) or presence of GA (+ GA; E–H). UBC21 was used as the reference gene and the expression data was calculated using the 2–ΔCT method. Bars with different letters are significantly different.


In FR and R light conditions, PIF4 mRNA levels significantly increased in Col-0 WT by ∼3.7- and ∼5-fold, respectively, compared to W light (Figure 6B). These findings align with a previous report where PIF4 mRNA levels in Arabidopsis seedlings grown for 6 days in long days (16 h light, 8 h dark) increased ∼1.7–fold after the seedlings were incubated in continuous R light (Zhai et al., 2020), and prior reported upregulation of PIF4 in both R and FR (Huq and Quail, 2002). Under FR light, PIF4 expression was ∼1.5-fold reduced in zfp6 homolog mutant lines compared to Col-0 WT, although the difference was only significant for zfph. In zfp6 and zfph single mutant lines treated with R light, PIF4 transcripts were significantly upregulated by ∼1.3-fold compared to mRNA levels for R light-treated Col-0 WT seedlings.

PHYB expression levels were significantly higher in R light-treated seedlings than for W or FR light-exposed plants by an average of ∼3.1-fold (Figure 6C). It has been documented that PHY genes are generally constitutively expressed under different light conditions (Clack et al., 1994); however, another report suggests that PHYB is transcriptionally regulated (Somers and Quail, 1995). In R light, single and double zfp6 homolog mutants showed lower PHYB expression levels (∼1.7-fold reduction) than Col-0-WT, suggesting that ZFP6 is involved in upregulating PHYB.

RGA1 mRNA levels significantly increased in all R light-treated seedlings by ∼4.4-fold in comparison to W and FR light, with the exception of the zfp6zfph double mutant that had an increase but it was only marginally significant. However, no significant differences were detected among R light-treated Col-0 WT and R light-treated zfp6 mutant lines (Figure 6D).

Given that some ZFP genes exhibit cascade or reciprocal regulation and to facilitate interpretation of results for target genes, we tested whether ZFPH expression was impacted in a zfp6 mutant, as well as whether ZFP6 expression was impacted in the zfph mutant background. ZFP6 does not directly control ZFPH expression as ZFPH transcripts were present at near WT levels in zfp6 lines (Supplementary Figure 4). Likewise, ZFPH does not act upstream to impact ZFP6 as ZFP6 transcripts were present at near WT levels in zfph lines (Supplementary Figure 4).



Gibberellic Acid Modulates Light- Dependent mRNA Levels of Light- and Growth-Responsive Genes in ZFP6 and ZFPH Deficient Lines

Given the prior association of GA with an induction of ZFP6 expression and the noted impact of light and phytochromes on ZFP6 and ZFPH, we examined the impact of GA on the light- and growth-responsive genes assessed in WT, zfp6, zfph, and zfp6zfph lines. The addition of GA to the growth media resulted in a modulation of PIF3, PIF4, PHYB, and RGA1 expression levels in a light-dependent manner (Figure 6). The mRNA levels of PIF3 were not different among lines grown in the presence of GA; yet, this result in the presence of GA represents a loss of R light-associated induction of PIF3 mRNA levels in WT and zfp6 lines compared to growth in R light in the absence of GA (Figure 6A vs. Figure 6E). Thus, the R-induced accumulation of PIF3 appears to be dependent on both GA and ZFPH.

The mRNA levels of PIF4 were significantly upregulated in FR light-exposed seedlings compared to seedlings grown in R and W light in the presence of GA by ∼7.7- and 4-fold, respectively (Figure 6F). Notably, the pattern of PIF4 transcript levels in FR and R light-treated seedlings were inverted when the seedlings grew in the presence of GA (Figure 6B vs. Figure 6F). PIF4 mRNA levels were only significantly different in the zfp6zfph double mutant for GA-treated seedlings in FR light, suggesting a redundant role for the two factors under this condition.

By comparison, PHYB transcript levels were significantly lower in GA-treated zfp6, zfph, and zfp6zfph mutant seedlings under W light compared to WT (Figure 6G). While there were no significant differences in PHYB mRNA levels for any seedlings including WT when treated with GA under R light, PHYB levels were significantly reduced (∼4.8-fold) in GA-treated, R light-exposed seedlings compared to their untreated counterparts grown in R light (Figure 6C vs. Figure 6G). In FR light, PHYB was ∼2.6-fold upregulated in GA-treated zfph seedlings compared to GA-treated FR light-grown Col-0 WT, and also significantly upregulated in the zfp6zph double mutant (Figure 6G).

There was no significant impact of GA treatment on RGA mRNA levels in W or FR light conditions (Figure 6H). However, RGA1 mRNA levels were significantly reduced (∼7.5-fold) in GA-treated R-light exposed seedlings compared to R light-exposed seedlings grown without the addition of GA (Figure 6D vs. Figure 6H).

Together, these results indicate interactions between light, GA and, ZFP6/ZFPH in regulating the expression of some genes, including PIF3 and RGA1.



ZFP6 and ZFPH Promoters Contain Light-Responsive Elements and Are Potentially Regulated by Light-Induced Genes

Analyses of the ZFP6 and ZFPH promoter regions were conducted to identify cis-elements potentially involved in light responsiveness. Potential transcription start (TS) sites for ZFP6 and ZFPH were found at nucleotide –109 (score cutoff 0.98) and –80 (score cutoff 1.0), respectively, from the start codon. ZFP6 and ZFPH promoter region analyses resulted in the identification of different light-responsive motifs (Figure 7). For ZFP6, elements identified included G-Box, GA, GATA, GT1, and TCT motifs. The ZFPH promoter possessed two consensus sequences belonging to the TCT and Box 4 motifs. All these motifs have been previously documented as light-responsive elements (Shariatipour and Heidari, 2018).
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FIGURE 7. Promoter analyses for ZFP6 and ZFPH genes. The transcription start (TS) was identified using the neural network promoter prediction website and the putative light-responsive promoter regions were found using the PlantCare database (see text for details). Numbers indicate the motif and start codon positions. Sequence of the motif and the strand of DNA on which it is found (–, negative; +, positive) is indicated in the table.


To determine whether ZFP6 and ZFPH genes are potentially regulated by proteins encoded by light-responsive genes, an additional in silico analysis was performed using the TF2Network database (see text footnote 4). We compared the ZFP6 and ZFPH genes vs. 3,290 genes previously reported as light-responsive genes (Table 1; Bechtold et al., 2008; Shi et al., 2018). We found 9 and 17 genes that may encode proteins that bind and potentially regulate expression of ZFP6 and ZFPH, respectively. One notable factor predicted to regulate ZFPH is PIF4, which together with altered PIF4 levels in the zfph mutant in FR and R light conditions (Figure 6A) suggests an interesting potential feedback loop between ZFPH and PIF4. Many of the identified genes belong to the ZFP family, which indicates a cascade regulation among ZFP genes, as previously reported (Zhou et al., 2013). In addition, among genes predicted to encode factors that regulate ZFP6 and ZFPH are an overrepresentation of hormone-inducible genes, mainly those regulated by ABA (Supplementary Figure 2).




DISCUSSION

Phytochromes negatively regulate ZFP6 and ZFPH expression. We, thus, investigated whether phytochrome-dependent regulation of ZFP6 and ZFPH is involved in controlling aspects of photomorphogenesis. To examine the interplay between phytochromes and ZFP6 and ZFPH during development, we analyzed the development of zfp6, zfph and zfp6zfph mutants under distinct light conditions. Given the prior association of ZFP6 induction by GA, we also examined the impact of modulating GA levels on development through treatment of seedlings with exogenous GA or a GA inhibitor. The zfp6, zfph, and zfp6zfph mutant lines exhibited significantly longer hypocotyls than Col-0 WT under FR light conditions. There was no specific effect of GA treatment or inhibition of GA accumulation on zfp6, zfph, or zfp6zfph seedling relative to WT in either R or FR light, indicating that the impacts of GA and phytochromes on these ZFP homologs may occur independently.

In FR light, PIFs escape phyB-mediated degradation as phyB remains in the cytosol and thus its transcriptional activity is blocked (Kevei et al., 2007); this FR-associated block of phyB translocation and a lack of associated phyB activity such as the downregulation of PIF4 in the nucleus promotes PIF4 accumulation and elongated hypocotyls (Fiorucci and Fankhauser, 2017). In line with this, we observed that PIF4 transcripts significantly increased in response to FR light in Col-0 WT (Figure 6B). As previously reported, PIF4 mRNA levels also increase in R light (Figure 6A; Zhai et al., 2020). Of note, the phytochrome-dependent regulation of a transcription factor that results in downregulation of PIF4 mRNA levels in FR light and upregulation in R light in deficient mutants was previously reported for sig2 mutants (Oh and Montgomery, 2013), which parallels the response noted here for zfp6 and zfph mutants. Of note, SIG2 is a regulatory factor also controlled by phyA and phyB and that impacts both PIF4 mRNA levels and hypocotyl elongation among other phenotypes (Oh and Montgomery, 2013). However, the regulation of PIF4 levels did not correspond with significantly longer hypocotyls in R or FR light for zfp6 and zfph mutants. Thus, although ZFP6 and ZFPH appear to exert positive transcriptional regulation on PIF4 under FR light and negative regulation under R light, this does not explain in full the significant disruption in hypocotyl elongation under FR. This finding may suggest that other members of the PIF family, or other factors altogether, may be involved in coordinating the observed etiolated responses in FR light where the hypocotyls of ZFP6 and ZFPH-deficient seedlings were significantly longer than WT. We also checked PIF3 mRNA levels in FR and its expression was not significantly changed under these conditions.

Under R light, our results imply that ZFP6 may limit hypocotyl elongation in part in WT by blocking PIF4 mRNA accumulation in R light (Figure 8), taking into consideration previous research that has shown consistency at the level of transcript levels and protein accumulation for PIF (Lee et al., 2021) and DELLAs (Zentella et al., 2007; Achard et al., 2008). To demonstrate whether ZFP6 is sufficient to inhibit hypocotyl elongation in seedlings, we created transgenic plants overexpressing ZFP6. The ZFP6 OX plants exhibited shorter hypocotyls than Col-0 WT Arabidopsis seedlings, especially those exposed to FR and R light conditions (Figure 4). These results confirm a key regulatory role of ZFP6 in restraining tissue elongation.
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FIGURE 8. Model showing ZFP6 genetic interactions in red and far-red light. Published literature has demonstrated that phyB destabilizes PIFs while RGA1 (a DELLA family protein) blocks PIF4 (prior relationships represented with solid black lines). In red (R) light (left), phyB reduces ZFP6 expression. In turn, ZFP6 downregulates PIF4 and induces PHYB (relationships established in this work represented with dotted lines) in R light likely providing a feedback loop to aptly modulate hypocotyl lengths in response to light. ZFPH serves to promote PIF3 in R light, and PIF3 is also promoted by GA in R. In the presence of the growth-promoting GA hormone in R light, GA reduces RGA1 transcripts, which allows PIF4 accumulation and promotion of elongation in presence of GA. In far-red (FR) light (right), phyB together with phyA reduce ZFP6 (and ZFPH) expression. In the presence of the growth-promoting GA hormone in FR, GA promotes PIF4 accumulation leading to elongation typical of etiolation.


We observed elongated hypocotyls in all cases when GA was added. Additionally, Col-0 WT and all mutant seedlings treated with PAC displayed the same phenotypes independent of whether grown in R or FR light. These results indicate that DELLAs exert their impact on seedling elongation via an independent mechanism compared to ZFP6 and ZFPH, and that DELLAs likely serve as master regulators in response to GA.

As we observed increased ZFP6 mRNA levels for phyB mutants, we were also interested in evaluating the expression of PHYB in zfp6 mutant lines to test for reciprocal regulation. PHYB was downregulated in zfp6 and zfph mutant lines grown in R light, suggesting that ZFP6 is implicated in upregulating PHYB under these conditions (Figure 8). Indeed, by performing in silico analysis of the ZFP6 and ZFPH promoters, we identified several light-regulated motifs in the ZFP6 and ZFPH promoters. We also identified several proteins encoded by light-regulated genes that can potentially regulate ZFP6 and ZFPH. This finding aligns with prior analyses in which some members of the ZFP family have been previously associated with photomorphogenesis in plants (Ito et al., 2018).

Here, we report that hypocotyl elongation can be modulated at the seedling stage depending on ZFP6 and ZFPH phytochrome-dependent regulation. In addition to ZFP6 and ZFPH being regulated by light and phytochrome activity, ZFP6 and ZFPH regulate PHYB and PIF4 and PIF3, key components of the photomorphogenesis signaling cascade that can impact organ elongation genes. In mature plants, the rosette architecture is markedly reduced in lines overexpressing ZFP6, while the hairy trichomes become denser as previously reported (Zhou et al., 2013). Additional research is needed to fully elucidate the phytochrome and ZFP6/ZFPH-dependent regulatory network(s) that target organ-elongation genes and, ultimately, control light-dependent morphogenesis in planta.
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The red-light regulated transcription factors FHY3 and FAR1 form a key point of light input to the plant circadian clock in positively regulating expression of genes within the central clock. However, the fhy3 mutant shows an additional red light-specific disruption of rhythmicity which is inconsistent with this role. Here we demonstrate that only fhy3 and not far1 mutants show this red specific disruption of rhythmicity. We examined the differences in rhythmic transcriptome in red versus white light and reveal differences in patterns of rhythmicity among the central clock proteins suggestive of a change in emphasis within the central mechanism of the clock, changes which underlie the red specificity of the fhy3 mutant. In particular, changes in enrichment of promoter elements were consistent with a key role for the HY5 transcription factor, a known integrator of the ratio of red to blue light in regulation of the clock. Examination of differences in the rhythmic transcriptome in the fhy3 mutant in red light identified specific disruption of the CCA1-regulated ELF3 and LUX central clock genes, while the CCA1 target TBS element, TGGGCC, was enriched among genes that became arrhythmic. Coupled with the known interaction of FHY3 but not FAR1 with CCA1 we propose that the red-specific circadian phenotype of fhy3 may involve disruption of the previously demonstrated moderation of CCA1 activity by FHY3 rather than a disruption of its own transcriptional regulatory activity. Together, this evidence suggests a conditional redundancy between FHY3 and HY5 in the integration of red and blue light input to the clock in order to enable a plasticity in response to light and optimise plant adaptation. Furthermore, our evidence also suggests changes in CCA1 activity between red and white light transcriptomes. This, together with the documented interaction of HY5 with CCA1, leads us to propose a model whereby this integration of red and blue signals may at least partly occur via direct FHY3 and HY5 interaction with CCA1 leading to moderation of CCA1 activity.
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INTRODUCTION

The circadian clock is an internal regulator of biological processes that enhances fitness by ensuring living organisms are optimally in sync with the daily cycle of day and night (Creux and Harmer, 2019). A wide range of behaviours and metabolic reactions, environmental responses and even biotic interactions has been found to oscillate with a circadian rhythm that continues even under constant environmental conditions. In plants, circadian clock outputs control seedling establishment (Gommers and Monte, 2018), development (Henriques et al., 2018) and rhythms of leaf movement (Woodley Of Menie et al., 2019). Replenishment of the photosynthetic machinery is maximised around dawn (Dodd et al., 2015) while usage of starch reserves overnight is carefully timed to coincide with the duration of night (Graf et al., 2010). The clock also forms the basis of timekeeping for the measurement of day length in the regulation of flowering time, tuber formation and bud dormancy (Rodriguez-Falcon et al., 2006; Ibanez et al., 2010; Song et al., 2015) and, consequently, has a significant impact upon agriculture. Many plant responses also vary in magnitude at different times of day. Triggers received at certain times of day may be better indicators of environmental information than those received at other times. In such cases, the clock acts as a “gate” which closes at certain times, constraining these responses. For example, response to temperature is much greater around subjective dusk (Grundy et al., 2015). Light induction of gene expression is much more prominent during the subjective day (Millar and Kay, 1996; Fraser et al., 2021) and even responses to plant hormones is gated to be maximal at certain times of day (Covington and Harmer, 2007).

The circadian clock, itself, is acutely responsive to light. Light forms the most prominent indicator of dawn and dusk and so light, along with temperature, forms a key input to entrain the clock (Oakenfull and Davis, 2017). Although circadian clocks run with a precisely repeating period of approximately 24 h, a limited range of different period lengths can be observed within a population meaning that most individuals require minor adjustments to the phase of their clock to keep it in time with the diurnal cycle. Equally, latitudinal clines can be observed in circadian period length. Differences in period length within a species are thought to be an advantage in dealing with the varying stresses associated with different latitudes but this also requires an ability to reset the clock on a daily basis (Michael et al., 2003). Finally, as daylength changes through the year, minor adjustments are needed and the final pattern of the circadian cycle may be a combination of resetting signals at dawn and dusk that enable optimal adaptation to the different seasons (Hearn et al., 2018).

The photoreceptors mediating light input to the clock have been well characterised. Both red and blue wavelengths can adjust the clock, perceived by the red-absorbing phytochromes and blue-absorbing cryptochromes and Zeitlupe photoreceptor (Somers et al., 1998; Devlin and Kay, 2000; Yan et al., 2021). As an indication of how important light input is within the plant circadian system, the majority of the genes that make up the plant central clock have been demonstrated to be light regulated (Oakenfull and Davis, 2017). The plant clock, itself, consists of interlocked transcriptional feedback loops (Hsu and Harmer, 2014). Two morning-phased myb transcription factors, CCA1 and LHY, act to repress evening-phased genes, ELF3, LUX, and ELF4, which encode the constituents of an evening complex that, in turn acts to repress a series of pseudo response regulator genes. PRR9, PRR7, PRR5, and TOC1 (PRR1). The PRR proteins peak in that order in a sequence ranging through the day, and act to complete the loop by repressing CCA1 and LHY expression. The action of TOC1 in regulation of CCA1 expression has been shown to involve interaction with the TPS transcription factor, CHE (Pruneda-Paz et al., 2009), which binds a TCP binding site (TBS), GGTCC (or GGACC). At the same time, positive acting factors including RVE8, another myb transcription factor related to CCA1 and LHY, act in response to light to activate expression of many of the central clock genes including the PRR genes, PRR9, PRR5, and TOC1, and the evening complex genes, LUX and ELF4. The RVE8 gene also shows circadian regulation, with its expression peaking at dawn and, like CCA1 and LHY, being repressed by the PRR proteins.

As well as driving oscillation of the central clock, the clock components are also responsible for output from the central clock, targeting a significant proportion of the transcriptome (Michael et al., 2008). Both the negative actions of CCA1 and LHY and the positive actions of RVE8 are mediated by their association with evening elements in the promoters of their target genes and the evening element has been found to be highly enriched in the promoters of rhythmic genes. CCA1 also binds to another TBS, GGCCCA (or TGGGCC) as well as GA (or CT) motif elements and potentially G-boxes (CACGTG) to mediate output from the clock (Kamioka et al., 2016).

We are also now beginning to understand more about how the mechanism of light input affects the genes of the central clock, itself. A number of signal transduction components acting downstream of the phytochromes and cryptochromes have been shown to act on central clock gene expression. The HY5 transcription factor acts downstream of both phytochromes and cryptochromes in light signalling. HY5 protein accumulates in response to light and associates with the ACE (ACGT) promoter element, which forms the core of the G-box, whereby it activates gene expression as part of a dimer with the related protein, HYH. HY5 associates with the promoters of most of the central clock genes but particularly acts in blue light input to the clock. The hy5 mutant has a short period in blue light but not red or white light. It was recently demonstrated that HY5 levels are higher in blue light and considerably reduced in red light. Hence, HY5 confers information about the ratio of red and blue light (Hajdu et al., 2018). The light-signalling transcription factors, FHY3 and FAR1, also act a dimer to positively regulate expression of the central clock genes, ELF4, and CCA1, by binding to the FHY3/FAR1 binding site (fbs), CACGCGC, in the promoters of these target genes (Li et al., 2011; Liu et al., 2020). Consistent with this, loss of either FHY3 or FAR1 causes an almost complete loss of ELF4 expression in white light. However, only a slight loss of the amplitude of CCA1 and LHY expression was observed under the same conditions (Li et al., 2011), indicating that loss of either FHY3 or FAR1 does not stop the clock altogether in white light. However, the fhy3 mutation does cause a much more dramatic effect in red light. In red light there is an almost complete loss of CCA1 and LHY expression (Allen et al., 2006). Furthermore, analysis of the output gene, CAB2, also showed a wavelength-specific phenotype. CAB2 expression in fhy3 is arrhythmic in red light but shows limited rhythmicity in white light and completely normal circadian rhythmicity in blue light (Allen et al., 2006), indicating that action of FHY3 is also dependent on the proportions of red and blue light incident on the plant. Interestingly, FHY3 but not FAR1 protein directly interacts with HY5. Additionally, FHY3 interacts with a number of central clock proteins. FHY3 but not FAR1 also directly interacts with CCA1 and LHY in the regulation of ELF4 expression, while both FHY3 and FAR1 directly interact with TOC1 and PIF5 in the regulation of CCA1 expression.

Here we have further investigated the role of FHY3 and FAR1 in light input to the clock. We confirmed that the red-specific disruption of rhythmicity of the fhy3 mutant extends to a wide range of clock outputs and to several central clock genes. However, the far1 mutant showed normal rhythmicity in all light conditions. Given the requirement for both FHY3 and FAR1 dimer components for transcriptional activation of ELF4 expression via the fbs, this suggested that the red-specific disruption of rhythmicity in fhy3 likely reflects and additional role for FHY3, possibly related to its specific protein interactions. A microarray analysis comparing the circadian transcriptome in white light and red light revealed a series of coherent changes in the patterns of rhythmicity, which may explain the greater severity of the fhy3 phenotype in red versus white light. Most notably, the proportion of the transcriptome showing rhythmicity was considerably reduced in red, while the amplitude of the expression of a number of clock genes was also reduced. Specifically, the morning-phased genes, CCA1, RVE8, and PRR9, and the evening phased genes, LUX and ELF4, damped low, while PRR5 damped high. Simultaneously, the importance of the evening element and the G-box among rhythmic genes in red light was reduced. A general decrease in mean expression among rhythmic genes peaking during the night was also observed in red light, while genes showing reduced mean expression in red were also found to be strongly enriched in G-box elements. The importance of the G-box among genes showing differential expression patterns in white and red light, coupled with the known variation in HY5 levels in response to changes in the proportion of red and blue light, is consistent with a key role for HY5 in this transition between white and red light configurations. A similar investigation of the fhy3 transcriptome revealed a loss of rhythmicity in the majority of output genes in red light. At the same time, almost all central clock genes showed a dramatic loss of amplitude, with ELF3 and LUX becoming completely arrhythmic. In contrast, PRR5, uniquely, showed an increase in amplitude. Genes becoming arrhythmic in fhy3 showed enrichment of the CCA1-targetted TBS site, TGGGCC, suggesting that CCA1 action is disrupted in fhy3. In contrast, the fbs element was only found to be enriched among genes showing a reduction in mean expression in fhy3 and was not enriched among those losing rhythmicity, supporting the proposal that the red-specific arrhythmicity of fhy3 is not simply related to the role of FHY3 as a transcription factor in directly activating clock genes. Rather, our findings point to the specific interaction of FHY3 but not FAR1 with CCA1 being a potential explanation for this phenotype. On that basis, we propose that FHY3 and HY5, respectively, may form a key mechanism for integration of red and blue light signals to the clock, with FHY3 acting in red and white light and HY5 in blue, possibly via their interaction as a complex with the CCA1 central clock protein.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The fhy3-4, far1-2, and fhy3-4 far1-2 mutants of Arabidopsis thaliana and their isogenic wild type in the No-0 ecotype have been described previously, as have the fhy3-4, far1-2, and fhy3-4 far1-2 mutant and isogenic wild type luciferase reporter lines containing CAB2:LUC and CAT3:LUC, TOC1:LUC and ELF4:LUC, also in the No-0 ecotype (Wang and Deng, 2002; Li et al., 2011). In all experiments, seeds were sterilised in 30% bleach, 0.02% Triton X-100, sown on Murashige and Skoog (MS) medium containing 2% sucrose, then stratified for 3 days in darkness at 4 C. Following stratification, seeds were germinated and grown in 12 h white light/12 h dark cycles for 7 days prior to treatment conditions. White light for this consisted of equally mixed red light (λ-max 660 nm, 60 μmol m–2 s–1), blue light (λ-max 450 nm, 60 μmol m–2 s–1) provided by LEDs within Fytoscope FS80-RGBIR Minicabinets (Photon Systems International, Brno, Czechia). All experiments were carried out at 21 C.

Light conditions during luciferase bioluminescence imaging experiments were provided within the imaging chamber by a custom-made LED rig providing red light (λ-max 660 nm, 40 μmol m–2 s–1), blue light (λ-max 450 nm, 40 μmol m–2 s–1) or white light consisting of equally mixed red and blue light (total 40 μmol m–2 s–1).

For microarray analysis and for RT-qPCR analysis of CCA1, LHY, and ELF4 rhythms, lighting conditions were provided by red light (λ-max 660 nm, 120 μmol m–2 s–1) LEDs within Fytoscope FS80-RGBIR Minicabinets (Photon Systems International, Brno, Czechia).

All light measurements were made using a StellarNet EPP2000-HR spectroradiometer.



Luciferase Imaging

Luciferase imaging was carried out using a NightOwl ultra Cooled CCD (charge-coupled device) camera (Berthold Technologies, United Kingdom) as described by Siddiqui et al. (2016). Data were analysed by using Winlight image analysis software version 2.17 (Berthold Technologies, United Kingdom). Using this software, uniform, circular regions of interest were manually placed over the seedlings and quantification of bioluminescence counts from within these regions was automatically collected from the sequence of images taken and imported into a Microsoft Excel spreadsheet along with data for time of collection. Mean and standard error for bioluminescence for each seedling were then calculated. All data represent the findings of at least two independent experiments.



Microarray Analysis

RNA extraction was carried out as described previously (Wang et al., 2011). Samples for our microarray analysis in red light in wild type and the fhy3 mutant were taken at 24, 32, 40, and 48 h after the transfer to red light. Approximately 100 seedlings were collected for each sample. Our microarray hybridisation was carried out by the Nottingham Arabidopsis Stock Centre (Nottingham, United Kingdom) using Affymetrix ATH1 arrays. To enable the comparison of rhythmic gene expression in Arabidopsis in continuous white light, the publicly available Affymetrix ATH1 dataset, NCBI GSE8365 (Covington and Harmer, 2007) was selected. Following normalisation with our own microarray data, this was analysed for the identification of rhythmic gene expression alongside our microarray data using the methods developed here for this study. As in our assay, these seedlings in the NCBI GSE8365 dataset had been entrained in 12 h white light/12 h dark cycles for 7 days. These NCBI GSE8365 samples had been transferred to constant white light (120 μ mol m–2 s–1) and, after 24 h in constant light, 12 samples were harvested at 4-h intervals over the next 44 h. All data from both microarray experiments was normalised as a single dataset using the D-chip programme (Li and Wong, 2001). Probes lacking a corresponding AGI code in the Arabidopsis genome TAIR10 version of the Affymetrix ATH1 probe assignment were excluded prior to subsequent analyses as were probes corresponding to mitochondrial genes and chloroplastic genes. In order to exclude non-expressed genes, those probes which had a mean expression for every genotype/treatment considered that was below 5% of the mean expression value of all probes across all arrays were discounted.



Rhythm Analysis

Rhythmicity was determined based on a combination of two criteria: correlation to a sine wave with a period of 24 h and a minimum change in expression from peak to trough. The correlation approach was based on that described by Devlin et al. (2003) for the analysis of co-expression patterns in microarray data. This was adapted for the analysis of rhythmic gene expression as follows. A Pearson correlation was performed to assess the degree of correlation to sine waves with period 24 h with mean and amplitude equal to 60 phased 1 h apart. The phase giving the highest r value for correlation was selected for each gene. A t-test for correlation (r) was then performed and genes showing a p-value of <0.01 were selected (H0: r = 0). Selected genes were then tested to determine whether they exceeded a minimum change in expression level from peak to trough. Genes showing either a predicted 1.5-fold change in expression from peak to trough or an absolute change in expression between minimum and maximum sample points of 250 times mean expression value of all probes across all arrays were selected. The predicted fold change in expression from peak to trough was calculated based on a comparison of the fold change between the nearest sample points to the calculated peak and trough and the predicted values at those same points for a sine wave with the same phase, the same mean expression level and a peak to trough variation of 1.5-fold. All calculations involved in selection were performed in Microsoft Excel and automated using visual basic.



Cis Element Analysis

Cis element analysis was carried out using the MEME and DREME modules of the MEME Suite software package (version 4.12.0) (Bailey and Elkan, 1994; Bailey, 2011). The region 500 base pairs upstream of the transcription start site was used for analysis and MEME suite was run using the Cygwin interface https://www.cygwin.com on the Microsoft Windows operating system.

Z-scores for overrepresentation of specific phases among rhythmic genes containing recognised cis elements were calculated based on a rolling window of four phases. A bootstrapping approach was used to generate the background population for each phase window. A total of 100 random groups of rhythmic genes containing the same number of genes as were found within that phase window were selected from among all of the rhythmic genes in that same dataset. The number of occurrences of the element in question within the genes in the phase window was compared to the average from within the 100 random groups. All z-score calculations were performed in Microsoft Excel and automated using visual basic.



Gene Ontology Analysis

Ontological analysis was performed using the PAGEMAN module of the MAPMAN software suite (Usadel et al., 2006), applying the defaults parameters. For data entry, genes within a selected group were given a score of 1 in place of the expected value for log2(expression change). Z-scores for over- or under-represented biological processes were then represented using the conditional formatting function in Microsoft Excel.



RNA Extraction and qRT-PCR

RNA extraction and qRT-PCR were carried both out exactly as described previously (Wang et al., 2011). All gene expression values are expressed relative to an Arabidopsis ACTIN2 housekeeping control. All data represent the findings of at least two independent experiments. The following primers were used for qRT-PCR: CCA1, TCGAAAGACGGGAAGTGGAA CG and GTCGATCTTCATTGGCCATCTCAG; LHY, AGTC TCCGAAGAGGGTCGTATAGC and TCACATTCTCTGCCAC TTGAGGAG; ACTIN2, TCCCTCAGCACATTCCAGCAGAT and AACGATTCCTGGACCTGCCTCATC.




RESULTS


fhy3 but Not far1 Shows Specific Arrhythmicity in Constant Red Light for Multiple Non-direct Target Genes

To examine the impact of both FHY3 and FAR1, individually and in conjunction, on the function of the circadian clock in various light conditions, we used luciferase reporter constructs to examine the circadian expression patterns of two clock output genes and one central clock gene in the fhy3, far1, and fhy3 far1 double mutants in constant red, white and blue light. Seedlings were entrained to light dark cycles before release into constant light. The evening-phased central clock gene, TOC1, showed robust rhythmicity in wild type seedlings in red, white, and blue light. Similarly, TOC1 expression was robustly rhythmic in all conditions in far1 mutant seedlings. In contrast, although fhy3 single mutant and fhy3 far1 double mutant seedlings showed robust TOC1 rhythmicity in constant blue light, both lines displayed a severe disruption of TOC1 rhythmicity after two cycles of oscillation following release into constant white or red light (Figure 1). The evening-phased output gene, CAT3, and the morning-phased output gene, CAB2, behaved very similarly to TOC1 in that circadian rhythmicity was dramatically disrupted in red or white light in the fhy3 and fhy3 far1 mutants but not in far1 mutants (Figure 1). CAT3 expression in fhy3 and fhy3 far1 was disrupted after only a single cycle in red or white light, ultimately resulting in an apparent arrhythmic phenotype in these mutant lines. None of TOC1, CAT3, and CAB2 contain the fbs promoter element, meaning that these are not direct target genes for FHY3 and FAR1. These observations demonstrate that the disruption of rhythmicity of these non-target genes is specific to the absence of FHY3 only, and is not affected by absence of FAR1. Furthermore, the patterns of rhythmicity of these three genes confirm that the phenotype only occurs in the presence of red light in each case. These patterns reinforce the proposal that the previously observed red-light specific role for FHY3 in the circadian clock is distinct from its function as a positive acting transcription factor as part of a dimer with FAR1, where loss of either component has been shown to result in reduced function.
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FIGURE 1. Loss of FHY3 but not FAR1 results in arrhythmic expression of non-target genes in the presence of red light. Wild type, fhy3, far1, and fhy3 far1 mutant seedlings containing either the TOC1:LUC, CAT3:LUC, or CAB2:LUC transgenes were germinated and entrained in 12 h white light: 12 h dark cycles for 1 week before transfer to either constant white (red + blue), red or blue light. Luciferase bioluminescence was then recorded every 2 h. Data represent the means of at least 11 seedlings ±SE.




Global Circadian Gene Expression Patterns Differ in Red Light

In order to further examine the nature of the red-light specific circadian defect in fhy3 mutants, we carried out a microarray analysis of gene expression over a 24 h period in constant red light in wild type and fhy3 mutant seedlings. Seedlings were entrained in 12 h/12 h white light/dark cycles for seven days before transfer to constant red light and tissue collection. RNA extraction was carried out at 24, 32, 40 and 48 h after transfer. Our data for CAB:LUC oscillation in red and white light (Figure 1) corroborated our previous observation that the loss of rhythmicity was more extreme in red light than in white light (Allen et al., 2006). Consequently, we also took the opportunity to compare the wild type transcriptome in red light to that previously published for seedlings in white light in otherwise identical conditions of entrainment and light intensity. Our aim here was to look for potential differences which could underlie the impact of light wavelength on the fhy3 phenotype. For this, we examined the publicly available white light microarray dataset of Covington and Harmer (2007). After normalisation of both white light and all red light data as a single dataset and removal of data for ambiguous probes, non-nuclear genes and non-expressed genes, analysis of circadian gene expression patterns was performed using a method modified from Devlin et al. (2003). For this, the Pearson correlation coefficient was calculated for each gene to a series of sine waves of period 24 phased 1 h apart across one whole circadian cycle. The sine wave giving maximum correlation coefficient (r) for each gene was recorded. To ensure high stringency in light of the low sampling resolution for the red light data, only those genes for which the maximum correlation gave a p-value of less than 0.01 using a t-test for correlation coefficient (H0: r = 0) and met minimum extrapolated peak-to-trough expression change criteria (1.5-fold change or an absolute change of 250 times the mean expression of all genes on the array across all timepoints) were accepted as circadian. The phase of the sine wave giving the maximum correlation was then recorded as being the phase of expression for that gene. Applying these criteria to the white light data revealed 2,438 genes displaying a circadian rhythm (Supplementary Table 1). This represents 13% of expressed genes which agrees with previous analyses which range between 6 and 31% (Harmer et al., 2000; Edwards et al., 2006; Michael et al., 2008).

Applying these criteria to our red light data revealed 5,915 genes displaying a circadian rhythm (31% of expressed genes, Supplementary Table 2). Analysis of the reasons for failure of genes to meet our selection criteria in either white or red light conditions indicate that lower numbers of genes in the white light data meet each of the two criteria (correlation and fold-change). A total of 79% of expressed genes in the white light dataset do not meet the expression change criteria compared to 60% of expressed genes in the red light dataset, consistent with the white light dataset collected by Covington and Harmer (2007) having a lower median dynamic range (median min–max range white = 1.26, red = 1.42; Supplementary Figure 1). At the same time, 69% of expressed genes in the white light dataset do not meet the correlation criterion, compared to 36% of expressed genes in the red light dataset. Despite the consistent 0.01 p-value cut-off used in both cases, it is probable that there would still be a reduced likelihood of a correlation for genes within the white light dataset given the fact that it covers two cycles rather than just one. Genes must, therefore, show good correlation with a sine wave over both cycles in the white light data to achieve the cut-off. The variable nature of the data means that there is likely to be a difference in the correlation of each cycle of actual data with a consistent sine wave applied across both cycles and the final correlation would represent a best fit “compromise” between the two cycles, reducing the r value that could be achieved by fitting a sine wave to a single cycle. We can, however, have a greater confidence in genes correlating in the white light data as a result. Given the latter, we considered the white light rhythmic transcriptome as our baseline for comparison between white and red light and looked at the way in which genes identified as rhythmic in white light changed their behaviour in red light. Primarily, it is notable that only 46% of the genes (1,129) identified as rhythmic in white light were also identified as rhythmic in red light suggesting considerable loss of rhythmicity in red light (Supplementary Table 3). However, a comparison of the phases of expression of genes that were identified as rhythmic in both conditions revealed that these genes showed a similar phase in both conditions; though, the vast majority were shifted slightly later by 2–3 h in red light (Figure 2A). Consistent with this, in both conditions, the most frequent times of peak expression for all rhythmic genes was also similar, with high numbers of rhythmic genes peaking during the afternoon or late night. Again, though, these maxima were on average 2–3 h later in red light than in white light (Figure 2B), suggesting that the absence of blue light results in a delay in phase; though, this could equally be caused by a lengthening of period, given the single cycle of data available for red light.
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FIGURE 2. Rhythmic genes show a slightly delayed phase in red light. Phases of genes identified as rhythmic in wild type (WT) seedlings in both white and red light based on microarray data. (A) Genes were grouped by their calculated phases in each light condition and numbers of genes for each phase combination were represented as a heatmap. (B) Total number of genes displaying each phase in the two conditions.


Given the loss of rhythmicity in red light observed for 54% of rhythmic genes in white light, we then investigated the reasons for failure to meet our criteria for rhythmicity among these genes. The most common reason behind loss of rhythmicity in red light was revealed to be a failure to meet our expression change criteria (67% of genes), suggesting that the absence of blue light resulted in a loss of amplitude. An analysis of the change in mean expression in red versus white light revealed that the majority of rhythmic genes in white light also showed a reduction in mean expression in the absence of blue despite the consistent light intensity in both conditions (Figure 3). Interestingly, the majority of these genes showing reduced expression in red were genes peaking during the subjective night (Figure 3), suggesting an important positive role for blue light at this time. The smaller group of genes showing an increase in mean expression in red showed a preference for genes peaking during the subjective day, the 180° phase difference, suggesting these may, indeed, include genes that are normally negatively regulated by those night time genes which now show lower expression in red.
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FIGURE 3. Night-phased genes in white light show a loss of mean expression in red. For all genes identified as rhythmic in wild type (WT) in white light, the change in mean expression in red light was plotted against calculated phase in white light. Bins for log2 change in mean expression also follow a log2 progression. Each expression change bin covers the range up to the value indicated, starting from the value of the preceding bin.


We also observed differences in the enrichment of gene ontology terms that were associated with various biological processes among rhythmic genes in white versus red light. Rhythmic process terms enriched in white light included photosynthesis, major carbohydrate metabolism, amino acid synthesis, various aspects of secondary metabolism, as well as stress and redox signalling (Supplementary Figure 2). Photosynthesis and major carbohydrate degradation continued to be enriched among genes that were rhythmic in red light as did stress responses. However, minor carbohydrate metabolism (raffinose/trehalose), amino acid synthesis, and many secondary metabolic processes were no longer enriched. Instead, these processes were enriched among genes which became arrhythmic in red light (Supplementary Figure 2).



Central Circadian Clock Gene Expression Patterns Differ Between White and Red Light

We then compared the expression patterns of the central clock genes in white light and red light-grown seedlings. The raw data and fitted sine waves are shown in Figure 4. All clock genes analysed continued to be rhythmic in red light and, consistent with global patterns of gene expression, most of the clock genes showed a slightly delayed phase in red (Figure 4 and Supplementary Table 4). However, more noticeable differences were observed in amplitude of expression of specific central clock genes in red. Amplitude was reduced in the morning-phased genes, CCA1 and RVE8; in the daytime-phased genes, PRR9, PRR5, and CHE; and in the evening-phased genes, LUX and ELF4 (Figure 4 and Supplementary Table 4). ELF4, particularly, showed a dramatic decrease in amplitude and mean expression. This very low ELF4 expression in red was confirmed by analysis of bioluminescence in seedlings containing an ELF4:LUC transgene (Supplementary Figure 3). It is also notable that, while the amplitude reduction seen in CCA1, PRR9, LUX, and ELF4 was a result of decreased peak expression, the reduced amplitude observed in PRR5 was distinct in being the result of an increased trough value. The pattern of ELF3 expression was also remarkable in showing a dramatic increase in mean expression level without showing any change in amplitude. In this comparison, both assays were carried out in the same light intensity suggesting that these changes in central clock gene expression are result of the specific absence in blue wavelengths and that this non-redundant nature of red and blue light input pathways to the clock may be the result of differential regulation of distinct groups target genes within the clock by the two pathways.
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FIGURE 4. Changes in central clock gene expression in white light, red light and in the fhy3 mutant. Mean microarray data values and mathematically fitted waveforms are shown for central clock genes in wild type (WT) seedlings in constant white and in wild type and fhy3 seedlings in constant red light. Grey bars represent subjective day and night.




Promoter Element Enrichment Differs Between the White and Red Light Circadiome

Promoter element enrichment analysis using DREME and MEME (Bailey and Elkan, 1994; Bailey, 2011) for the white light circadiome revealed several previously characterised circadian clock-associated cis elements within the region 500 bp upstream of the transcription start sites of rhythmic genes: the evening element (AAAATATC), bound by CCA1 and LHY (Harmer et al., 2000); two TCP binding sites (TBS): the core GGTCC (or GGACC) which is bound by CHE (Pruneda-Paz et al., 2009) and the GGCCCA (or TGGGCC) site, bound by CCA1 (Kamioka et al., 2016); and a G-box variant (CACGTG), associated with binding of HY5, PIFs and PILs (Toledo-Ortiz et al., 2003; Figure 5A).
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FIGURE 5. Promoter elements enriched in rhythmic genes. (A) Recognised elements enriched in genes in the categories indicated. Rhythmic White (rhythmic in wild type in white light); Rhythmic Red (rhythmic in wild type in red light); Red –1.5x v White (rhythmic genes in white light showing mean expression in red light ≤1.5-fold that in white light); Red +1.5 v White (rhythmic genes in white light showing mean expression in red light ≥1.5-fold that in white light); Rhythmic fhy3 (genes which maintain rhythmicity in fhy3 in red light); Arrhythmic fhy3 (genes which lose rhythmicity in fhy3 in red light); fhy3 –1.5 v WT (genes with mean expression in fhy3 in red light ≤1.5-fold that in wild type in red light). (B) Phase enrichment among Rhythmic White genes containing the elements indicated. Note two variants of the G-box are shown. (C) Phase enrichment among the Rhythmic Red genes containing elements indicated. Phase enrichment is represented by z-score and plotted as a three-point moving average. Dotted lines indicate z-scores corresponding to p = 0.05. Z-scores greater than 1.96 or less than –1.96 indicate significant enrichment for a given phase.


Both TBS elements and the G-box showed significant enrichment, more specifically, in the region 50–100 bp upstream of the transcription start sites of rhythmic genes (Supplementary Figure 4). Analysis of the phase of genes containing each of these elements revealed that the genes possessing the evening element were significantly more likely to display a phase of peak expression in a window centred on phase 8 (afternoon), while genes containing a G-box were significantly enriched in a window centred around dawn (Figure 5B), consistent with previous observations (Michael et al., 2008). Those containing the TBS element, TGGGCC, were significantly enriched in a window centred on phase 14 (early night) (Figure 5B).

Promoter element enrichment analysis for the red light circadiome revealed only a partially overlapping set of enriched elements. The TBS element, TGGGCC, was again found; though, genes containing it showed a later peak of phase enrichment than was observed in white light, at around phase 19 (Figures 5A,C), consistent with the slightly later phase of expression of rhythmic genes in red. Curiously, neither the evening element nor the G-box were enriched in the red circadiome. Instead, two additional GA motifs were observed (GAGAGAGAGA and RRAGAAGAAG) (Figure 5A). Both are very similar to elements that are bound by CCA1 (Kamioka et al., 2016). Genes containing the GA element were also shown to be upregulated as a result of TOC1 over expression (Gendron et al., 2012). Genes possessing the GA motif were significantly more likely to display a phase of peak expression in a window centred on phase 8 (Figure 5C). Intriguingly, the disappearance of G-box enrichment in the red circadiome is accompanied by the observation that those genes which were rhythmic in white light and which showed a decrease in mean expression in red light (>1.5-fold decrease) did show an enrichment of the G-box (Figure 5A). The G-box is a target of HY5 which has been shown to bind to the promoters of a number of clock genes, with binding enhanced by blue light. It specifically regulates PRR5, LUX, and ELF4 and has been predicted to regulate CCA1 (Li et al., 2011; Hajdu et al., 2018), all of which show reduced amplitude in red. Finally, those genes showing an increase in mean expression in red light (>1.5-fold increase) showed a specific enrichment for presence of a morning element-related cis motif (Figure 5A), the morning element, enriched in the promoters of morning-phased genes (Harmer and Kay, 2005) which is consistent with the observation that the majority of genes showing upregulation in white versus red showed a morning phased expression (Figure 3).

In all, this suggests that the changes in patterns of circadian expression in the absence of blue light may be related to the role of HY5 in integrating the relative quantities of red and blue light. It is also notable that the evening element, which was specifically enriched in genes rhythmic in white light in many studies (Harmer et al., 2000; Michael et al., 2008), was not enriched among genes showing rhythmicity in red light. Along with the analysis of clock gene expression, this further indicates the difference in the relative importance of the central clock proteins responsible for rhythmicity, itself, for plants growing in the absence of blue light. This is, furthermore, consistent with our proposal that the relative importance of FHY3 may be greatly enhanced as a result of the loss of some redundancy in the clock system under the specific conditions created by the relative reduction in blue versus red light input.



The fhy3 Mutation Causes Dramatic Changes in the Circadian Transcriptome in Red Light

Comparison of the circadiome of the wild type and fhy3 mutant in red light revealed a dramatic reduction in the number of genes which remained rhythmic in fhy3 (2,258 of the 5,915 rhythmic genes identified in wild type; Supplementary Table 5). Thus, although the majority of genes that were rhythmic in wild type lost rhythmicity, fhy3 was not completely arrhythmic. Comparative analysis of the phases of peak expression of genes that remained rhythmic revealed an unexpected profile. Rather than a consistent phase relationship between wild type and fhy3, rhythmic genes in fhy3 appear concentrated in one of two windows of peak phase, centred on phases 4 and 16 (4 h after subjective dawn and 16 h after subjective dawn), with the majority of genes that were phased at other times in wild type, shifting to one of these two phase windows in fhy3 (Figure 6). Genes peaking around subjective dawn or phase 0 in wild type shifted slightly later to phase 4, genes peaking around late night in wild type shifting to phase 16 and genes peaking during the afternoon in wild type shifting to either phase 4 or phase 16 in approximately equal proportions (Supplementary Figure 5).
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FIGURE 6. Rhythmic genes show a concentration in morning and early night phases in fhy3 in red light. Phases of genes identified as rhythmic in both wild type and fhy3 in red light based on microarray data. (A) Genes were grouped by their calculated phases in each genotype and numbers of genes for each phase combination were represented as a heatmap. (B) Total number of genes displaying each phase in the two genotypes.


The vast majority (3,465 of 3,657) of the genes which lost rhythmicity in fhy3 failed our rhythmic selection criteria on the basis of fold change in expression, suggesting severe loss of amplitude among the majority of cycling genes was the primary cause of arrhythmicity. We also analysed the change in mean expression in fhy3 in all genes that were rhythmic in wild type in red light. Curiously, though, we observed that approximately equal proportions of genes showed increased and decreased mean expression in fhy3, suggesting that this loss of rhythmicity in fhy3 was not simply a general loss of positive regulation of gene expression due to the loss of a light signalling component. Furthermore, there was a marked association between phase of expression in wild type and the occurrence of either an increase or decrease in mean expression in fhy3. The majority of those genes which showed a decrease in mean expression in fhy3 showed a daytime phase in wild type, whilst the majority of those genes which showed an increase in mean expression in fhy3 showed a night time or dawn phase in wild type (Figure 7).
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FIGURE 7. Afternoon-phased genes in wild type show a loss of mean expression in fhy3 in red light. For all genes identified as rhythmic in wild type in red light, the change in mean expression in fhy3 was plotted against calculated phase in wild type. Bins for log2 change in mean expression also follow a log2 progression. Each expression change bin covers the range up to the value indicated, starting from the value of the preceding bin.


In terms of biological processes among genes that became arrhythmic in fhy3 versus those that maintained rhythmicity, an ontology enrichment analysis suggested that photosynthetic processes, minor carbohydrate metabolism (raffinose/trehalose), and brassinosteroid metabolism became arrhythmic in fhy3. Cell wall proteins, gibberellic acid metabolism and stress responses maintained rhythmicity in wild type and fhy3, while major carbohydrate degradation, secondary metabolism, and auxin and abscisic acid metabolism, although not significantly enriched among all genes showing rhythmicity in red light (irrespective of white light), did also show rhythmicity in fhy3 (Supplementary Figure 6).



Analysis of Central Clock Gene Expression Indicates Fundamental Circadian Defects in fhy3

Analysis of the expression patterns of the central clock genes in fhy3 in red light revealed the majority remained rhythmic by our definition; though, many showed a dramatic reduction in amplitude (Figure 4 and Supplementary Table 6). The evening genes, ELF3 and LUX, however, experienced such a comprehensive loss of amplitude as to be classed as arrhythmic in fhy3. The dawn-phased clock genes, CCA1, LHY, and RVE8, all showed a dramatic loss of peak expression. PRR9 and PRR7, showed both a loss of peak and gain of trough expression levels, damping to an intermediate mean expression level versus wild type levels in red. PRR5 showed an increase in amplitude, courtesy of higher peak expression levels, whilst CHE showed a dramatic loss of peak expression similar to the morning-phased genes. Of the evening phased genes, TOC1 damped high in fhy3, showing higher trough levels, consistent with our analysis of the effect of fhy3 in red light in TOC1:LUC seedlings (Figure 1). In becoming arrhythmic, LUX also damped high in fhy3, whilst ELF3 damped low. Curiously, ELF4, a direct target of FHY3 in its role as a transcription factor, showed little change in expression in fhy3. ELF4, however, was already damped to extremely low levels in the red light conditions used in this assay (Figure 4, Supplementary Figure 2, and Supplementary Table 6). This lack of impact on ELF4 expression in red light, though, further supports the proposal that the red-specific loss of rhythmicity in fhy3 is indicative of a mode of action of FHY3 that is distinct from its role as a transcription factor targeting ELF4. qPCR analysis in the same lines used for microarray analysis under identical conditions further confirmed the expression patterns of CCA1 and LHY in wild type and fhy3 seedlings in constant red light (Figure 8). Our qPCR analysis also included the far1 mutant. In both cases the far1 mutant showed only a slight reduction in amplitude in contrast to fhy3. It is also clear that the rhythmicity in the far1 mutant is much more robust than that in fhy3. The loss of amplitude is consistent with FAR1 playing a role in the functioning of the FHY3-FAR1 dimer as a positive regulator of CCA1 gene expression (Li et al., 2011) but the much more dramatic effects of the fhy3 mutation are, again, consistent with an additional role of FHY3 in maintaining rhythmicity in these conditions.
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FIGURE 8. Confirmation of expression patterns of selected central clock genes in constant red light. Wild type, fhy3 and far1 mutant seedlings were germinated and entrained in 12 h white light: 12 h dark cycles for 1 week before transfer to constant red light. Expression of CCA1 and LHY was calculated relative to Actin. Data represent the means of three biological replicates ±SE.


Analysis of enriched cis elements associated with genes showing specific arrhythmicity in fhy3 revealed only one recognised element, the TBS element, TGGGCC. In contrast, the other two elements that were associated with rhythmicity in red light in wild type seedlings, both variants of the GA motif, were the sole elements enriched in genes which maintained rhythmicity in fhy3 (Figure 5 and Supplementary Figure 3). The absence of any enrichment of the fbs is also significant in that regard, further supporting the distinction from the mode of action of FHY3 as a transcription factor regulating gene expression via the fbs. Appropriately, an analysis of the cis elements enriched in genes that are rhythmic in wild type but which show a change in mean expression in fhy3 revealed the enrichment of the fbs in genes showing at least 1.5-fold decrease in mean expression in fhy3 (Figure 5 and Supplementary Figure 3). The TGGGCC motif is a CCA1 target (Kamioka et al., 2016). Together with the fact that CCA1 is a specific interactor with FHY3 but not FAR1 (Li et al., 2011), this supports our proposal that the red-specific defect in rhythmicity in fhy3 may be a result of disrupted CCA1 transcriptional regulation activity. Indeed, we previously showed that FHY3 interaction normally represses the transcriptional activity of CCA1 (Li et al., 2011). Disrupted CCA1 action is also consistent with complete loss of rhythmicity in fhy3 of two key CCA1 targets, ELF3 and LUX (Figure 4).




DISCUSSION


FHY3 Plays an Additional Role in Maintenance of Circadian Rhythmicity, Independent of FAR1

We previously demonstrated that the fhy3 mutant showed a red light-specific arrhythmicity for several circadian clock-regulated processes. Growth in red or white light results in disrupted rhythmicity for leaf movement and for CAB2 gene expression (Allen et al., 2006). Subsequent discoveries revealed FHY3 to be a transcription factor which dimerises with its close homologue, FAR1, to activate expression of genes possessing an fbs promoter element, including the ELF4 central clock gene (Li et al., 2011; Liu et al., 2020). Loss of either FHY3 or FAR1 was shown to result in arrhythmic expression of ELF4 in constant white light due to an extreme loss of ELF4 expression (Li et al., 2011). However, the same study demonstrated that the wider loss of rhythmicity in white light, which was originally observed in the fhy3 mutant (Allen et al., 2006), was only seen in the absence of FHY3 and not in the absence of FAR1 (Li et al., 2011). Here, we have expanded upon this by examining the fhy3 and far1 single mutants and the fhy3 far1 double mutant in red, white and blue light. Both the fhy3 mutant and the fhy3 far1 double mutant displayed severely disrupted rhythmicity for expression of CAT3, TOC1, and CAB2 expression in red and in white light but showed normal rhythmicity in blue. Conversely, far1 mutants showed normal rhythmicity in red, blue, and white light, confirming that the role for FHY3 in maintaining rhythmicity in red or white light does not involve FAR1 and likely represents an additional mode of action for FHY3 beyond its role in the FHY3-FAR1 transactivating dimer. In this study we have gathered evidence from microarray analysis supporting a possible explanation for this phenomenon. One key distinction between FHY3 and FAR1 in their involvement in the circadian clock is their differential interaction with the central clock protein, CCA1 (Li et al., 2011). Only FHY3 but not FAR1 interacts with CCA1, and this interaction reduces the transcriptional repressive action of CCA1 (Li et al., 2011). We, therefore, speculated that the additional role for FHY3 in maintenance of circadian rhythmicity in red or white light may relate to this CCA1 interaction. In addition, a recent observation that HY5 acts as an integrator information on the ratio of red and blue light in the regulation of the clock offered a possible explanation for the occurrence of arrhythmicity in red and in white light but not in blue. HY5 protein is more stable in blue than in red and HY5 binds more strongly to the promoters of a number of central clock genes in blue than in red. Furthermore, hy5 shows a mutant phenotype intermediate between that in red and blue light (Hajdu et al., 2018) and, thus HY5 action in wild type plants would create a potentially quite different circadian backdrop in these conditions against which FHY3 would be acting. HY5 is another interactor with CCA1 and, indeed, HY5 is another protein which interacts with FHY3 but not FAR1 (Li et al., 2011) suggesting all three may form a complex. Coupled with our earlier finding that FHY3 protein is stabilised in red light (Siddiqui et al., 2016), we, therefore, speculated that, perhaps FHY3 and HY5 together mediate a wavelength-specific regulatory effect on the clock which covers both red and blue input. Such an interaction would likely show a conditional redundancy whereby, in conditions with a high ratio of red to blue wavelengths (red or white light), FHY3 protein would be stable but HY5 protein would be destabilised. Conversely, in blue light, HY5 would be the dominant player. Thus, the impact of the loss of FHY3 would only be observed in red or white light. Consistent with this, our observations show that loss of FHY3 impacts clock gene expression much more in red and white light while Hajdu et al. (2018) have shown that the loss of HY5 much more strongly impacts on clock gene expression in blue light.



Global Circadian Gene Expression Patterns Differ in Red Light

As an initial step in seeking support for these proposals, we sought to examine the impact of loss of FHY3 in red light on the wider transcriptome in the hope of better understanding this distinct FHY3 action. This analysis also afforded the opportunity to compare white light and red light circadian transcriptomes for the first time. We chose a correlation-based curve fitting approach for this as it forms a very convenient method to overall global comparisons of the whole circadian transcriptome, while still assigning circadian rhythmicity and phase to individual genes with statistical certainty. Such an approach also lends itself to analysis of low-resolution, short time course data. Our data indicated that approximately half of the genes that were observed to show circadian oscillation in constant white light showed a loss of rhythmicity in constant red light. In most cases this loss of rhythmicity resulted from a decrease in amplitude in red light. Genes which maintained rhythmicity in red light also preserved the same phase relationships as in white light; though, they showed a slightly later phase across the board. Our data also indicate a loss of mean expression level in red versus white light in many genes which peak during the subjective night. This implies that blue light may be particularly important at this time of day, possibly suggesting that it may be especially important in responding to light beyond the time of expected dusk or prior to the time of expected dawn as days lengthen toward summer. Central clock genes all maintained rhythmicity in red light; however, while many clock genes showed dramatic differences in amplitude in red versus white light, others maintained amplitude or even showed increased amplitude. Amplitude was reduced in CCA1, RVE8, PRR9, CHE, LUX, and ELF4 as a result of loss of peak expression level. ELF4, particularly, showed a dramatic decrease in both amplitude and mean expression. These configurations point to a specific circadian role for blue light in determining the final patterns of expression of the central clock components observed in white light. The overall effect of the patterns of expression of the central clock components, however, does not appear to be related to simple loss of a positive effect of blue light input as light-induced genes, LHY and TOC1 (Martinez-Garcia et al., 2000; Hsu et al., 2013) are among those that showed no loss of amplitude. A loss of amplitude in the light-responsive PRR5 also belies this explanation as this is the result of an increase in trough levels, while the light-responsive ELF3 shows no change in amplitude but dramatically increased mean expression.

Of the daytime and evening-phased clock genes, the triplet of PRR5, LUX, and ELF4, which showed a reduction in amplitude, have all been shown to be regulated by HY5 via differential binding of HY5 to the G-box in red versus blue light (Hajdu et al., 2018). The loss of the G-box among elements enriched among rhythmic genes in red light also points to HY5 potentially being a key factor behind the change in expression patterns among central clock genes in red versus white light. Furthermore, the simultaneous enrichment of the G-box among genes showing a decrease in mean expression level in red light also supports this proposal. This is consistent with the observation that HY5 input to the clock is known to change with the ratio of red to blue light. HY5 is stabilised and provides a strong input to the clock in blue, less so in white and less so still in red (Hajdu et al., 2018). On top of this, genes showing the greatest loss of mean expression in red versus white light in our study showed a strong tendency to peak between phase 18 and 21, which coincides with the exact range of peak expression observed by Hajdu et al. (2018) for HY5 expression. At the same time, the CCA1 target element, the GA motif, became statistically enriched among genes found to be rhythmic in red light, while, the evening element, another CCA1 target element, became less important among rhythmic genes in red light, perhaps implying that changes in CCA1 activity may be an important difference between red and white light. Interestingly, the HY5 protein is also a specific interactor of CCA1 and so it is possible that differences in HY5 stability in white versus red may possibly also have an impact on CCA1 activity to alter the balance of clock coordination in red versus white light.

Our findings also suggest that there are some key differences in overt rhythms in white versus red. While rhythmicity within primary metabolism and stress responses appear to remain unchanged in white versus red light, there appears to be a loss of rhythmicity in raffinose and trehalose metabolism, amino acid synthesis and several secondary metabolic processes in red light. The impact of light wavelength on levels of secondary metabolism is well established and is an important aspect of the design of artificial lighting for horticulture (Darko et al., 2014) but the suggestion that that levels of blue light are also important in maintaining normal circadian regulation of such secondary metabolic processes and may form an additional factor for consideration by growers.

These findings represent the first comparison of the circadian transcriptomes in red and white light and, overall, reveal subtle differences in overt rhythms but, more importantly, a switch in emphasis within the central mechanism of the clock in red versus white light, although the maintenance of rhythmicity in all clock genes suggests that the components of the mechanism remain the same even if their relative importance or activity changes.



Global Patterns in fhy3 Indicate Potential Point of Action for FHY3

Our primary aim in examining global gene expression patterns in red light, however, was to examine the impact of the fhy3 mutation on the functioning of the circadian clock. A comparison of rhythmicity in wild type versus fhy3 revealed a dramatic decrease in the proportion of rhythmic genes in red light consistent with our earlier analysis of individual output genes. The importance of FHY3 in maintaining rhythmicity in red light is also emphasised by the fact that photosynthesis related processes are no longer overrepresented among rhythmic genes in fhy3. Of particular interest, though, was the impact of the mutation on the genes of the central clock. The majority of the clock genes maintained rhythmicity in fhy3 in red light, including the two well-documented direct target genes of the FHY3/FAR1 transcriptional activating complex, CCA1 and ELF4. CCA1 did show a reduction in amplitude as has been observed previously (Liu et al., 2020); however, surprisingly, the evening complex gene, ELF4, showed no loss of amplitude in fhy3 in these red light conditions, contrary to the dramatic loss of ELF4 amplitude observed in fhy3 in white light (Li et al., 2011). As noted above, ELF4 expression is already extremely reduced in red light compared to white light in wild type seedlings and it is possible that the lack of impact of the fhy3 mutation on ELF4 in red is a result of ELF4 expression already being effectively minimal. In contrast, there was a much greater impact of fhy3 elsewhere in the central clock. The two other evening complex genes, ELF3 and LUX, become arrhythmic in fhy3, with ELF3 damping low level and LUX damping high. This points to the mis-regulation of these genes perhaps being key to the severe disruption of overt rhythmicity in the fhy3 mutant. These genes are direct targets of CCA1, supporting our proposal that the interaction of FHY3 with CCA1 and the modulation of CCA1 transcriptional regulator function by FHY3 may be the key to the phenotype. Analysis of the cis elements enriched among genes that lose rhythmicity in the fhy3 mutant, also supports this proposal. Genes becoming arrhythmic show enrichment of the TBS element, TGGGCC, bound by CCA1 (Kamioka et al., 2016). It may also be that the loss of this moderation of CCA1 activity also contributes to the gating defect in fhy3. CCA1 expression is strongly promoted by light. It may be that FHY3 protein which is, itself, stabilised in light, is essential to shepherd the clock through the day, preventing excessive clock resetting by light.

The loss of LUX and ELF3 rhythmicity and the already low levels of ELF4 expression suggest that the evening complex would be likely to show an overall inability to fulfil its normal function as a cog in the clock in fhy3. Mutations in LUX and in ELF3 have both been shown to result in extremely low CCA1 and LHY expression, while TOC1 expression damps high in lux and elf3 mutants (Hazen et al., 2005; Dixon et al., 2011) exactly as was observed in fhy3 in red. Again, cis element analysis is consistent with clock gene expression, with genes remaining rhythmic in fhy3 showing enrichment of the GA motif associated with high TOC1 levels (Gendron et al., 2012). Similarly, loss of ELF3 rhythmicity in fhy3 in red light could also help to explain the previously observed loss of gating of light input to the clock in the fhy3 mutant (Allen et al., 2006). The elf3 mutant also shows a loss of gating of light input (McWatters et al., 2000; Covington et al., 2001).

Further evidence that the circadian defect in the fhy3 mutant does not relate to its action as a transcription factor in the FHY3-FAR1 transcriptional activation complex comes from the fact that the target fbs cis element was not found to be enriched among genes becoming arrhythmic in fhy3. However, it was found among genes showing a loss of mean expression in fhy3. Thus, this second role of FHY3 is also disrupted in the mutant as would be expected but it appears to result in a more general decrease in target gene expression. Nevertheless, CCA1 is one of the target genes of the FHY3-FAR1 transcriptional activation complex via the fbs element in its promoter and this may also contribute to the low levels of CCA1 observed in fhy3. It is also of interest that, among rhythmic genes, there was a particular grouping of genes with peak phases 7–9 that showed a loss of mean expression in fhy3, suggesting that this may be the time at which the FHY3-FAR1 transcriptional activation complex normally acts most strongly. Consistent with this, FHY3 protein is strongly daytime expressed in light dark cycles (Li et al., 2011).

In addition to changes in amplitude among the central clock genes, the morning genes, CCA1, LHY, and RVE, along with the daytime gene, PRR5, all show a considerable delay in phase of between 5 and 7 h compared to wild type in fhy3 in red light (Supplementary Table 6). The change in phase in genes which remain rhythmic in fhy3 is reminiscent of the cca1 lhy double mutant phenotype which also shows a change in phase in constant light (Alabadi et al., 2002). The cca1 lhy double mutant assumes an earlier phase rather than a later phase (Alabadi et al., 2002); however, this provides a precedent for the fact that dramatically altered levels of all of the central clock components can cause a change in phase angle versus the preceding entraining stimuli. The fact that not all central clock genes in fhy3 show this phase delay, indicates that there is also a change in the phase angle between the components of the clock loop. It is possible that this change in the relative phases of the clock genes may underlie the strong grouping among those clock output genes which remain rhythmic in fhy3 into to phase groups, centred on phases 4 and 16. Output pathways from the clock are formed by the direct action of the transcription factors that make up the central clock loop and many output genes are targetted by more than one clock component due to combinations of cis elements in their promoters, with the ultimate phase of the target genes being regulated by additive effects. In this way a wide range of phases for output genes can be conferred by a relatively small number of central clock genes. Changes in the relative levels as well as the relative phases of the central clock gene expression may together cause a narrowing of the range of phases possible. In addition, it is possible that the differences in relative phase between the central clock components and also phase grouping among the output genes could, at least partly, be a result of the gating defect in fhy3, whereby improperly regulated light input causes clock resetting at inappropriate times of day. Indeed the strong shift in phase seen in fhy3 among genes peaking in the subjective afternoon in wild type is consistent with the timing of the defect in gating previously observed in fhy3 (Allen et al., 2006).



HY5 and FHY3 Offer a Potential Mechanism for Plasticity in Red and Blue Light Input to the Clock

Our findings point to a conditional redundancy in the roles of HY5 and FHY3 in light input to the clock. Given the fact that HY5 protein shows enhanced stability in blue light while FHY3 protein shows enhanced stability in white and red light (Li et al., 2011; Siddiqui et al., 2016; Hajdu et al., 2018), this may offer a mechanism for plasticity in recruitment of photoreceptor input for the maintenance of normal rhythmicity. The complementary phenotypes of the fhy3 and hy5 mutants are consistent with such an arrangement. The hy5 mutant shows a blue-specific phenotype, while fhy3 shows a white- and red-specific phenotype. It is possible that this wavelength specificity is the result of conditional redundancy with FHY3 compensating for HY5 in red and white light and HY5 compensating for FHY3 in blue (Figure 9). However, although the stability of each is enhanced by specific wavelengths, both proteins none-the-less remain present in all light conditions so this conditional redundancy may depend on levels of the compensating protein falling below a certain threshold in each case. The fact that the fhy3 mutant phenotype is more extreme than that of hy5, would then require that this threshold level for the two proteins is asymmetric. It is also likely that there would be some overlap in action of the two proteins in white light as, rather than showing a simple blue regulated stability, HY5 proteins levels actually respond to the ratio of red to blue light. Indeed, the fact that the fhy3 phenotype is more extreme in red light than white light (Figure 1; Allen et al., 2006) is consistent with a limited amount of HY5 action in this proposed role in white. The fact that FHY3 but not FAR1 interacts with both CCA1 and HY5 leads us to further suggest that this integration may happen as a part of a three-way complex. Our evidence suggests that FHY3 action appears to be via moderation of CCA1 activity, something previously demonstrated at a molecular level (Li et al., 2011). However, we also saw some evidence of a change in CCA1 activity in white versus red light alongside evidence of changes in HY5 activity. It is, therefore, tempting to speculate that one point of convergence of red and blue light signals in input to the clock via FHY3 and HY5 may be in the moderation of CCA1 action.


[image: image]

FIGURE 9. Proposed model for the integration of red and blue light into to the plant clock via FHY3 and HY5. FHY3 plays a dual role in light input to the clock. Firstly, FHY3 acts in conjunction with FAR1 to form a transactivating complex targeting the fbs element in the promoter of CCA1 and ELF4 genes and is required for high amplitude of their expression (Li et al., 2011; Liu et al., 2020). Secondly, FHY3 but not FAR1 is required for the maintenance of wider overt rhythms in constant white and, particularly, red light, where loss of FHY3 causes severely disrupted rhythmicity. Our evidence suggests that this involves moderation of CCA1 activity. FHY3 but not FAR1 interacts with CCA1 and moderates it transcriptional activity in the clock (Li et al., 2011) and we show here that loss of FHY3 particularly disrupts CCA1 target genes. Our findings further suggest that the wavelength specificity of the fhy3 mutant phenotype in the maintenance of wider overt rhythms in constant light may reflect a conditional redundancy between FHY3 and HY5 in light input to the clock. We show here that genes most severely impacted in red light compared to white light are HY5 target genes. Levels and activity of HY5 decrease with decreasing ratio of blue to red light resulting in blue light-specific HY5 activity in light input to the clock (Hajdu et al., 2018). We propose that, in the absence of FHY3, HY5 compensates for FHY3 in maintaining rhythmicity in constant blue light. However, we propose that decreasing HY5 activity means that rhythmicity is disrupted in the fhy3 mutant in constant white and severely disrupted in constant red light.





CONCLUSION

We have demonstrated that the phytochrome signalling component, FHY3, plays a second role in regulation of the circadian clock that is in addition to its previously described activity within and FHY3-FAR1 dimer as a transcriptional activator of ELF4 and CCA1 expression. Loss of only FHY3 and not FAR1 resulted in a red and white light-specific defect in rhythmicity. Our comparison of the transcriptomes of plants grown in red versus white light revealed key differences consistent with the proposal that the previously established role of HY5 as an integrator of the ratio of red to blue light may account for the wavelength specificity of the fhy3 phenotype. HY5 and FHY3, therefore, appear to redundantly act to integrate red and blue light input to the clock. Such a plasticity in recruitment of photoreceptor signalling components in input to the clock would allow plants to adapt to a range of light environments. Furthermore, our analysis of the transcriptomes of wild type and fhy3 mutant seedlings in red light provided strong evidence that FHY3 acts on central clock genes targetted by CCA1, in particular, ELF3 and LUX to maintain rhythmicity. Based on the facts that both HY5 and FHY3 are known interactors with each other and with CCA1, and both moderate the transcriptional activity of CCA1, we propose that the two light signalling proteins, together, may, at least partly carry out this integration of red and blue light input via the modulation of CCA1 activity.
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The shift of dark-grown seedlings to the light leads to substantial reprogramming of gene expression, which results in dramatic developmental changes (referred to as de-etiolation or photomorphogenesis). MicroRNAs (miRNAs) regulate most steps of plant development, thus miRNAs might play important role in transcriptional reprogramming during de-etiolation. Indeed, miRNA biogenesis mutants show aberrant de-etiolation. Previous works showed that the total miRNA expression pattern (total miRNAome) is only moderately altered during photomorphogenesis. However, a recent study has shown that plant miRNAs are present in two pools, biologically active miRNAs loaded to RISC (RNA-induced silencing complex-loaded) form while inactive miRNAs accumulate in duplex form upon organ formation. To test if RISC-loading efficiency is changed during photomorphogenesis. we compared the total miRNAome and the RISC-loaded miRNAome of dark-grown and de-etiolated Arabidopsis thaliana seedlings. miRNA sequencing has revealed that although regulated RISC-loading is involved in the control of active miRNAome formation during de-etiolation, this effect is moderate. The total miRNAomes and the RISC-loaded miRNAomes of dark-grown and de-etiolated plants are similar indicating that most miRNAs are loaded onto RISC with similar efficiency in dark and light. Few miRNAs were loaded onto RISC with different efficiency and one miRNA, miR163, was RISC-loaded much more effectively in light than in dark. Thus, our results suggest that although RISC-loading contributes significantly to the control of the formation of organ-specific active miRNA pools, it plays a limited role in the regulation of active miRNA pool formation during de-etiolation. Regulated RISC-loading strongly modifies the expression of miRNA163, could play a role in the fine-tuning of a few other miRNAs, and do not modify the expression of most miRNAs.

Keywords: Arabidopsis thaliana, photomorphogenesis, reprogramming of gene expression, miRNA, efficiency of AGO loading, miRNAome, RISC-loaded miRNAome


INTRODUCTION

Light regulates many steps of plant development including germination, seedling development, shade avoidance, and flowering (Deng and Quail, 1999; Casal, 2012; Łabuz et al., 2012). The shift of dark-grown seedlings into light leads to substantial reprogramming of gene expression manifests in dramatic developmental changes. The molecular mechanisms of light-controlled seedling development (photomorphogenesis) are well studied. Light-sensitive photoreceptor molecules sense the intensity and quality of the light and trigger different signaling pathways leading to rapid transcriptional reprogramming and changes in protein stabilities (Legris et al., 2019; Cheng et al., 2021). The function of regulatory RNAs in the control of photomorphogenesis is less understood. MicroRNAs (miRNAs) are single-stranded, ∼21–24 nt long non-coding RNAs that play a critical role in post-transcriptional gene regulation in plants (Naqvi et al., 2012; Wang et al., 2019). miRNAs are produced from long, stem-loop structured RNA Polymerase II transcripts called primary miRNAs (pri-miRNAs) by the microprocessor complex (Chen, 2005; Yu et al., 2017). The core components of the microprocessor are the DICER-LIKE1 (DCL1) RNase III enzyme, the zinc finger protein SERRATE (SE), and the double-stranded RNA binding protein HYPONASTIC LEAVES 1 (HYL1) (Kurihara and Watanabe, 2004; Kurihara et al., 2006; Yang et al., 2006). DCL1, the key factor of the microprocessor, first produces precursor-miRNAs (pre-miRNAs) from the pri-miRNAs and then cleaves the pre-miRNAs at sites determined by structural features, thereby producing miRNA-miRNA* duplexes (Iwata et al., 2013). The duplexes are methylated at their 3′ termini by the HUA ENHANCER1 (HEN1) methyltransferase (Yu et al., 2005). The methylated miRNAs are loaded in a single-stranded form onto the ARGONAUTE 1 (AGO1) protein (or less frequently onto one of the many other AGO proteins) (Carbonell and Carrington, 2015) and form presumably with other proteins the functional RNA-Induced Silencing Complex (RISC) (Azevedo et al., 2010; Giner et al., 2010; Dalmadi et al., 2019). The miRNAs can be transported into the cytoplasm in the miRNA-AGO complex or the miRNA-miRNA* duplex (Yu et al., 2017; Bologna et al., 2018; Wang et al., 2019). In the cytoplasm, miRNA guides AGO1 to the mRNAs that show sequence complementarity with the small RNA to silence the target transcript via mRNA cleavage or translational repression. miRNA expression is strictly regulated, transcription of miRNA genes, processing of pri-miRNAs, selection of AGO protein, and stability of miRNAs are precisely controlled (Xie et al., 2010; Naqvi et al., 2012; Li and Yu, 2021). Moreover, a recent study has shown that in Arabidopsis thaliana production of a biologically active miRNA pool can be controlled at the AGO-loading step (Dalmadi et al., 2019). Small RNA-sequencing from the crude extract and gel-filtrated fractions of the crude extract revealed that miRNAs accumulate in two major pools, one that co-fractionates with AGO1 at the high molecular (mol.) weight fractions and a second pool that is present at the low mol. weight fractions. It is proposed that the miRNAs, which co-fractionate with AGO1 are present in the potentially active RISC-loaded form (but see section “Discussion”), while the miRNAs that accumulate at the low mol. weight fractions are present in inactive, miRNA duplex form (Dalmadi et al., 2019). Certain miRNAs mainly accumulate in the active RISC-loaded form, while other miRNAs are predominantly present as duplexes in low mol. weight fractions. The difference between the total miRNA pool (miRNAome) and the RISC-loaded miRNA pool (RISC-loaded miRNAome) is defined as RISC-loading efficiency. A comparison of RISC-loaded fractions of Arabidopsis leaves and flowers demonstrated that the RISC-loading efficiency of many miRNAs is organ specifically regulated (Dalmadi et al., 2019).

MicroRNAs regulate many steps of plant development, thus it is expected that miRNAs are also involved in the control of photomorphogenesis. Indeed, Arabidopsis mutants affected in miRNA expression show aberrant photomorphogenesis responses. Photomorphogenesis is altered in certain miRNA mutants, for example, miR167b and miR848 act as negative, whereas miR319b and miR160b as positive regulators of photomorphogenesis (Sun et al., 2018). Moreover, the dcl1-9 and hyl1-2 miRNA biogenesis mutants were hypersensitive to red light in the hypocotyl elongation assay (Sun et al., 2018). Furthermore, if dark-grown Arabidopsis seedlings are de-etiolated (shifted to light), the DCL1, HYL1, and SE microprocessor proteins accumulate to high levels and the pri-miRNA levels of most miRNAs are enhanced (Choi et al., 2020; Bhagat et al., 2022; Jung et al., 2022). The expression of microprocessor components is under complex regulation, for instance, altered transcription, phosphorylation, and protein stability all contribute to the increased HYL1 level during de-etiolation (Choi et al., 2020; Sacnun et al., 2020; Bhagat et al., 2022; Jung et al., 2022). However, high throughput miRNA sequencing (miRNA-seq) revealed that although pri-miRNA levels and microprocessor concentrations are increased during photomorphogenesis, the total miRNAome is only moderately altered (Choi et al., 2020). The total miRNA level remains stable during photomorphogenesis because light stabilizes the FORKHEAD-ASSOCIATED DOMAIN 2 (FHA2) microprocessor suppressor protein, thus miRNA processing is slow despite the enhanced microprocessor concentration (Park et al., 2021). The miRNA composition has also changed moderately during photomorphogenesis. Although many miRNAs accumulate significantly different in the dark-grown and de-etiolated plants, the changes are modest and not consistent between studies (Shikata et al., 2014; Chung et al., 2016; Choi et al., 2020; Li and Yu, 2021). The exception is miR163, which is a light-inducible miRNA that accumulates dramatically during photomorphogenesis (Chung et al., 2016; Choi et al., 2020; Li and Yu, 2021). Upregulation of miR163 is physiologically relevant, and the miR163-mediated silencing of 1,7-PARAXANTHINE METHYLTRANSFERASE (PMXT1) is required for normal primary root elongation during photomorphogenesis (Chung et al., 2016; Li and Yu, 2021).

It is controversial that miRNA biogenesis factors are important for normal photomorphogenesis (Cho et al., 2014; Sun et al., 2018), while total miRNAome is only moderately altered during de-etiolation (Choi et al., 2020). It was also reported that although in de-etiolated plants the total miRNAome changed only slightly, miRNA activity might be enhanced. During de-etiolation, the expression of certain miRNA target transcripts was declined, while their 3′ cleavage products accumulated (Lin et al., 2017). If the RISC-loading is more efficient in de-etiolated than in dark-grown plants, the biologically active, RISC-loaded miRNAomes would be more different than the total miRNAomes and could explain how light can enhance the target cleavage activity of miRNAs. To test this assumption, we wanted to comparatively study the changes of total miRNAome and RISC-loaded miRNAome during photomorphogenesis. Crude extracts were prepared from dark-grown and de-etiolated Arabidopsis seedlings and these extracts were gel-filtrated to separate the RISC-loaded and non-loaded miRNAs. Then miRNA-seq assays were conducted from the crude extracts and from the AGO containing gel-filtrated fractions to analyze the changes of total miRNAomes and the RISC-loaded miRNAomes during photomorphogenesis. We found that both total miRNAome and RISC-loaded miRNAome differed moderately between dark-grown and de-etiolated seedlings. Our results suggest that most miRNAs are loaded with similar efficiency in both dark-grown and de-etiolated samples, few miRNAs are selectively loaded but the differences are modest. The exception was miR163 was much more efficiently loaded onto RISC in de-etiolated plants than in dark-grown seedlings. These data suggest that during photomorphogenesis, regulated RISC-loading plays a critical role in the formation of an active miR163 pool and contributes to the control of the biologically active pool of a few other miRNAs. Thus, we conclude that selective RISC-loading does not substantially control the formation of active miRNAome (except for miR163) during de-etiolation, and instead, it could play a role in the fine-tuning of miRNA expression.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Arabidopsis thaliana Col-0 seeds were put on plates containing 1 × Murashige-Skoog medium supplemented with 1 w/v sucrose and kept in the dark at 4°C for 3 days, and illuminated with white light for 4 h. Then plates were kept in dark at 22°C. On day 5, half of the plates were transferred to white light for 72 h (de-etiolation), while the rest of the plates were kept in dark for 72 h (referred to as light and dark samples, respectively). Finally, 8 days old seedlings were collected and frozen in liquid nitrogen.



Extracts Preparation and Gel-Filtration

Crude extracts used for gel-filtration (and for immunoprecipitation, see later) were prepared in a buffer containing 50 mM Tris pH 7.0, 10 mM NaCl, 5 mM MgCl2, and 4 mM DTT from dark and light samples as described (Dalmadi et al., 2019). Part of the crude extract was stored and used as input. The 400-μl crude extracts were loaded onto a Superdex HR-200 10/30 GL column (Merck Inc., United States). The void volume of the column (7 ml) was released, and then 36 fractions (500 μl) were collected. Even-numbered fractions were used to isolate RNA and odd-numbered fractions were used for protein isolation.



RNA Isolation, Small RNA Northern Hybridization

Inputs and gel-filtrated fractions were extracted with phenol-chloroform-isoamyl alcohol (500:125:1, pH 4.6) and then 1/10th volume of 3M NaOAc was added. RNA was precipitated with 1 vol. of isopropyl alcohol. Resuspended RNAs were used for miRNA-seq and for Northern blot assays. RNA was separated in 8M urea 12% acrylamide (38% acrylamide, 2% bis-acrylamide) 1 × TBE gels and transferred to Hybond + membrane (GE Healthcare, United States). Locked nucleic acid (LNA) (Merck Inc., United States) containing oligonucleotides labeled at the 5′ end with biotin corresponding to the reverse complement of miR163, miR159b, and miR168a were used for miRNA detection. Hybridization and detection were carried out with the North2South™ Chemiluminescent Hybridization and Detection Kit (Thermo Fisher Scientific 17097) according to the instructions of the manufacturer.



Protein Isolation and Western Blotting

Fractions of the gel-filtration experiment were precipitated with four volumes of ethanol, centrifuged with 14,000 × g at 4°C for 10 min, and resuspended in 20 μl of 2 × Laemmli buffer. Resuspended fractions and input samples (30 μl of crude extract) were loaded into 10% acrylamide SDS gels, after separation proteins were transferred to PVDF membranes (Bio-Rad, CA, United States; Immun-Blot PVDF Membrane, 1620177). Incubations were carried out with the AGO1 (Agrisera, Sweden AS09 527), actin (Agrisera, Sweden AS13 2640), and histone H3 (Abcam, United States ab1791) antibodies.



Immunoprecipitations

Crude extracts were prepared identically for immunoprecipitation (IP) and gel-filtration. IPs were carried out with the AGO1 antibody (Agrisera Sweden AS09 527) as described (Dalmadi et al., 2019). Samples were taken from inputs (In), supernatant (SN), and the third wash off the resin (W#3). Half of the eluates were diluted in 100 μl IP2 buffer (50 mM TRIS pH 7.5, 150 mM NaCl, 5 mM MgCl2, 4 mM DTT) and then RNA was isolated as described earlier. The second half of the eluate was denatured in 2 × Laemmli buffer. Northern and Western blotting were used to detect miRNAs and proteins as described earlier.



Cell Separation

The separation of nuclei from cytoplasm was performed as described (Dalmadi et al., 2019). One gram of seedling was extracted in 10 ml extraction buffer (10 mM Tris pH 7.5, 1.14 M sucrose, 5 mM MgCl2, 7 mM mercaptoethanol), then the crude extracts were filtered through three layers of Miracloth. After 10 min centrifugation at 4°C at 900 × g, samples were taken from the supernatant and hereafter referred to as cytoplasmic extracts. Pellet was washed three times with extraction buffer supplemented with 0.15% Triton X-100 and centrifuged with the same parameters. ^100 μl of the supernatants and 200 μl of the third wash were used for RNA and protein extractions. The pelleted washed nuclei were resuspended in a 5 ml solution of lysis buffer (50 mM Tris pH 7.5, 5 mM MgCl2, and 5 mM KCl), and then 50–50 μl were used for RNA and protein extraction.



High Throughput MicroRNA Sequencing

To characterize total miRNAomes and RISC-loaded miRNAomes from dark-grown and de-etiolated (dark and light, respectively) Arabidopsis seedlings, high throughput miRNA sequencing (miRNA-seq) was conducted from crude input extracts of dark and light samples (referred to as D Input and L Input) and from AGO1 containing high mol. weight gel-filtrated fractions of D and L extracts (referred to as D RISC and L RISC for Dark RISC-loaded and Light RISC-loaded samples). AGO1 containing fractions (fraction 3–6) were combined. For each condition, four biological replicas were sequenced. Small RNA libraries have been prepared with QIAseq miRNA Library Kit for Illumina NGS systems according to the manufacturer’s protocol (Qiagen, Germany). Sequencing has been performed on Illumina NextSeq 500 platform with 1 × 75 bp SE reads.

Raw sequencing data have been processed first with FastQC to assess the overall quality of sequences, then Unique Molecular Identifiers have been extracted by using UMI_tools (v1.1.1) (Smith et al., 2017). Reads have been filtered using Biopython to include reads that are min. 18 bps and max. 30 bps long. Alignment of reads was performed to NCBI GCA_000001735.1_TAIR10 using Bowtie (v1.2.2) (Langmead et al., 2009). The resulting SAM file has been converted to BAM using the SAMtools view option (v1.10) (Danecek et al., 2021). The BAM file has been deduplicated by grouping reads with the exactly same UMIs together with UMI_tools (v1.1.1). Features have been counted and annotated according to miRbase v22 by feature counts (Liao et al., 2014) (DESeq2 has been used to normalize samples; Love et al., 2014).



Bioinformatical Analysis

The four miRNA sequencing datasets (D Input, L input, D RISC, and L RISC) were uniformly processed. A total of 101 miRNAs were identified (Supplementary Table 1), and then miRNAs that were below 10 copies in at least 50% of the four different conditions were excluded from the dataset and were not subjected for comparison. miRNA*s (*refers to the unloaded miRNA strand) were also excluded, thus 34 miRNAs were included in the analysis. The data were normalized to the corresponding total amount of all miRNAs identified in the given experiment. Relative total amounts and RISC-loaded amounts were calculated for all miRNAs in light and dark and were compared. The student’s t-test was also used to test for differential expression between light and dark conditions of total miRNA amounts as well as for RISC-loaded miRNA amounts. P-values lower than 0.05 were considered statistically significant.




RESULTS

Previous results have shown that although miRNA biogenesis mutants show aberrant photomorphogenesis (Cho et al., 2014; Sun et al., 2018), the total miRNAome is only moderately changed (Choi et al., 2020). Here, we wanted to comparatively study the changes of total miRNAome and RISC-loaded miRNAome during photomorphogenesis.


Gel-Filtration Efficiently Separates the RNA-Induced Silencing Complex-Loaded and Unloaded MicroRNAs of the Seedling Extracts

To compare total miRNAomes and RISC-loaded miRNAomes between dark-grown and de-etiolated plants, we should efficiently separate RISC-loaded and unloaded miRNAs. To establish an effective separation system, crude extracts were prepared from Arabidopsis seedlings grown for 8 days in the dark or shifted on day 5 from dark to white light for 3 days (referred to as dark and light samples, respectively), and then a part of dark and light samples was subjected to gel-filtration (Figure 1A). Fractions were collected and subjected to AGO1, histone H3, actin western blot, and miR163, miR159b, and miR168a small RNA gel blot assays (Figure 1B). The studied proteins and miRNAs accumulated similarly in the dark and light samples except that miR163 was detectable only in the light sample. This confirms that miR163 is a light-inducible miRNA. The crude extracts contain both nuclear and cytoplasmic fractions and the nuclear control H3 accumulated in the high mol. weight fractions, while the cytoplasmic control actin was present in the medium mol. weight fractions (Figure 1B). As expected, AGO1 was also present in the high mol. weight fractions. miR159b and miR163 RNAs were co-fractionated with AGO1 in the high mol. weight fractions. By contrast, miR168 accumulated to low levels in the AGO1-containing fractions, and it was mainly present in the low mol. weight fractions (Figure 1B). These low mol. weight fractions likely correspond to the cytoplasmic free miRNA duplexes (Dalmadi et al., 2019).
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FIGURE 1. Size-selective separation of miRNAs. (A) Schematic representation of the experimental plan. (B) Gel-filtration efficiently separates the RISC-loaded and unloaded miRNAs. Crude extracts were prepared from Arabidopsis seedlings grown for 8 days at dark (Dark) and from de-etiolated seedlings (Light), which were grown for 5 days at dark and then for 3 days in white light. Gel-filtrated fractions were collected and Western blot assays were conducted with AGO1, histone H3, and actin antibodies or RNAs were isolated from the fractions, and then Northern blot experiments were carried out with biotin-labeled miR163, miR159b, and miR168 LNA oligos. Black sticks represent protein size markers in kilodalton (kDa). The first lanes represent the protein and RNA inputs isolated from the crude extracts (In). The red bracketed fractions (3–6) were combined and used for miRNA-sec. Note that AGO1, miR163, and miR159b accumulate in high mol. Weight fractions, while miR168 is mainly present in low mol. Weight fractions and that miR163 is not detectable in the dark samples. (C) miR163, miR159b, and miR168 are associated with AGO1. Crude extracts of dark and light samples were used for immunoprecipitation (IP) using the AGO1 antibody. RNA samples isolated from the input (In), the supernatant (SN), the third wash (W#3), and the pellet (Elu) of the AGO1 IP were used for Northern blot assays. Proteins were isolated from the same sources and subjected to Western blotting to detect AGO1 and the cytoplasmic control actin protein. To estimate the efficiency of AGO1 IP and the ratio of AGO1-loaded fraction of miR168 and miR159, the ratios of Elu and SN signals (Elu/SN) of the light and dark samples were calculated for AGO1 and for the two miRNAs (from three replicas), and then the light and dark Elu/SN values were compared. Elu/Sn mean values and ± standard deviations are shown. The Elu/SN values were not significantly different between dark and light samples (see p-values). Note that AGO1 IP was partial, thus it is a semi-quantitative assay.


To confirm that the miRNAs that co-fractionated with AGO1 could be complex with AGO1, co-immunoprecipitation studies were conducted. AGO1 IP was similarly efficient from dark and light samples. However, a significant amount of AGO1 remained in the supernatant showing that AGO1 IP was partial. As we expected, all three miRNAs can be immunoprecipitated with the AGO1 antibody (Figure 1C). MiR159 and miR168 were AGO1 immunoprecipitated with comparable efficiency in dark and light samples (miR163 is not present in the dark samples) suggesting that these two miRNAs are similarly represented in the immunoprecipitated fraction of AGO1 in the dark and light samples.

Taken together, our gel-filtration results indicate that miR159 and miR163 were efficiently loaded onto AGO1 (or less likely to other AGOs that also accumulated in the high mol. weight fractions), while miR168 was inefficiently loaded onto AGOs, and it was mainly present as miRNA duplex. In mature Arabidopsis leaves and flowers, AGO1 was also present in the high mol. weight fractions, miR159 and miR163 were efficiently loaded onto AGO1, and miR168 was predominantly present in miRNA duplex form (Dalmadi et al., 2019). Thus, the studied miRNAs show similar AGO loading patterns in the dark-grown and de-etiolated seedlings as well as in the different organs of full-grown plants.



Total MicroRNA Levels Are Moderately Changed During Photomorphogenesis Except for miRNA163

To comparatively study the changes of total and RISC-loaded miRNAomes during photomorphogenesis (Figure 1A), miRNA-seq was conducted from crude input extracts of dark and light samples and the AGO1 containing gel-filtrated fractions of dark and light extracts (referred to as D Input, L Input, D RISC-loaded, and L RISC-loaded samples, respectively). Four biological replicas were studied. Principal component analyses show that the samples are relevantly different (Supplementary Figure 2), one component separated the dark and light samples, while the second component separated the input and RISC-loaded samples. The identical samples were grouped closely together. After excluding the miRNA* strands and the miRNAs that were very poorly expressed (see section “Materials and Methods”), we analyzed the expression of 34 miRNAs. First, we compared the miRNAome of D and L inputs. In line with previous studies (Choi et al., 2020; Li et al., 2021), we found that the miRNAomes of D and L inputs were moderately different and 10/34 miRNAs accumulated significantly different (Figure 2 and Supplementary Table 2A). However, the changes are modest, only four miRNAs (miR163, miR319a, miR408, and miR482) showed more than 2-fold differences. Three of them, miR319a, miR408, and miR482, were underrepresented in the L input (0.49, 0.38, and 0.47-fold). miRNA163 was exceptional, it accumulated to low levels in the D input, while it was dramatically increased (∼20.5-fold) in the L input (Supplementary Table 2A). These results are consistent with previous results showing that during photomorphogenesis, miRNA163 was dramatically upregulated, while the expression of other miRNAs was changed slightly (Choi et al., 2020; Li et al., 2021).
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FIGURE 2. Total miRNA expression of dark-grown and de-etiolated Arabidopsis seedlings. (A) The heat map of relative expressional differences of miRNAs of dark-grown (Dark) and de-etiolated (Light) seedlings [log2(FC)]. miRNAs that express significantly different are in bold letters, which show at least ±2-fold difference are highlighted in red. (B,C) Relative expressional distribution of identified miRNAs in light and dark samples. The salient data point represents miR163 in both (B,C).




During Photomorphogenesis, the AGO-Loading Efficiency of miR163 Is Strongly Enhanced While the Loading Efficiency of Other MicroRNAs Is Only Slightly Changed

Next, we compared the RISC-loaded miRNAomes of dark and light samples. The RISC-loaded miRNAomes were also moderately different, 12/34 miRNAs accumulated significantly different and 6-6 miRNAs were overrepresented in the RISC-loaded light and dark samples (Figure 3 and Supplementary Table 2B). However, only four miRNAs show more than 2-fold differences, miR408 and miR156f-3p were less abundant (0.44 and 0.44-fold), while miR565 (2.2-fold) and miR163 were more abundant in the light RISC-loaded samples. Notably, miR163 was dramatically overrepresented (109.66-fold) in the RISC-loaded de-etiolated sample relative to the dark-grown RISC-loaded sample (Figure 3 and Supplementary Table 2B).
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FIGURE 3. RISC-loaded miRNA expression of dark-grown and de-etiolated Arabidopsis seedlings. (A) The heat map of the relative expressional ratio of identified RISC-loaded miRNAs in dark-grown (Dark) and de-etiolated (Light) samples [log2(FC)]. miRNAs that express significantly different are in bold letters, which show at least ±2-fold difference are highlighted in red. (B,C) Relative RISC-loaded distribution of identified miRNAs in light and dark samples. The salient data point represents miR163 in both (B,C).


To assess the role of RISC-loading efficiency in the formation of biologically active, RISC-loaded miRNAome during photomorphogenesis, we compared the total miRNAomes and the RISC-loaded miRNAomes. The 10 miRNAs were accumulated differently between light and dark inputs, while 12 miRNAs were between RISC-loaded light and dark samples (Figure 4A and Supplementary Tables 2A,B). We did not find any miRNA that showed significant but opposite accumulation in the inputs and the RISC-loaded samples. Four miRNAs (miR842, miR5654-3p, miR1886.1, and miR779.2) were present in significantly different amounts in the inputs but not in the RISC-loaded samples, while six miRNAs (miR824-5p, miR156f-3p, miR5651, miR396b-5p, miR168a-5p, and miR157b-5p) accumulated differently in the RISC-loaded samples but not in the inputs (Figure 4A, Supplementary Figure 3, and Supplementary Tables 2A,B). These data suggest that the AGO-loading efficiency of these miRNAs can be different in dark-grown and de-etiolated seedlings. Different AGO loading can compensate for the significantly different accumulation of miRNAs in the inputs and stabilize the active miRNA levels during de-etiolation (miR842, miR5654-3p, miR1886.1, and miR779.2) or could lead to significantly different active miRNA amounts even though that the input levels were similar (miR824-5p, miR156f-3p, miR5651, miR396b-5p, miR168a-5p, and miR157b-5p). Six miRNAs were present in significantly different amounts in both the inputs and RISC-loaded samples (miR773a, miR408-5p, miR319a, miR167d, miR399c-3p, and miR163) (Figure 4A and Supplementary Table 2C). In five of them (miR773a, miR408-5p, miR319a, miR167d, and miR399c-3p), the differences were similar, thus these miRNAs are loaded onto RISC with similar efficiency in dark-grown and de-etiolated seedlings. By contrast, miR163 was loaded onto RISC much more effectively in light; miR163 was 20-fold more abundant in the light input relative to the dark input, while the difference was increased to 109.6-fold at RISC-loaded samples (Supplementary Table 2C). Similar results were obtained when the RISC-loading efficiency was measured by comparing RISC-loaded miRNA values/input miRNA values in dark and light samples (Supplementary Figure 3).
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FIGURE 4. Distribution of AGO1 and miRNAs in the crude extracts of A. thaliana seedlings. (A) Set diagram of miRNAs that differ between light input and dark input samples, and between light RISC-loaded and dark RISC-loaded samples. Arrows indicate the direction of change in light vs. dark comparison in inputs (red) or RISC-loaded samples (black). (B) Nuclear and cytoplasmic fractions were separated from crude extracts of dark-grown (Dark) and de-etiolated (Light) seedlings. RNA and protein samples were isolated from the cytoplasmic fraction (C), the third wash (W#3), and the isolated nuclei (N) and then subjected to Western and Northern analysis. AGO1, nuclear control histone H3, and cytoplasmic control actin proteins were detected. miR168 and miR159b were detected by Northern hybridization. To quantify the distribution, the ratios of cytoplasmic and nuclear signals (C/N) of the light and dark samples were calculated and compared (from three replicas). C/N mean values and ± standard deviations are shown. The C/N values were not significantly different between dark and light samples (see p-values).


Taken together, RISC-loading efficiencies are similar for most miRNAs in both dark-grown and de-etiolate seedlings, moderately changed for certain miRNAs, and considerably increased for miR163.



Argonaute 1 and MicroRNAs Are Similarly Partitioned in Dark-Grown and De-Etiolated Plants

Previous comparative miRNAome, transcriptome, and degradome studies indicated that miRNA cleavage activity is increased in de-etiolated plants (Lin et al., 2017). As our results show that both total and RISC-loaded miRNAomes (except miR163) are similar in dark-grown and de-etiolated seedlings, it is unlikely that more efficient RISC-loading leads to more intense cleavage in light. Light stimulated cleavage could be explained if the nucleocytoplasmic shuttling protein AGO1 and the AGO1-loaded miRNAs are more efficiently exported from the nucleus in de-etiolated plants. To test this assumption, cytoplasmic and nuclear fractions were separated from crude extracts of dark-grown and de-etiolated plants, and then AGO1 protein and miR168 and miR159 levels were studied in the fractions (miR163 was not analyzed as it is not detectable in the dark samples). The fractionation was efficient, and the nuclear and the cytoplasmic control proteins (H3 and actin) were only present in the corresponding fractions (Figure 4B). Relevantly, we found that nuclear-cytoplasmic distribution of AGO1 was not significantly different in the dark-grown and de-etiolated plants (although it was slightly overrepresented in the cytoplasm in light). Moreover, miR168 and miR159 were also comparably partitioned (Figure 4B). These data do not support the model that different distribution of AGO1 and AGO1-loaded miRNAs would be responsible for the proposed light-enhanced miRNA activity.




DISCUSSION

Previous studies reported conflicting results about the role of miRNAs in the regulation of photomorphogenesis. While findings that miRNA biogenesis factors and certain miRNAs are required for normal photomorphogenesis and that miRNA-guided RISC cleavage activity is increased during de-etiolation indicate that miRNA regulation plays an important role in the control of photomorphogenesis, and the results that the total miRNAome is only slightly changed during de-etiolation suggest that miRNAs do not play a critical regulatory role (Choi et al., 2020; Li et al., 2021). These studies compared total miRNAomes during de-etiolation supposing that it represents the functional miRNAome. However, RISC-loading is regulated in Arabidopsis, thus RISC-loaded miRNAome could be different from total miRNAome (Dalmadi et al., 2019). Therefore, we compared the changes in the total miRNAome and the RISC-loaded miRNAome during photomorphogenesis. RISC-loaded miRNAome was selected by isolating miRNAs that co-fractionated with AGO1 (Figure 1). The previous study has shown (and our study supports) that miRNAs are present in miRNA duplex form in the low mol. weight fractions or in the AGO1 containing high mol. weight fractions (Dalmadi et al., 2019). This suggests that most miRNAs are loaded onto AGO1 and/or that, all miRNA harboring RISCs accumulate in the high mol. weight fractions even if they contain different AGOs (except AGO4 that contains siRNAs and accumulates in the medium weight fractions). It is proposed (Dalmadi et al., 2019) that AGO1-containing fractions represent the biologically active miRNA pool, thus sequencing of these fractions is an efficient method to characterize the active, RISC-loaded miRNAome (see at the end of the discussion the limitation of the method).

In line with other studies (Choi et al., 2020; Li et al., 2021), we found that total miRNAome altered modestly during de-etiolation, miRNA163 was dramatically upregulated, while few other miRNAs show only moderate changes (Figure 2). These subtle expression differences are not easily reproducible, for instance, a recent study reported that only miR163 showed significantly different expression during photomorphogenesis (Li et al., 2021), while we and others found that many miRNAs expressed weakly but significantly different between dark-grown and de-etiolated plants (Choi et al., 2020). The differences in the experimental setup and growing conditions (for instance, we used 8 days dark-grown seedlings while another similar study used 5 days old dark-grown plants) might be responsible for the inconsistencies (Choi et al., 2020). Interestingly, while seedling de-etiolation, which mimics reaching the soil surface, leads to moderate total miRNAome changes, 3 days of dark treatment of long day adapted plant, which simulates reburial, results in a dramatic reduction in miRNA expression (Achkar et al., 2018). While de-etiolation leads to the accumulation of microprocessor components in mainly inhibited complexes, dark shift results in the rapid reduction of HYL1 protein levels (Achkar et al., 2018; Park et al., 2021; Jung et al., 2022).

If RISC-loading is regulated during de-etiolation, the RISC-loaded miRNAomes of dark-grown and de-etiolated plants should be more different than the total miRNAomes. However, we have found that the RISC-loaded miRNAomes of dark-grown and de-etiolated seedlings are similar (Figure 3 and Supplementary Table 2A), suggesting that RISC-loading efficiency is changed only slightly during photomorphogenesis. miR163 was the exception, it was RISC-loaded much more efficiently in the de-etiolated plant. RISC-loading altered the representation of 10 miRNAs slightly but significantly (Figure 4A), four were differentially present in the total miRNAomes but not in the RISC-loaded miRNAome, while six miRNAs were significantly differentially represented only in the RISC-loaded miRNAomes. These data suggest that during de-etiolation, regulated RISC-loading does not fundamentally control the formation of biologically active miRNAome (except miR163, see below) but could contribute to the fine-tuning of miRNA expression. If the export of RISC-loaded miRNAs from the nucleus is more effective in de-etiolated plants, the increased target cleavage activity in the de-etiolated seedlings could be explained even if the RISC-loaded miRNAomes of dark-grown and de-etiolated plants are similar. However, we found that AGO1 and the two studied miRNAs (miR159 and miR168) were present in a comparable amount in the nuclear and cytoplasmic fractions in both the dark-grown and de-etiolated samples (Figure 4B). These data suggest that AGO-loaded miRNA export operates similarly during de-etiolation. High-throughput sequencing of nuclear and cytoplasmic fractions during de-etiolation could confirm this conclusion. Taken together, our results indicate that neither regulated RISC-loading nor differences in nuclear export of RISC cannot explain the apparent conflict between the modest miRNAome changes during de-etiolation and the relevant role of miRNA biogenesis factors in normal photomorphogenesis (Sun et al., 2018). Further studies are required to clarify whether miRNA-based regulation is not important for photomorphogenesis or several subtle changes in miRNA expression, loading, and export are physiologically relevant and required for the fine-tuning of gene expression during de-etiolation.

It might be surprising as regulated RISC-loading plays a critical role in forming leaf and flower-specific active miRNAomes (Dalmadi et al., 2019). However, miRNA regulation likely plays a more important role in the control of leaf and flower development than in de-etiolation, thus their biologically active miRNAomes should be more different. Indeed, the total miRNAome was already far different between leaves and flowers and it was further modified by organ-specific regulated RISC-loading (Dalmadi et al., 2019).

MiR163 was an exception, as RISC-loading of miR163 is much more efficient in de-etiolated than in the dark-grown plants. miR163 is a highly specific miRNA; it is an evolutionary young 24 nt long miRNA, whose expression is dramatically enhanced during de-etiolation (Chung et al., 2016; Choi et al., 2020; Li et al., 2021). This increased expression is required for normal photomorphogenesis, and miR163-mediated silencing of PXMT1 methyltransferase promotes primary root growth (Chung et al., 2016; Li et al., 2021). miR163 overexpression during de-etiolation is regulated at different steps including transcriptional activation (Choi et al., 2020) and more efficient RISC-loading (this study). Pri-miR163 is increased to a much higher level (>100-fold) than any other pri-miRNA during de-etiolation (Choi et al., 2020). Its transcription is dramatically activated because the miR163 promoter contains strong binding sites for LONG HYPOCOTYL 5 (HY5) light-activated transcription factor (Li et al., 2021). We found that it was overrepresented >5-fold in the RISC-loaded miRNAome relative to the total miRNAome in the de-etiolated sample (but not in the dark-grown plant) showing that the RISC-loading efficiency of miR163 is much higher in light (Figure 3, Supplementary Figure 3, and Supplementary Table 2C). We propose that a high active miR163 level is required for normal photomorphogenesis and that the enhanced RISC-loading of miRNA163 plays a critical role to reach this high miR163 concentration. RISC-loading efficiency depends on (i) how effectively the miRNA incorporates into RISC and on (ii) the stability of the miRNA in the RISC complex. It was suggested that in light, the degradation of many miRNAs is accelerated, while the stability of miR163 is not altered (Choi et al., 2020). If RISC-loaded miRNA163 is much more stable in light than the other RISC-loaded miRNAs, it could explain the overrepresentation of miRNA163 in the de-etiolated miRNAome. A more likely (but not mutually exclusive) explanation is that RISC incorporation of miR163 is increased in de-etiolated plants. RISC-loading efficiency has been studied only for miR168. It was shown that the secondary structure of precursor RNA defines the efficiency of RISC incorporation (Dalmadi et al., 2021). A light-dependent factor may modify the splicing or secondary structure formation of miR163 precursor, thereby facilitating the incorporation of miRNA163 into RISC in de-etiolated plants. Indeed, the miR163 precursor is unusually long and its splicing is required for efficient miRNA generation (Bielewicz et al., 2013).


Characterization of Active miRNAome

This study is based on the assumption that miRNAs that co-fractionate with AGO1 are present in active RISC complexes. However, a fraction of them may be present in (same-sized) other complexes (Dalmadi et al., 2019). Moreover, as the crude extracts contain both cytoplasmic and nuclear components, part of miRNAs in the high mol. weight gel-filtrated fractions could be present in inactive, nuclear RISC complexes. Although our assays suggest that the export of RISC-loaded miRNA act with similar efficiency in dark-grown and de-etiolated plants, it might be different under other experimental conditions. Thus, separation of cytoplasmic fraction followed by gel-filtration might be a more accurate approach to identify active miRNAome. An alternative way to identify active miRNAome is AGO1 IP and sequencing of co-immunoprecipitated sRNAs (AGO1 RIP-seq) (Trolet et al., 2019). Both methods have advantages and disadvantages, AGO1 RIP-seq is selective but fails to detect miRNAs that are present in other AGOs, while gel-filtration could contain all AGO-bound miRNAs but it is less selective (Dalmadi et al., 2019). As it is not known, which AGOs play important role in de-etiolation, we choose the more general gel-filtration method to select the active miRNAome.
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Supplementary Figure 1 | MiR163, miR159b, and miR168 are associated with AGO1. (A,B) Shows the remaining two replicas of Figure 1C, therefore the description is as in Figure 1C. Statistical analysis of the three replicas is provided in Figure 1C.

Supplementary Figure 2 | Principal component analysis (PCA) of total miRNAome and RISC-loaded miRNAome of dark-grown and de-etiolated Arabidopsis seedling. PCA shows that the four miRNAomes are well separated. High throughput miRNA sequencing was conducted from crude extracts of dark-grown and de-etiolated seedlings (D. input and L. input, respectively) and from AGO1-containing fractions of gel-filtrated D and L samples (D. RISC-loaded and L. RISC-loaded).

Supplementary Figure 3 | Regulated RISC-loading moderately controls the active miRNAome. (A,B) To illustrate the role of regulated RISC-loading in the formation of active, AGO-loaded miRNAome, the RISC-loaded miRNA mean value/Input miRNA mean values of de-etiolated (Light) and dark-grown (Dark) seedlings were compared and the results are presented in (A) heat-map and (B) relative miRNA distribution forms.

Supplementary Figure 4 | Distribution of AGO1 and miRNAs in the crude extracts of A. thaliana seedlings. Nuclear and cytoplasmic fractions were separated from crude extracts of dark-grown (Dark) and de-etiolated (Light) seedlings. RNA and protein samples were isolated from the cytoplasmic fraction (C), the third wash (W#3), and the isolated nuclei (N) and then subjected to Western and Northern analysis. AGO1, nuclear control histone H3, and cytoplasmic control actin proteins were detected. miR168 and miR159b were detected by Northern hybridization. Statistical analysis of the three replicas is provided in Figure 4B.

Supplementary Table 1 | (A) Shows miRNAs identified by RNA-seq in all samples. We presented four replicate samples from each condition (RISC light sample replicates 1–4, RISC dark sample replicates 1–4, Input light sample replicates 1–4, and Input dark sample replicates 1–4). (B) Contains the list of miRNAs that were applied for analyses in our study. (C) Shows miRNA that was excluded from the analyses including miRNA*s. (D) Contains duplicated miRNAs. (E) displays those miRNAs that were excluded based on low abundance.

Supplementary Table 2 | miRNAs, whose expression is affected by de-etiolation. (A,B) List of miRNAs that are differentially present in the (A) inputs or (B) in the RISC-loaded samples of dark-grown and de-etiolated seedlings (dark and light, respectively). miRNAs with at least ± 2 fold difference are highlighted in red. FC, fold change. (C) miR163 is the only miRNA, which is overrepresented in both Input and RISC-loaded light samples (A,B), in which RISC-loading is different in dark and light (FC value of B/FC value of A).
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The perilla anthocyanins have important medicinal and ornamental value, and their contents are significantly affected by light intensity. In view of their molecular mechanisms were not well understood, we integrated the metabolomic and transcriptomic analyses of the light-sensitive perilla variety under different light intensity. The perilla leave color were obviously affected under different treatments. Totally 140 flavonoid metabolites and 2461 genes showed steady change, among which 60 flavonoid metabolites were increased accumulation and 983 genes were upregulated expression under elevated light intensity treatment. Light treatment prominently affected the expression of genes involved in the main anthocyanin metabolites accumulation in perilla leaves. Using WGCNA analysis, we identified 4 key genes in anthocyanin biosynthesis pathway (CHI, DFR, and ANS) and 147 transcription factors (MYB, bHLH, bZIP, ERF, and NAC) involved in malonylshisonin biosynthesis. Among them, 6 MYBs and 4 bZIPs were predicted to play important roles in light regulation of malonylshisonin biosynthesis based on phylogenetic construction, correlation analysis, cis-acting element identification and qPCR verification. The identified key genes and regulatory factors will help us to understand the potential mechanism of photo-regulated anthocyanin accumulation in perilla.
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Perilla frutescens, metabolomic, transcriptomic, photoinduced, weighted gene co-expression network analysis (WGCNA), transcription factor


Introduction

Light is essential for plant growth and plays a key environmental factor regulating plant development. The intensity, quality, periodicity, and direction of light directly affect the biosynthesis of metabolites in plants. The influence of light on anthocyanin formation plays an important role in controlling the color of fruits such as grape (Azuma et al., 2012), eggplant (Jiang et al., 2016) and apple (Feng et al., 2013).

Anthocyanins, the largest group of natural water-soluble plant pigments, are widely present in flowers, fruits, leaves, and tubers in the plant kingdom (Chen et al., 2012). Anthocyanins are phenolic compounds containing C6-C3-C6 hydroxyl aromatic rings as a basic skeleton (Kong et al., 2003). The type and final color of anthocyanin are determined by its main backbone and the positions, quantities, and structures of conjugated sugars and covalent modifications (Kocic et al., 2011; Liu Y. et al., 2018). The major anthocyanins include cyanidin, delphinidin, malvidin, pelargonidin, peonidin, and petunidin, as well as their derivatives (Kong et al., 2003; Zhao et al., 2014; Khoo et al., 2017). Anthocyanins are important ingredients of healthy foods, with medicinal value for preventing neurological and cardiovascular diseases, cancer, diabetes, and age-related degenerative diseases (Kong et al., 2003; Zhao et al., 2014; Khoo et al., 2017). Hence, anthocyanins have attracted extensive attention worldwide in recent years.

Perilla frutescens (L.) is an annual herb in the Lamiaceae. Perilla has been widely cultivated in China for more than 2000 years and is currently cultivated in Korea, Japan, and other Asian countries (Nitta et al., 2005a). Perilla is used as traditional herb, oil crops and popular spice. This main medicinal value of perilla is listed in the Chinese Pharmacopeia, including anti-oxidant (Saita et al., 2012), antibacterial (Yamamoto and Ogawa, 2002), anti-inflammatory (Yang et al., 2013; Huang et al., 2014), cough-suppressing (Ahmed, 2019), lipid-lowering, and antitumor properties (Lin et al., 2007). Perilla is divided into red perilla and green perilla according to plant color. Besides its medicinal value, red perilla is also used as an ornamental plant due to its dark red leaves and stems. The red pigment of perilla leaves is also widely used as a food coloring, cosmetic additive, and medicinal compound.

Malonylshisonin [cyanidin 3-O-(6”-O-(E)-p-coumaryl)-β-D-glucopyranoside-5-O- (6”’-O-malonyl)-β-D-glucopyranoside], an unique and major cyanindin-type anthocyanin, was identified in red perilla (Honda et al., 1994; Saito and Yamazaki, 2002; Fujiwara et al., 2018; Jiang et al., 2020). They possessed antioxidant and anti-allergy properties in previous research (Makino et al., 2003; Meng et al., 2006). The biosynthetic pathway of malonylshisonin was recently elucidated. The basic anthocyanin steps involved in 4-coumaroyl-CoA were catalyzed to form cyanidin. The main steps were catalyzed by chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3’-hydroxylase (F3’H), dihydroflavonol 4-reductase (DFR), and anthocyanin synthase (ANS). Whereafter, the cyanidin is converted to malonylshisonin via a process catalyzed by flavonoid 3-glucosyltransferase (3-GT), anthocyanin acyltransferase (ACT), anthocyanin 5-glucosyltransferase (5-GT), and anthocyanin malonyltransferase (MAT) (Saito and Yamazaki, 2002; Jiang et al., 2020; Zhou et al., 2021). As previous research in other plants, anthocyanin biosynthesis is regulated by the MBW ternary transcriptional complex (R2R3-MYB, basic helix-loop-helix [bHLH], and WD40 repeat protein [WDR]) (Holton and Cornish, 1995; Feng et al., 2010; Lloyd et al., 2017), basic leucine zipper (bZIP) (An et al., 2017), and MYC transcription factors.

Light could induce anthocyanin accumulation in perilla leaves. In a previous study of red perilla, anthocyanin accumulation and the expression of anthocyanin biosynthetic genes in leaves were lower under weak vs. strong light conditions (Zheng et al., 2019). However, the molecular mechanisms underlying light-induced anthocyanin biosynthesis in perilla remain unknown. Here, we explored anthocyanin biosynthesis and the mechanism of its photoinduction in red perilla using a light-sensitive cultivated variety. We treated the plants with different light intensities and analyzed the regulatory networks of anthocyanin biosynthesis and accumulation by performing comprehensive metabolomic and transcriptomic analyses. Our findings shed light on the putative molecular regulation of photoinduced anthocyanin accumulation in red perilla.



Materials and methods


Plant materials and treatments

In our previous work, we planted more perilla varieties in light incubator and found that the plant color of ‘PF899’ variety was more sensitive to light intensity. The variety is extremely sensitive to changes in light intensity, with green leaves in weak light and dark red leaves in increased light intensity. Hence, the light-sensitive perilla variety was selected in the study. After germination, the plants were grown in a greenhouse at the Guangzhou University of Chinese Medicine in Guangdong province, China (23°3’N, 113°23’E) under a weak light intensity (WL; 15 μmol/m2) until the three-leaf stage. The plants were transferred to moderate light (ML; 180 μmol/m2) for 6 days, followed by transfer to weak light (15 μmol/m2) for 6 days (recovery light conditions, RL). The plants were grown under a 12 h/12 h light/dark photoperiod and fertilized according to standard practices. Each treatment group was treated with three pots, each pot had five plants. Three biological replicates were performed for each treatment group. The leaves from three treatments were collected, immediately frozen in liquid nitrogen, and stored at –80°C for metabolomic and transcriptomic analysis. And in transcriptome analysis, a group of materials at moderate light (ML; 180 μmol/m2) for 12 h was added.



Measuring total anthocyanin and flavonoid contents

Leaves from different treatment groups were weighed and pulverized. To measure total anthocyanins, each 0.1 g leaf tissue sample was combined with 0.1% hydrochloric acid methanol reagent and incubated at 40°C for 40 min to extract total anthocyanins. The optical densities at 530, 620, and 650 nm were measured with a UV spectrophotometer; 0.1 mol/L hydrochloric acid methanol solution was used as a blank control. Total anthocyanin content was calculated according to Greey’s formula (Lee and Ohnishi, 2003; Nitta et al., 2005b). To measure total flavonoids, perilla leaf powder was combined with an equal volume of 70% ethanol, and 1 mL of the extract and 1 mL of 5% sodium nitrite solution were added to a volumetric bottle. After shaking well for 6 min, 1 mL of 10% aluminum nitrate test solution was added to the flask, which was then mixed for 6 min. After adding 10 mL of sodium hydroxide test solution, the sample was mixed. Finally, 70% ethanol was added to bring the volume to 25 ml. After 15 min, the absorbance of the sample at 500 nm was measured by UV-vis spectrophotometry with 70% ethanol as a blank control. The rutin was used as the standard curve to calculate the content of total flavonoids.



Metabolomics sample preparation and detection

The freeze-dried samples were crushed, and 100 mg of powdered tissue was combined with 1.2 mL of 70% methanol. After centrifuging at 12,000 rpm for 10 min, the extracts were filtered (SCAA-104, 0.22 μm pore size), and the metabolites in the extracts were analyzed used an UPLC-ESI-MS/MS system (UPLC, SHIMADZU Nexera X2; MS, Applied Biosystems 4500 Q TRAP). The conditions were as follows: UPLC: column, Agilent SB-C18 (1.8 μm, 2.1 mm * 100 mm). The mobile phase consisted of solvent A (pure water with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic acid). Sample measurements were performed with a gradient program. The column temperature was set to 40°C and the injection volume was 4 μL. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS. LIT, and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (Q TRAP), AB4500 Q TRAP UPLC/MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion mode, and controlled by Analyst 1.6.3 software (AB Sciex). The ESI source operation parameters were as follows: ion source, turbo spray; source temperature 550°C; ion spray voltage (IS) 5500 V (positive ion mode)/–4500 V (negative ion mode); ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) were set at 50, 60, and 25.0 psi, respectively; the collision-activated dissociation (CAD) was high. Instrument tuning and mass calibration were performed with 10 and 100 μmol/L polypropylene glycol solution in QQQ and LIT mode, respectively. QQQ scans were acquired as multiple reaction monitoring (MRM) experiments with collision gas (nitrogen) set to moderate. Positive ion mode optimizes cluster removal voltage (DP) and Collision electric (CE) for individual MRM transitions were performed by further DP and CE optimization. A specific set of MRM transitions was monitored for each period based on the metabolites eluted within that period.



RNA sequencing and annotation

A Tiangen RNA Prep Pure Kit for Plants was used to extract total RNA from P. frutescens leaves. A NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, United States) was used to measure total RNA concentration and quality. RNA samples that met the requirements were sent to Wuhan Bena Technology Service Co., Ltd. (Wuhan, China) for transcriptomic sequencing. RNA-seq libraries (P. frutescens leaves collected at WL, ML12 h, ML6d, and RL × 3 replicates) were constructed and sequenced using the Illumina HiSeq4000 platform, and clean reads were mapped to the perilla reference genome using HISAT with default parameters.



Identification of differential metabolites and differentially expressed genes

The metabolome data in this study was identified with chemical library MWDB (Metware Database), which were established by Metware Metabolism Company. Materials was quantitative based on secondary spectrum information, and isotope signals were removed during analysis, which contained K + ions and Na + ionsRepeated signals of NH4 + ions and fragments of other substances with larger molecular weight were identified. Metabolites with significantly different levels between groups were determined based on Variable Importance in Projection (VIP) ≥ 1 and absolute log2FC (fold change) ≥ 1. VIP values were extracted from the OPLS-DA results, and score plots and permutation plots were generated using the R package MetaboAnalystR. The data were log transformed (log2) and subjected to mean centering before OPLS-DA. To avoid overfitting, a permutation test (200 permutations) was performed. Gene expression levels were calculated as fragments per kilobase of transcript per million mapped reads (FPKM). Differentially expressed genes (DEGs) were identified from normalized read count data using DESeq2.34. Genes with | log2 (fold change) | ≥ 1 and p < 0.01 were considered to be DEGs.



Hierarchical cluster analysis, Pearson correlation coefficients, and principal component analysis

The HCA (hierarchical cluster analysis) results of samples and metabolites were presented as heatmaps with dendrograms, while PCC (Pearson correlation coefficients) between samples were calculated by the core function in R and were presented only as heatmaps. Both HCA and PCC were carried out with the R package pheatmap. For HCA, normalized signal intensities of metabolites (unit variance scaling) were visualized as a color spectrum. Unsupervised PCA (principal component analysis) was performed using the statistics function prcomp within R1. The data were unit variance scaled prior to unsupervised PCA.



Gene ontology enrichment and Kyoto encyclopedia of genes and genomes enrichment analysis

The identified metabolites were annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Compound database2. Gene function annotation was performed using four databases: National Center for Biotechnology Information (NCBI3), non-redundant protein sequences (NR4), the Swiss-Prot protein sequence database, and Gene Ontology (GO5). The annotated metabolites and genes were then mapped to the KEGG Pathway database6. Pathways with significantly regulated metabolites were subjected to MSEA (metabolite sets enrichment analysis), and their significance was determined based on p-values from hypergeometric tests. Finally, the DEGs in the WL, ML12h, ML6d, and RL groups were subjected to GO and KEGG pathway enrichment analysis.



Weighted gene co-expression network analysis of metabolome and transcriptomic data

The weighted gene co-expression network analysis (WGCNA) package was used to generate co-expression network modules between metabolites and genes. Using the automatic network construction function (blockwise Modules) with default parameters, co-expression modules were obtained based on TOM (topological overlap measure). The initial clusters were merged on eigengenes. The eigengene value was calculated for each module and used to search for associations with key anthocyanin substances. The transcriptional regulatory networks were generated by combining the Pearson correlation coefficient (PCC > 0.85) between genes and transcription factors, and the cis-element binding sites were predicted in the promoter regions of key anthocyanin genes in the same module. The networks were visualized by CYTOSCAPE (v.3.7.2, United States) (Kohl et al., 2011).



Phylogenetic analysis

The conservative domain of the candidate MYBs and bZIPs from perilla and other plants were used to construct phylogenetic. Accession numbers of MYBs and bZIPs from other plants are shown in Supplementary Table S8. The neighbor-joining (NJ) tree was constructed using the poison model with MEGA-X with 1000 bootstrap replicates. The phylogenetic trees were visualized using the iTOL web tool7.



Quantitative reverse-transcription PCR

Quantitative reverse-transcription PCR was performed as previously described (Livak and Schmittgen, 2001). Total RNA was isolated from the samples using a MAGEN RNA Extraction Kit (MAGEN, United States), and reverse transcription was performed using an Evo M-WLV RT Kit (Accurate, Hunan, China). Primers for each gene (ANS, CHI, DFR, and so on) were designed using Primer 5.0; the primers are listed in Supplementary Table S9. The specificity of the primers was verified by agarose gel electrophoresis. PCR amplification was performed using a LightCycler 480 II REAL-TIME PCR system (Roche, Basel, Switzerland). The qPCR cycling conditions were 1 cycle of pre-denaturation at 95°C, 30 s; 40 cycles of 95°C for 5 s and 60°C for 30 s; dissolution at 95°C for 5 s; 60°C for 1 min. All genes were amplified with three replicates, and the perilla Actin gene was used as an internal reference gene.




Results


Various anthocyanin content of perilla under different light intensity treatments

To identify the leaves color and major pigment components under different light, we observed and measured the total anthocyanin and total flavonoid contents during different light intensity treatments. The perilla leaves color under different light intensities were obviously affected. The leaves and seedlings of the light-sensitive red perilla variety were green when cultured under weak light intensity (15 μmol/m2, WL). After transferring to moderate light intensity (180 μmol/m2, ML) for 6 days, the leaves and whole plants turned dark red. When returned to weak light intensity for 6 days (15 μmol/m2, RL), the leaf color gradually returned to partially green (Figure 1A). Like the changes of the leaf color, total anthocyanin and total flavone levels significantly increased under ML treatment and then decreased in RL compared with WL (Figures 1B,C). These results demonstrate that light intensity significantly affects the leaf color and the accumulation of total anthocyanins and total flavones in leaves of the light-sensitive perilla variety.
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FIGURE 1
Leaf color, anthocyanin, and flavone contents of perilla under different light intensity treatments. (A) Phenotypes of perilla. (B) Total anthocyanin contents of perilla leaves. (C) Total flavone contents of perilla leaves under WL, weak light; ML, moderate light for 6 days; RL, recovered weak light for 6 days. **** Indicates P value < 0.0001.




Metabolome detection under different light intensity treatments

To assess anthocyanin components under different light treatments, we performed metabolomic analysis using UPLC-ESI-MS/MS. The samples were clearly clustered by PCA (Supplementary Figure S1). In total, 293 flavonoid metabolites were identified, including 103 flavonols, 72 flavones, 34 anthocyanins, and 84 other derivatives (Figure 2A; Supplementary Table S1). There were 90, 55, and 81 differentially expressed metabolites (DEM) in WL vs. ML, ML vs. RL, and WL vs. RL, respectively (Figure 2B).
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FIGURE 2
The flavonoid metabolites of perilla leaves under different light intensity treatments. (A) Types of flavonoid metabolites detected. (B) Differentially expressed metabolites (DEMs) in WL vs. ML6d, ML 6d vs. RL, and WL vs. RL. (C) Contents of flavonoid metabolites in perilla leaves under different light intensity treatments.


Quantitative analysis showed that approximately 140 (48%) flavonoid metabolites were affected under different light intensity treatments in perilla leaves. Among these, 62 metabolites were significantly induced under increased light intensity, including 23 flavonols, 19 flavones, and 5 anthocyanins (Supplementary Table S2). Among them, the contents of malonylshisonin increased 1.7-fold under ML treatment compared with WL and decreased 0.8-fold under RL treatment compared with ML (Supplementary Table S3). Naringin chalcone and dihydroquercetin (early intermediates in the anthocyanin biosynthesis pathway), as well as cyanidin-3,5-O-diglucoside, cyanidin-3-O-(6”-O-p-coumaryl) glucoside-5-O-glucoside, and cyanidin-3-O-(6”-O-p-coumaryl) glucoside (important precursors of malonylshisonin) were all detected in this study. Interestingly, the levels of naringin chalcone, dihydroquercetin, and cyanidin-3-O-(6”-O-p-coumaryl) glucoside increased by 4.3-, 5.8-, and 3.2-fold (Supplementary Table S3), respectively, under ML treatment compared with WL. By contrast, the cyanidin-3,5-O-diglucoside contents decreased by 0.6-fold under ML treatment compared with WL. These results suggest that light intensity affects accumulation of the metabolites in anthocyanin biosynthesis pathway in perilla.

According to the change trends of flavonoid metabolites under different treatments, they were divided into eight categories. The levels of subclass 4 and subclass 7 members initially increased, then decreased, possessed consistent pattern with total anthocyanin contents. Both malonylshisonin and naringin chalcone belong to subclass 7. The levels of subclass 2 and subclass 6 members continuously increased under ML and RL treatment (Supplementary Figure S2). The cyanidin-3-O-(6”-O-P-coumaryl) glucoside-5-O-glucoside and dihydroquercetin belong to subclass 2 and subclass 4, respectively. The four subclasses attracted our main attention.



Transcriptomic analysis under different light intensity treatments

To explore the molecular regulatory mechanism of the perilla anthocyanin metabolites in response to light intensity, we performed transcriptomic sequence. Considering the rapid response of transcriptomic level to light treatment, we added a short treatment (12 h) under 180 μmol/m2 of light (ML12h). After RNA sequencing and data filtering, 701.64 million clean reads with 105 Gb clean data were obtained. The Q20 reached 97%, with an average GC content of 48%. When we mapped the sequencing reads to perilla reference genomes, we obtained an average unique mapping ratio of 82.94% and a multiple mapping ratio of 10.19% (Supplementary Table S4).

Subsequently, we identified DEGs among all samples. And most of DEGs were responsed to light intensity showing to the results of GO analysis (Supplementary Figure S3). Compared to the WL group, 3290 and 3026 genes were upregulated in ML12h and ML6d, respectively. Compared to the RL group, 4043 and 3219 genes were upregulated in ML12h and ML6d, respectively (Figure 3A). Among the upregulated genes under ML treatment, 983 genes showed increased expression under short (12 h) and long (6 days) treatments compared with WL (Figure 3B). These DEGs are mainly involved in metabolic pathways, phenylalanine and tyrosine tryptophan biosynthesis and phenylalanine metabolism in the KEGG enrichment (Figure 3C). By contrast, 1478 genes were downregulated in RL compared with ML (Figure 3D). The down-regulated genes were enriched in biosynthesis of secondary metabolites, phenylalanine and tyrosine tryptophan biosynthesis, tyrosine metabolism, phenylalanine metabolism, and flavonoid biosynthesis in the KEGG enrichments (Figure 3E). Based on the expression pattern, we divided all DEGs into 26 categories (Supplementary Figure S4). The 983 and 1478 DEGs most belong to Profile 20 (upregulated in ML12h and ML6d compared with WL) and Profile 23 (downregulated in RL compared with ML12h and ML6d), respectively. These photo-response genes attracted our main attention.
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FIGURE 3
Venn diagram and KEGG pathways of the DEGs under different light intensity treatments. (A) Number of upregulated and downregulated differentially expressed genes (DEGs) in pair-wise comparisons. (B) Venn diagram and (C) top 20 KEGG pathways of upregulated genes of the ML12h and ML6d groups compared with WL. (D) Venn diagram and (E) top 20 KEGG pathways of downregulated genes in the RL group compared with ML12h and ML6d.




The metabolites and key genes in the anthocyanin biosynthesis pathway

We identified metabolites and genes involved in the anthocyanin and flavones biosynthetic pathways (Figure 4). Malonylshisonin biosynthesis involves 10 catalytic reactions, containing the initial cyanidin biosynthesis and the latter cyanidin derivatization pathway (Saito and Yamazaki, 2002; Jiang et al., 2020). Naringin chalcone, dihydroquercetin, cyanidin-3,5-O-diglucoside, cyanidin-3-O-(6”-O-p-Coumaroyl) glucoside, cyanidin-3-O-(6”-O-p-Coumaroyl) glucoside-5-O-diglucoside, and malonylshisonin were identified in the metabolomic analysis. Except for cyanidin 3,5-O-glucoside, these metabolites obviously accumulated under increased light intensity. Then, we identified 95 genes encoding the 10 anthocyanin synthases in the malonyshisonin biosynthetic pathway (Figure 4 and Supplementary Table S5). Furthermore, 32 genes were upregulated after light treatment, which encode the key rate-limiting enzymes in the basic anthocyanin biosynthetic pathway. Among these, 18 genes (including PAL, 4CL, CHS, F3’H, ANS, 5-GT, and MAT) were more strongly upregulated under 12 h ML treatment, and five genes (including F3H, 3-GT, ACT, and CHI) had higher expression levels under 6 days ML treatment. Only one C4H gene was expressed at high levels under both 12 h and 6 days ML treatments. These results suggest that light intensity remarkably influences the gene expression and metabolite accumulation involving in anthocyanin biosynthesis in perilla leaves.
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FIGURE 4
The metabolites and genes involving in the anthocyanin biosynthesis pathway under different light intensity treatments in perilla leaves. The blue background indicates the major malonylshisonin biosynthetic pathway. The green background indicates the major flavonoid biosynthetic pathway. The blue color in the circle indicates the level of the metabolite under WL, ML, and RL treatment. The red color in the blocks represents the relative expression levels of genes under WL, ML12h, ML6d, and RL treatments. PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate-CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3’H, flavonoid 3’-hydroxylase; DFR, dihydroflavonol reductase; ANS, anthocyanin synthase (leucoanthocyanin dioxgenase); 3-GT, flavonoid 3-glucosyltransferase; ACT, anthocyanin acyltransferase; 5-GT, anthocyanin 5-glucosyltransferase; MAT, anthocyanin malonyltransferase.


Moreover, we identified 14 light-regulated flavones based on analysis of the flavonoid biosynthesis pathway. Most of these compounds accumulated under light treatment. Specifically, the contents of luteolin, apigenin, and baicalin increased by 5.0-, 5.4-, and 11.6-fold, respectively, under ML treatment compared with WL. Comparatively, the levels of apigenin-6,8-di-C-glucoside, luteolin-7-O-glucoside, and chrysin decreased under ML treatment. Because many genes involved in the accumulation of these substances are unknown, we only detected FSII, F6H, and UBGT in the flavone biosynthetic pathway (Supplementary Table S5). Like the malonylshisonin biosynthesis genes, both FSII and UBGT were upregulated under ML treatment compared with WL. In view of luteolin, apigenin and more flavones possess pharmacological effects (Lei et al., 2020; Liang et al., 2020; Rizzo et al., 2021), the results show that strongly accumulated flavones under elevated light treatment, with provided potential application for further research.



Integrated transcriptomic and metabolomic analysis

To gain further insight into the regulation of anthocyanin biosynthesis in response to light intensity, we performed WGCNA to identify co-expression networks between anthocyanin metabolites and gene expression levels. Ten co-expression modules were identified based on their similar expression patterns (Figure 5A). The turquoise module is positively correlated with anthocyanins, malonylshisonin, and other metabolites (Figure 5B). We therefore focused on those genes in the turquoise module. We identified anthocyanin biosynthesis and transcription factor genes in this module and used gene pairs with correlation coefficients more than 0.85 to construct a regulatory network (Figure 5C and Supplementary Table S7). Five important genes involved in anthocyanin biosynthesis were identified in the turquoise module, including ANS, 4CL, DFR, and CHI, which were positively correlated with total anthocyanin and malonylshisonin contents. The 147 transcription factors were also identified, mainly encoding MYB, bHLH, bZIP, ERF, and NAC in the module. Notably, MYB5, MYB12, bZIP2, bZIP6, bHLH1, bHLH7, and bHLH9 had high connectivity with malonylshisonin and five anthocyanin biosynthesis genes. The MYB_related2, MYB_related4 had high positive correlation with malonylshisonin. Moreover, the expression level of most identified MYB and bZIP genes were strongly upregulated under ML treatment compared with WL and downregulated under RL treatment compared with ML (Figure 5D). By contrast, MYB22, bHLH1, bHLH7, and bHLH9 were negatively correlated with malonylshisonin content. MYB22 and bHLH1 were also negatively correlated with total anthocyanin contents (Supplementary Table S6). Hence, these transcription factors were speculated to play important roles in regulating malonylshisonin accumulation under different light intensities.
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FIGURE 5
Weighted correlation network analysis (WGCNA) of the anthocyanin biosynthetic pathway. (A) Dendrogram of the co-expression modules (clusters). The major tree branches constitute 10 modules labeled with different colors. (B) Heat map showing the correlations between modules and anthocyanin compounds. Red indicates a positive correlation, and green indicates a negative correlation between the cluster and the sample. (C) Co-expression network of the genes and metabolites with correlation coefficients greater than 0.85. (D) Heat maps of the expression levels of genes encoding MYBs, MYB-related, bZIPs, bHLHs, ERFs, HSFs, LBDs, NACs, and AP2s based on the transcriptomic data.




Candidate MYB genes involved in anthocyanin biosynthesis

MYB transcription factors are major members of MBW ternary transcriptional complex, which is an important regulator of anthocyanin metabolism in many plants (Lloyd et al., 2017; Li et al., 2020; Wang et al., 2020; Zhang et al., 2020; Ning et al., 2021). In WGCNA analysis, we identified 38 MYB transcription factors, containing 37 R2R3-MYB subfamily members and one 1R-MYB (MYB10). These MYBs showed high correlation coefficient with malonylshisonin and five anthocyanin biosynthesis genes (Supplementary Figure S5). Among them, 22 R2R3-MYB members were highly induced under ML treatment, while 15 were downregulated in response to light treatment (Figure 5D).

To examine the MYB transcription factors involved in regulating anthocyanin accumulation, we constructed a phylogenetic tree combined the MYBs that we identified in perilla and were previously reported to regulate anthocyanin accumulation in other plants. The phylogenetic tree was divided into three subclasses (Figure 6A). Subclass I contains perilla MYB12, MYB2 and key anthocyanin-regulated MYBs from Arabidopsis and apple. Subclass II includes 11 perilla MYBs and three Arabidopsis R2R3-MYB family members. Among them, MYB8 and MYB14 showed peak expression under ML12h treatment. Subclass III includes 25 MYBs from perilla and IbMYB340. Among them, MYB4 and MYB37 were expressed at high levels and responded to light treatment.
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FIGURE 6
The MYB transcription factors involved in anthocyanin biosynthesis in perilla. (A) Phylogenetic relationships of MYBs between perilla and other plants. Yellow, green, and pink background indicate three subclasses in the evolutionary tree. The dots next to the nodes represent bootstrap values of 1000 replicates. The red font and symbol * indicate that these objects have been reported. (B) Co-expression networks between candidate MYBs. (C) Correlation coefficients between candidate MYB transcription factors and key anthocyanin biosynthesis genes. At, Arabidopsis thaliana; Vv, Vitis vinifera; St, Solanum tuberosum; Pb, Pyrus x bretschneideri; Os, Oryza sativa Japonica; Pf, Perilla frutescens var. crispa; Pa, Prunus avium; Py, Pyrus pyrifolia var. culta; Mr, Morella rubra; Md, Malus domestica; Lc, Litchi chinensis; Ib, Ipomoea batatas; Gh, Gossypium hirsutum; Gm, Garcinia mangostana; Fa, Fragaria x ananassa; Fv, Fragaria vesca; Fc, Fragaria chiloensis.


For further explore the relationships between the MYBs and anthocyanin biosynthesis, we performed correlation analysis of 15 selected MYBs with anthocyanin metabolites and 17 key anthocyanin biosynthesis genes. Among these, 9 MYBs showed positive correlations with anthocyanin metabolites and 6 showed positive correlations with key anthocyanin biosynthesis genes (Figure 6B). Interestingly, MYB12 and MYB19 showed significantly positive correlations with most anthocyanin biosynthesis genes (Figure 6C). The MYB12 had been reported in malonylshisonin formation, which was found in responsive to light treatment in the study.

Furthermore, the cis-acting elements of four key anthocyanin biosynthesis genes, including DFR, CHI1, CHI2, and ANS, were analyzed. Several light-response elements and hormone-response elements were identified in the four anthocyanin genes (Supplementary Figure S7). Interestingly, we identified CCAAT-box and MYB-recognition element (MRE) cis-acting elements in the promoter regions of perilla CHI1 and ANS, respectively (Supplementary Figure S7). Combining WGCNA analysis, phylogenetic analysis, and cis-acting element analysis, more MYB transcription factors were predicted to regulate malonylshisonin accumulation under the light treatment in perilla.



Candidate bZIP genes involved in anthocyanin biosynthesis

The bZIP transcription factors were recently reported to regulate anthocyanin biosynthesis (Hu et al., 2019; Liu et al., 2019; Wang et al., 2020). In the turquoise module, we also identified 6 bZIP transcription factors (Supplementary Figure S6). These perilla bZIPs were divided into two subclasses in the evolutionary tree (Figure 7A). Subclass I consist of bZIP4 and bZIP3 from perilla, along with HY5 transcription factors from other plants. Subclass II consists of 4 bZIP transcription factors from perilla, along with MdbZIP44, LcABF3, and MdABI5. Co-expression analysis showed that bZIP2, bZIP5, and bZIP6 share positive regulatory relationships with key anthocyanin biosynthesis genes (CHI1, CHI2, ANS, and DFR), while bZIP1, bZIP3, and bZIP4 share negative regulatory relationships with these genes (Figure 7B). Interestingly, bZIP2, bZIP5, and bZIP6 showed significant positive correlations with total anthocyanin and malonylshisonin contents and most anthocyanin biosynthesis genes (Figure 7C). The promoter sequences of CHI1, CHI2, ANS, and DFR all contain G-boxes, a light-responsive binding site that is recognized by bZIP transcription factors (Supplementary Figure S7). The bZIP2 and bZIP6 were identified to encode G-box binding factor 3 in perilla, suggesting that they may play key roles in the light response and the anthocyanin regulation.
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FIGURE 7
The bZIP transcription factors involved in the light response and anthocyanin regulation in perilla. (A) Phylogenetic relationships of bZIP transcription factors. Yellow and pink background indicate two subclasses in the evolutionary tree. The stars next to the nodes represent bootstrap values of 1000 replicates. The red font and symbol * indicate that these objects have been reported. (B) Co-expression networks between candidate bZIPs. (C) Correlation coefficients between candidate bZIP transcription factors and key anthocyanin biosynthesis genes. At, Arabidopsis thaliana; Py, Pyrus pyrifolia; Os, Oryza sativa Japonica; Md, Malus domestica; Lc, Litchi chinensis.




Quantitative RT-PCR analysis of the candidate genes involved in anthocyanin biosynthesis in Perilla frutescens

We measured the expression levels of anthocyanin biosynthesis genes (CHI1, CHI2, ANS, and DFR) and important transcription factor genes (MYB, bZIP, and bHLH) involved in anthocyanin regulation by qRT-PCR (Figure 8). Combined the transcriptomic and qRT-PCR data, the candidate genes showed similar expression patterns. The anthocyanin biosynthesis genes (CHI1, CHI2, ANS, and DFR), MYB genes, and bZIP genes were upregulated under increased light intensity. These genes were all upregulated after a short (12 h) moderate light intensity treatment and downregulated after a long treatment (6 days), and their expression continued to decline under low light intensity. The response of the anthocyanin biosynthesis genes to light intensity treatment might be the direct cause of accumulation of anthocyanin metabolites. The MYB transcription factor genes were more sensitive to short vs. long light treatment, pointing to their important regulatory functions in anthocyanin metabolite accumulation. The bZIP2 and bZIP6 are homologous to the important light-response transcription factor gene HY5. Both were upregulated after a short light treatment. We also identified bHLH1 and bHLH7 transcription factor genes in perilla. Interestingly, both genes were downregulated under light treatment. The bHLH1 and bHLH7 encode PIF3 and PIF7, respectively. The PIFs were negatively regulation factors in response to light in other plants. The downregulated trend of bHLH1 and bHLH7 under light treatment is consistent with their functions. The expression patterns of key anthocyanin biosynthesis genes and transcription factors in response to light points to their important roles in regulating anthocyanin biosynthesis.
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FIGURE 8
Relative expression levels of candidate genes. The histogram indicates gene expression data form qRT-PCR. The line chart indicates FPKM from transcriptomic sequence. Data are presented as means ± standard deviation (n = 3).





Discussion

Leaf color and anthocyanin accumulation are important traits for the medicinal and ornamental value of perilla (Ishikura, 1981; Yu et al., 2017). Perilla leaves color is highly sensitive to light conditions, providing an opportunity to study the molecule mechanism of anthocyanin biosynthesis and regulation (Mastropasqua et al., 2020).

In this study, we performed metabolomic and transcriptomic analyses of the light-sensitive perilla variety under different light intensity treatments. The metabolomic analysis identified 293 flavonoid compounds. Focus on malonylshisonin, the major anthocyanin metabolites in perilla, obviously increased in response to increased light treatment. Malonylshisonin biosynthesis involves 10 catalytic reactions, containing the initial cyanidin biosynthesis and the latter cyanidin derivatization pathway. In the latter steps, cyanidin-3-O-glucoside is converted to cyanidin-3-O-(6”-O-p-coumaryl) glucoside and cyanidin 3,5-O-glucoside (Springob et al., 2003). Under ML treatment, the content of cyanidin 3,5-O-glucoside was decreased, whereas the content of cyanidin-3-O-(6”-O-P-coumaryl) glucoside was increased, suggesting that the metabolic flow favored the formation of cyanidin-3-O-(6”-O-P-coumaryl) glucoside under light treatment. Next, we investigated the biosynthesis genes of malonylshisonin accumulation under different light treatments. Previous work found that nearly all the genes encoding the enzymes (except for CHI) showed higher expression in red perilla than in green perilla (Jiang et al., 2020). In the current study, the genes encoding CHS, CHI, F3H, DFR, and ANS, the rate-limiting enzymes in the anthocyanin biosynthetic pathway (Takos et al., 2006), were obviously responded to light treatment. These genes may play important roles in malonylshisonin accumulation in perilla leaves under light treatment.

In the WGCNA and correlation analysis, ANS, CHI, and DFR were positively correlated with malonylshisonin content. The homologous proteins of ANS, CHI, and DFR were responded to light treatment in other plants (Britsch, 1990; Menssen et al., 1990; Saito et al., 1999). CHI is the rate-limiting enzyme for flavonoid biosynthesis (Bednar and Hadcock, 1988; McKhann et al., 1998; Shimada et al., 2003). The expression of CHI increases in rice in response to high light levels and UV irradiation (Albert et al., 2009; Park et al., 2021). DFR catalyzes the conversion of dihydroquercetin to leucoanthocyanidin, which is recognized as a pivotal step in anthocyanin biosynthesis (Xie et al., 2004; Miyagawa et al., 2015; Ni et al., 2020). The expression of DFR is downregulated in the shade in Brassica oleracea (Liu et al., 2020). ANS catalyzes the oxidation of leucoanthocyanidin (Turnbull et al., 2000, 2003), and ANS is upregulated by high-light treatment in Arabidopsis thaliana (Zheng et al., 2019, 2021). In the current study, the expression levels of the perilla genes CHI1, CHI2, DFR, and ANS all increased under ML treatment. These results indicate that these genes play a major role in determining malonylshisonin biosynthesis in different light intensities.

Plants respond to light via photoreceptors and employ multiple transcription factors to regulate anthocyanin metabolites formation (Zhang et al., 2021). To further identify the key regulation factors, we used WGCNA method to comprehensively analyze metabolites and key genes in perilla. In this study, the 147 transcription factors were also identified based on WGCNA analysis. Among them, R2R3-MYBs have been widely researched. There are four Arabidopsis thaliana R2R3-MYB family members (AtMYB113, AtMYB90, AtMYB114, and AtMYB75) were reported control anthocyanin biosynthesis in vegetative tissues (Gonzalez et al., 2008). AtMYB75 (also called PAP1) activates the transcription of CHS, DFR, and ANS (Shi and Xie, 2010, 2011) and participates in the regulation of anthocyanin biosynthesis by HY5 via the transcriptional activation of its promoter (Shin et al., 2013). The MdMYB10 and MdMYB1 are key anthocyanin-related transcription factors in apple (Takos et al., 2006; Espley et al., 2007). In apple, the expression of MdMYB1 and its allele MdMYB10 is induced by sunlight (Takos et al., 2006; Feng et al., 2013). The expression of MdMYB10 is also regulated by HY5, which binds to the G-box in the MdMYB10 promoter in a light-responsive manner, thereby affecting the expression of downstream structural genes and anthocyanin accumulation in apple (An et al., 2017). Interestingly, PfMYB12 were identified shares complete sequence identity with MYBC05. The MYBC05 was previously reported to promote the production of anthocyanins, which is thought to bind to myC-F3G1 and PFWD to form the MBW complex, which promotes the production of anthocyanins in red perilla (Yamazaki et al., 2003; Yamazaki and Saito, 2011). Hence, the PfMYB12 and PfMYB2 are clustered with above MYBs, which are thought to important function in anthocyanin light-responsive accumulation. Next, The PfMYB8 and PfMYB14 were clustered with three AtMYBs (AtMYB11, AtMYB12, AtMYB111), which targeted several flavonoid biosynthesis genes, including CHS, CHI, F3H, and FLS1 in Arabidopsis (Stracke et al., 2007). AtMYB12 and AtMYB111 also control flavonol accumulation in roots in a light-dependent manner (Stracke et al., 2017). PfMYB4 and PfMYB37 were clustered with IbMYB340, which interacted with IbERF71 and IbbHLH2 to regulate anthocyanin biosynthesis in sweet potato (Ning et al., 2021). Moreover, MYB-binding sites, including MBS, MRE, and CCAAT-box elements, were identified in the promotors of CHI1, CHI2, and ANS. The CCAAT-box is the binding site of the HvMYB1 transcription factor in barley (Alexander et al., 2019). The MRE cis-acting elements is recognized and bound by BrPAP1 transcription factor, which regulates anthocyanin biosynthesis in Brassica rapa (Yang et al., 2021). These findings suggest that these MYBs play important roles in regulating anthocyanin accumulation in perilla in response to different light intensities. To sum up, the six PfMYB (PfMYB2, PfMYB12, PfMYB8, PfMYB14, PfMYB4, and PfMYB37) were predicted to possess important function in photosensitive anthocyanin regulation in perilla.

The bZIP family, one of the largest transcription factor families in plants, is involved in physiological processes such as plant development, environmental signaling, and stress responses (Djamei et al., 2007; Liu C. C. et al., 2018; Xiao et al., 2021). The bZIP transcription factor HY5 is an important transcription factor involved in light signal transduction and plant pigment accumulation in response to light (Holm et al., 2002; Stracke et al., 2010; Shin et al., 2013; Gangappa and Botto, 2016). HY5 also promotes flavonoid accumulation in response to both visible and UV-B light. Using WGCNA, we identified six bZIP transcription factors in the co-expression modules. Perilla bZIP3 and bZIP4 clustered with HY5s from other plants. In the previous research, HY5 could responds to receptors for blue, red/far-red, and ultraviolet light (Oyama et al., 1997; Ang et al., 1998; Chattopadhyay et al., 1998; Brown and Jenkins, 2008) and directly binds to G-box or ACE-box elements in the promoters of MYB genes to promote their expression to promote flavonoid biosynthesis (Holm et al., 2002; Stracke et al., 2010; Shin et al., 2013). Perilla bZIP3 and bZIP4 were both induced by light but showed negative regulatory relationships with anthocyanin pathway genes in the current study. By contrast, bZIP2 and bZIP6 showed positive regulatory relationships with most anthocyanin biosynthesis genes and possess light-regulated traits in perilla. bZIP2 and bZIP6 encode G-box binding protein 3 (GBF3) transcription factors. In Arabidopsis, GBF3 has the same gene expression pattern as HY5, and its binding sites showed a 86.7% overlap with those of HY5 under changing light conditions, suggesting that GBF3 might interfere with the function of HY5 (Kurihara et al., 2020). bZIP2 and bZIP6 also clustered with MdbZIP44 and LcABF3. MdbZIP44 promotes anthocyanin accumulation in response to abscisic acid by enhancing the binding of MdMYB1 to the promoters of downstream target genes in apple (An et al., 2018). LcABF3 activates the promoter region of LcMYB1 and structural genes such as LcF3’H and LcDFR to modulate anthocyanin biosynthesis in lychee (Hu et al., 2019). Interestingly, bZIP2 and bZIP6 had the highest correlations with CHI1 and CHI2 in WGCNA. The CHI1 and CHI2 promoters contain G-box cis-acting elements, which can be recognized and combined by bZIPs. That means bZIP2 and bZIP6 perhaps together with MYBs, activated the transcription of the key candidate anthocyanin biosynthesis genes and promote the accumulation of malonylshisonin under moderate light intensity. Moreover, the bHLH1 and bHLH7 encode PIF3 and PIF7. Phytochrome-interacting factor (PIF) genes are downregulated in the presence of light. These bHLH transcription factors function as primary partners of the red/far-red light receptors phytochromes in light signaling (Nozue et al., 2007). Our results indicate that bHLH1 and bHLH7 negatively regulate anthocyanin biosynthesis in the light, which is consistent with the function of PIFs in the light response.

In the research, we also identified 14 important flavone metabolites in perilla leaves, including luteolin, apigenin, baicalein, scutellarein, and their glycoside derivatives. Luteolin can attenuate allergic nasal inflammation (Jeon et al., 2014; Liang et al., 2020). Apigenin and apigenin-7-diglucuronide can mitigate oxidative stress and possesses anti-inflammatory activity (Bian et al., 2017; Kasiri et al., 2018). Baicalin represses C/EBP beta via redox homeostasis, representing a potentially effective treatment for Parkinson’s disease (Lei et al., 2020). They are all possess a certain of pharmacological functions and got more attention. The accumulation of 10 flavones increased in perilla leaves in response to moderate light treatment. This increase in the levels of pharmacologically important flavones indicates that the value of perilla can be increased under the proper light conditions. The flavonoid biosynthesis and its regulation require further study in perilla.

In summary, the regulation of light intensity signal in plants is a complex process. We mainly focused on the red perilla malonylshisonin synthesis pathway. In addition, the function of each candidate gene needs to be confirmed by different methods. Therefore, further work is required to elucidate the mechanism of light signal in perilla plants.



Conclusion

This study integrated the metabolomic and transcriptomic analyses of the light-sensitive perilla variety under different light intensity. The light intensity significantly affects the color, metabolite accumulation and gene expression involved in the main anthocyanin biosynthesis in perilla leaves. Based on WGCNA analysis, key genes and transcription factors were identified. What’s more, 6 MYBs and 4 bZIPs were predicted to play important roles in light-regulated anthocyanin biosynthesis. The identified key genes and regulatory factors will help us to understand the potential mechanism of photo-regulated anthocyanin accumulation in perilla.



Statistical analysis

Statistical analyses were performed by Student’s t-test and one-way ANOVA using SPSS 23.0 (SPSS Inc., Chicago, IL, United States). Least significant difference (LSD) was used to compare treatment means, and p = 0.05 was considered as statistically significant.
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Oxidative stress responses of Arabidopsis to reflected low red to far-red signals (R:FR ≈ 0.3) generated by neighboring weeds or an artificial source of FR light were compared with a weed-free control (R:FR ≈1.6). In the low R:FR treatments, induction of the shade avoidance responses (SAR) coincided with increased leaf production of singlet oxygen (1O2). This 1O2 increase was not due to protochlorophyllide accumulation and did not cause cell death. Chemical treatments, however, with 5-aminolevulinic acid (the precursor of tetrapyrrole biosynthesis) and glutathione (a quinone A reductant) enhanced cell death and growth inhibition. RNA sequencing revealed that transcriptome responses to the reflected low R:FR light treatments minimally resembled previously known Arabidopsis 1O2 generating systems that rapidly generate 1O2 following a dark to light transfer. The upregulation of only a few early 1O2 responsive genes (6 out of 1931) in the reflected low R:FR treatments suggested specificity of the 1O2 signaling. Moreover, increased expression of two enzyme genes, the SULFOTRANSFERASE ST2A (ST2a) and the early 1O2-responsive IAA-LEUCINE RESISTANCE (ILR)-LIKE6 (ILL6), which negatively regulate jasmonate level, suggested that repression of bioactive JAs may promote the shade avoidance (versus defense) and 1O2 acclimation (versus cell death) responses to neighboring weeds.
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Introduction

Singlet oxygen (1O2) is a potent oxidant that is generated in photosynthetic and non-photosynthetic tissues under multiple stresses  (Dmitrieva et al., 2020). Several reports on the lifetime and diffusion distance of 1O2 in cellular environments indicate that 1O2 may diffuse through cell membranes  (Dmitrieva et al., 2020; Ogilby, 2010; Hatz et al., 2007; Skovsen et al., 2005). Indeed, in Chlamydomonas reinhardtii, the photosystem II (PSII)-generated 1O2 under high light stress reached cytosol and induced expression of the glutathione reductase homologue GPXH (Fischer et al., 2007). These studies along with the detection of osmotic stress- and drought-induced 1O2 in Arabidopsis roots  (Chen and Fluhr, 2018; Mor et al., 2014) indicate the possibility of 1O2 generation in cellular compartments other than chloroplast.

Under severe stress conditions, high levels of 1O2 can damage cellular components and impair plant function through photo-inhibition and uncontrollable cell death  (Laloi and Havaux, 2015). At sub-lethal levels, however, 1O2 initiates signaling pathways that trigger disparate stress responses including acclimation to excess light and programmed cell death  (op den Camp et al., 2003; Ledford et al., 2007; Laloi and Havaux, 2015; Waszczak et al., 2018; Ambastha et al., 2020).

Several plant systems allow for the study of 1O2 signaling. These include the conditional fluorescent (flu) mutant of Arabidopsis (Meskauskiene et al., 2001; op den Camp et al., 2003), the tigrina (tig-d.12) mutant of barley  (Lee et al., 2003), and the chlorina1 (ch1) mutant of Arabidopsis (Ramel et al., 2013a). The flu and tig-d.12 mutants produce 1O2 in the light from dark-accumulated photosensitizer protochlorophyllide (Pchlide), whereas the ch1 mutant of Arabidopsis and the chlorina-f2 mutant of barley are deficient in chlorophyll b  (Kim et al., 2009; Havaux et al., 2007; Havaux and Tardy, 1997; Leverenz et al., 1992). In the ch1 mutant of Arabidopsis, PSII is confined to its reaction center due to the inability of PSII light-harvesting antennae to assemble without chlorophyll b. Without light-harvesting complex II (LHCII), PSII lacks photoprotective mechanisms like nonphotochemical quenching. Consequently, increasing photon flux density can lead to PSII overexcitation and the formation of 1O2  (Ramel et al., 2013a; Dall'Osto et al., 2010). While these mutant systems have provided valuable insight into the 1O2 signaling pathways, few plant systems allow the controlled induction of 1O2 and investigation of 1O2 signaling within wild type plants. Recently, 1O2 generation was detected in wild type Arabidopsis leaves following transfer of the FR light-treated seedling to white light  (Page et al., 2017). This white light-mediated induction of 1O2 was due to Pchlide accumulation and led to suppression of major chlorophyll synthesis and photosynthetic genes presumably to prevent photo-oxidative damage during de-etiolation  (Page et al., 2017).

Despite the detection of 1O2 in wild type Arabidopsis leaves following a short-time (two hours) FR light treatment and exposure to white light  (Page et al., 2017), it is not clear whether 1O2 can be induced under low R:FR light environments. Such 1O2 induction may provide an opportunity to explore the involvement of 1O2 signaling as an intermediary between low R:FR light-mediated phytochrome inactivation and modulation of growth-defense trade-offs in response to competition cues. Under low R:FR light environments, phytochrome inactivation promotes growth-related hormonal pathways, while attenuating jasmonic acid (JA)-mediated defense responses  (Ballaré, 2014; de Wit et al., 2016; Fernández-Milmanda and Ballaré, 2021). Attenuation of JA synthesis is also indispensable for triggering acclimation response to 1O2 and prevention of cell death, while 1O2-mediated photo-damage and cell death correspond with JA accumulation  (Ramel et al., 2013a; Ramel et al., 2013b). Recently, a sulfotransferase (ST2a) has been shown to be up-regulated as a molecular link between low R:FR light environments and attenuation of JA-mediated defense responses through sulfation of bioactive JAs  (Fernández-Milmanda et al., 2020). In addition, to a lesser extent, the low R:FR light upregulated the early 1O2-responsive amidohydrolase ILL6 (op den Camp et al., 2003), which catalyzes the amido-hydrolysis of JA-isoleucine (Fernández-Milmanda et al., 2020). Given that Pchlide accumulation in the FR light-adapted plants leads to 1O2 production under white light  (Page et al., 2017), a possibility arises that ST2a up-regulation in the low R:FR environments may be linked to 1O2-mediated signaling. In this work, wild-type Arabidopsis was used as a model to distinguish whether increased leaf production of 1O2 in response to competition cues is due to reflected far-red light from neighboring weeds and to gain insights into the 1O2 signaling under low R:FR light environments. Our findings under biological weedy and artificial sources of reflected low R:FR light show that elongation growth responses occur concurrently with 1O2 appearance suggesting its signaling role in response to competition cues. The 1O2 appearance is not a consequence of Pchlide accumulation and not sufficient to cause cell death but chemical treatments that increase Pchlide level or decrease chloroplast electron transport efficiency result in cell death and growth inhibition. The 1O2 signatures under the biological and artificial low R:FR light treatments differ dramatically from those in Arabidopsis mutants that rapidly generate 1O2 after dark to light transfer. Finally, the upregulation of ST2a and ILL6 and the suppression of bioactive JAs may also operate in the acclimation to 1O2 under weed competition.





Materials and methods




Plant material and growth conditions

Wild-type Arabidopsis thaliana (ecotype Columbia) plants were raised in controlled environment growth chambers (Model CMP 3244 Conviron, Winnipeg, Canada) with a 12-hour photoperiod, an irradiance of 160 µmol m-2 s-1, a temperature of 21/18°C, and a relative humidity of 60%. The weed-free control (R:FR ≈ 1.6), biological low R:FR (R:FR ≈ 0.3), and artificial low R:FR (R:FR ≈ 0.3) light treatments were set up by placing plastic tubes (8 × 18 cm, 1 L) in the center of plastic pots (16 × 15 cm, 3.36 L) (Airlite Plastics Company, Omaha, USA). Drainage holes were drilled in the tubes and pots. For the control and the artificial low R:FR light treatments, the area between the plastic pot and plastic tube was filled with Turface MVP (Profile Products LLC, Buffalo Grove, USA). For the biological low R:FR treatment, the area between the plastic pot and plastic tube was filled with Sunshine Mix #4 (Sungro Horticulture, Agawam, MA) and seeded (≈ 200 g m-2) with a commercial mixture of grass seeds (The Scotts Compnay LLC, Marysville, USA). This mixture of grass seeds consisted of perennial ryegrass (Lolium perenne L.), creeping red fescue (Festuca rubra L.), Kentucky bluegrass (Poa pratensis L.), and chewing fescue (Festuca rubra L.) (The Scotts Compnay LLC, Marysville, USA). The grass was watered twice a week and was fertilized every two weeks with a nutrient solution as described previously (Tollenaar, 1989). A dense grass was established within two months and generated a stable biological source of reflected FR light without direct contact between the grass and experimental plants. A simulated FR light environment (artificial low R:FR; R:FR ≈ 0.3) was generated using 13 W, 162 mA far-red LEDs (Phillips Canada). Seeds of Arabidopsis were planted in a mix of PGx (Premier Horticulture LTD, Quebec, Canada) and perlite (Perlite Canada Inc., Quebec, Canada) at a ratio of 3:1 in 355 mL (8×10 cm) plastic cups (Dart Container Corp., Mason, USA). The plastic cups were then placed inside the plastic tubes in each pot in the respective light environments (Figure 1). The central plastic tube acted as a barrier preventing water exchange and nutrient flow between the Arabidopsis plants in the cups and the grass. Further, the empty space between the bottom of the cup and bottom of the central tube prevented secretion of grass metabolites to Arabidopsis roots. Light interference in the growth chambers was eliminated using a white opaque plastic divider between the weed-free control and biological low R:FR while allowing a free upward air flow (1.55 m3 min-1) across treatments. Arabidopsis plants were grown under weed-free control conditions for 21 days and fertilized weekly with a modified Hoagland’s solution (10 mM KNO3, 10 mM Ca(NO3)2.4H2O, and 2.5 mM KH2PO4). Arabidopsis plants were then exposed to either the biological or artificial low R:FR light treatment for 12 hours a day for seven days or kept under control conditions before plants were sampled. The light spectral composition of the weed-free control, biological low R:FR, and artificial low R:FR light treatments were determined at plant height. The incoming and reflected light quantity and quality were measured at nine locations across each treatment using a LI-COR-180 spectrometer (Li-COR Biosciences; Lincoln, NE, USA). For incoming light measurements, the spectrometer was held level at plant height facing the lights. For reflected light measurements, the spectrometer was held level facing the plants. A summary and detailed information about the light spectral composition in the weed-free control, biological low R:FR and artificial low R:FR light treatments are presented in Supplementary Table 1.




Figure 1 | Weed-free control (A), biological low R:FR (B), and artificial low R:FR (C) treatments with reflected R:FR of ≈1.6, ≈0.3, and ≈0.3, respectively. Arabidopsis plants were exposed to the biological and artificial low R:FR light for 12 hours a day for seven days or kept under control (weed-free) condition prior to sampling. Plastic cups containing Arabidopsis seedling were placed in a plastic tube in the center of the pots to prevent direct root contact with neighbouring weeds. Note the hyponastic leaf growth in the biological and artificial low R:FR treatments. Normal leaf growth in the control (D), and petiole elongation in the biological low R:FR (E), and artificial low R:FR (F) treatments. Increases in petiole (G) and leaf blade (H) lengths of 7th and 9th leaf (4-week-old) in the low R:FR treatments. Black bars represent the control treatment while light grey and dark grey bars represent the biological low R:FR and artificial low R:FR light treatments, respectively. Note the similar elongation responses of Arabidopsis in separate growth chambers with the biological and artificial sources of reflected low R:FR light. Data represent means ± SEM for three independent experiments each consisting of five plants per treatment. Means were separated using Tukey’s HSD test (P<0.05). Letters indicate statistical significance of differences across treatments.







Singlet oxygen imaging

Singlet oxygen formation was detected in 4-week-old Arabidopsis thaliana leaves using Singlet Oxygen Sensor Green (SOSG) (ThermoFisher, Waltham, USA). A 500 µM stock solution of SOSG was prepared by dissolving 100 µg of SOSG in 330 µL of methanol and diluted to a working concentration of 10 µM SOSG using 50 mM potassium phosphate buffer (pH 7.5) and 0.01% Tween-20 as a non-ionic surfactant. Plants were manually infiltrated with the 10 µM SOSG solution using a 60 ml needleless syringe and placed back in the treatment for two hours. The SOSG fluorescence (excitation ~450-490 nm; emission ~500-550 nm) was detected using an Axio Zoom V16 fluorescence stereo microscope with a Pan NeoFluor Z 1x/0.25 FWD 56 mm lens and a 38 HE filter set (Zeiss Canada, Toronto, Canada). All leaf images were obtained using the same magnification and an exposure of 500 milliseconds. The SOSG fluorescence signal was quantified using the image analysis application Fiji (Schindelin et al., 2012). Briefly, the fluorescence signal in each leaf image was quantified in five equal (200 × 200) regions of interest (ROIs) and averaged to obtain the mean fluorescence signal. For each treatment, 25 independent images were analyzed.





Pigment analysis

To quantify photosynthetic pigments, leaf discs (nine mm) were taken from the mid-section of fully expanded Arabidopsis leaves (4-week-old) and placed in 1.5 mL of 80% acetone. The leaf discs were incubated in the dark at -20°C for 24 hours until total removal of chlorophyll. Absorbance was measured at 470, 626, 645, 646, 647, 663, and 664 nm. The concentration of Pchlide, chlorophyllide a (Chlide a), chlorophyll a (Chl a), chlorophyll b (Chl b), and total carotenoids were calculated using the previously described equations (Brouers and Michel-Wolwertz, 1983; Lichtenthaler and Wellburn, 1983). A more detailed quantification of individual carotenoids including lutein, β-carotene, violaxanthin, and neoxanthin was performed by high performance liquid chromatography (HPLC). Approximately, 20 mg of fresh ground tissue was used for HPLC analysis. To extract prenyl lipids, 250 µL of acetone:ethyl acetate (3:2; v/v) was added to each sample followed by the addition of 100 µL of ethyl acetate and 200 µL of dH2O. Each sample was then vortexed for five seconds and centrifuged (10 seconds burst) to achieve phase separation. The upper ethyl acetate layer was transferred into a vial and 50 µL of the ethyl acetate layer was separated on a five µm Spherisorb ODS-2 reverse-phase column (250 × 4.6 mm, Supelco) thermostated at 23°C. A linear gradient from 100% acetonitrile:water:trimethylamine (9:1:0.01) to 100% ethyl acetate was used to elute the samples at a flow rate of 1 mL min-1 over 45 minutes. Lutein, β-carotene, violaxanthin, and neoxanthin were detected at A440 with a detection limit of 0.05 nmol and were quantified based on external calibration standards of high purity. For these HPLC standards, lutein was obtained from Cayman Chemicals (Ann Arbor, MI, USA). β-carotene, violaxanthin, and neoxanthin were obtained from Sigma Aldrich (Oakville, ON, Canada).





Chemical treatments

All chemicals were made up in 10 mM MES buffer (pH 6.5) and 0.01% tween-20 as a surfactant. The final concentrations of chemicals were 10 mM ALA (5-aminolevulinic acid; the precursor of tetrapyrrole biosynthesis), 50 mM, 100 mM, 150 mM, and 200 mM GSH (reduced glutathione; a quinone A reductant), and 50 mM, 100 mM, 150 mM, and 200 mM H2O2 (hydrogen peroxide; an oxidizing agent). For the ALA treatment, the upper and lower leaves of 4-week-old Arabidopsis plants were sprayed with a two mL solution of ALA. In total, four experiments were performed and ALA was sprayed on three plants per treatment per experiment. For the GSH and H2O2 treatments, the rosette leaves of 3-week-old Arabidopsis plants were sprayed with a one mL solution of GSH or H2O2. After spraying, plants were allowed to dry for one hour before transfer back to the treatments. The extent of cell death by ALA was monitored and imaged every 24 hours for a total of 72 hours. The extent of cell death by GHS and H2O2 was monitored every 24 hours and imaged 96 hours after spraying. In total, three independent experiments with a similar time course were performed and each chemical was sprayed on five plants per treatment per experiment. In separate experiments, the extent of cell death by GSH was quantified in 18 plants per concentration per treatment using the image analysis application Fiji (Schindelin et al., 2012). Dead leaf area was calculated by subtracting the green leaf area from total leaf area and expressed as percentage of leaf cell death.





RNA-sequencing

RNA extraction from 4-week-old Arabidopsis rosette leaves and subsequent DNase treatment of RNA samples were performed using a RNeasy PowerPlant kit (Qiagen) and an RNase-Free DNase kit (Qiagen) according to the manufacturer’s instructions. In total, nine samples consisting of three treatments (weed-free, biological low R:FR, and artificial low R:FR light) with three replicates, each consisting of a pool of leaves from three individual plants, were analyzed. The RNA quality and quantity were determined using an Agilent 2100 Bioanalyzer (Agilent Technologies). The RNA libraries were constructed using the Illumina TrueSeq RNA kit in three replicates according to the manufacturer’s protocol. The RNA libraries were sequenced on an Illumina sequencer (NovaSeq 6000) at the Genome Quebec Innovation Center (McGill University, Canada) to obtain ≈25 M reads per replicate. Differentially expressed gene (DEG) analysis was performed by Harvest Genomics Inc. (Guelph, Canada), where the quality control of raw.fastq files was performed prior to sequence alignment to the reference genome (https://www.ncbi.nlm.nih.gov/assembly/GCF_000001735.4/) using Bowtie 2 v2.4.3. Count data were retrieved using HTSeq (version 0.13.5) and DEGs were determined using DESeq2 (version 1.30.1). The Benjamini-Hochberg false discovery rate (FDR) correction was used within DESeq2 (version 1.30.1) to obtain adjusted p-values (padj). Tables of log2 fold change (lfc) were generated as described previously (Zhu et al., 2019). The RNA-seq raw reads and expression analysis are available in the NCBI gene expression omnibus (GEO) data repository under accession GSE213185 (https://www.ncbi.nlm.nih.gov/gds/?term=GSE213185).





Real-time quantitative reverse transcription PCR assays

Total RNA was extracted from 4-week-old Arabidopsis leaves using the TRI Reagent (Sigma Aldrich Canada). In total, 16 samples from two independent experiments were analyzed. In each experiment, eight samples were taken from two treatments (weed-free and biological low R:FR light) each consisting of rosette leaves from four individual plants. The DNAse treatment and sample cleanup were performed using the RNAase-Free DNase Set (Qiagen Inc. Canada) and the RNeasy MinElute Cleanup kit (Qiagen Inc. Canada), respectively. Prior to RT-qPCR assays, RNA quality was determined using an Agilent 4150 TapeStation System (Agilent, CA, USA) according to the manufacturer’s instructions. The RNA samples were reverse transcribed using the High Capacity cDNA Reverse Transcription kit following the supplied protocol (Applied Biosystems, Canada). Real-time PCR assays were performed using a QuantaStudio Real Time PCR system (Thermo Fisher Scientific Inc., Canada). Each PCR reaction (20 μl) consisted of 10 μl of 2× SsoAdvanced Universal Inhibitor-Tolerant SYBR supermix (Bio-Rad, Cat No: 172-5017), 0.8 µl of PCR forward and reverse primer mix at 5 µM (final concentration of primer at 200 nM), 4.2 μl of water and 5 µl of 8× diluted cDNA. The thermal cycler conditions were 3 minutes at 98°C polymerase activation step, followed by 40 cycles of a two-step qPCR (10 seconds of 98°C denaturation, 30 seconds of 60°C combined annealing/extension). The amplified PCR products were compared with the PROFILIN1 (PRF1) as a housekeeping gene and relative changes in gene expression were quantified using the 2-ΔΔct equation (Livak and Schmittgen, 2001). Primers were designed using PrimerQuest Tool (Integrated DNA Technologies, Coralville, USA). The primer sequences used for qPCR were: SULFOTRANSFERASE 2A (At5G07010) ST2a fwd 5’-ACCTCAAGCATGAAGAGCATTC-3’ and ST2a rev 5’-CCCTTCATCTTCTTCGGCTTTC-3’; SULFOTRANSFERASE 2B (At5G07000) ST2b fwd 5’-AAGCGAAGGCCAAGAAGAA-3’ and ST2b rev 5’-GTAACGATTTCTCCGTCCTCTC-3’; IAA-LEUCINE RESISTANCE (ILR)-LIKE6 (At1g44350) ILL6 fwd 5’-TCTTGGTGCTGCCCATATTC-3’ and ILL6 rev 5’-AAGCTCCGTCTTCGATCATATTC-3’; U-BOX E3 UBIQUITIN LIGASE (At3g19380) PUB25 fwd 5’-CGACTTCACACTCATCCCTAAC-3’ and PUB25 rev 5’-CAGCTGGTTGTTTAGGAGTAGG-3’; PRF1 (At2G19760) fwd 5’-GGTGAACAAGGAGCTGTGAT-3’ and PRF1 rev 5’-GGTTCATCGTAGAAGCCAAAGA-3’.





Statistical analysis

Statistical analysis was performed using SAS version 9.4 and PROC GLIMMIX. The experiments were arranged as a randomized complete block design. The light treatment was considered the fixed effect, while replication was considered the random effect. Least-square means were generated, and means were separated with a Tukey’s honest significant difference (HSD) test. Unless stated otherwise, each replicate consisted of five Arabidopsis samples per treatment and three replications per experiment. A type I error of 0.05 was used for all tests of significance. A power analysis was performed to ensure adequate power was achieved.






Results




The shade avoidance response is accompanied by an increase of 1O2 level in leaves

We exposed 3-week-old Arabidopsis plants to the biological and artificial low R:FR light for 12 hours a day for seven days or kept them in the weed-free control condition. This exposure to reflected low R:FR light was under resource-independent competition, where incoming light, water and nutrients were not limiting factors. Further, we prevented direct root contact between the Arabidopsis plants and the surrogate weeds by a plastic tube in the center of the pots (Figures 1A–C; Supplementary Table 1). Elongation growth and leaf hyponasty were typical shade avoidance responses (Figures 1A–F). The biological and artificial low R:FR treatments caused similar elongation responses in the petiole lengths (23% and 26%) and leaf blade lengths (14% and 19%) of 4-week-old Arabidopsis plants (Figures 1G–H). These shade avoidance responses were accompanied by increases in leaf production of 1O2 in the biological and artificial low R:FR treatments (Figures 2A–C). Quantification of SOSG fluorescence by the image analysis application Fiji (Schindelin et al., 2012) revealed 2.6× and 3.0× increase in mean fluorescence signal in the biological and artificial low R:FR treatments, respectively, compared with the weed-free control. In addition, mean fluorescence signal in the artificial low R:FR treatments was significantly higher than the biological low R:FR treatment (Figure 2D; Supplementary Table 2). These results not only indicated that the biological low R:FR treatment could elicit the shade avoidance responses in the absence of direct resource competition but also suggested that the 1O2, which was predominantly generated by the reflected FR light from neighboring weeds, might be a molecular component of the shade avoidance response.




Figure 2 | Basal level of 1O2 in the weed-free control (A) and increases in 1O2 levels in the biological low R:FR (B) and artificial low R:FR (C) treatments. Each panel shows four representative images of independent leaf samples. Four-week-old Arabidopsis plants were infiltrated with 10 µM SOSG and the SOSG fluorescence was imaged two hours after infiltration at an exposure time of 500 milliseconds. Scale bar represents 1000 μm. Significant increases in mean fluorescence signal in the biological and artificial low R:FR treatments (D). The SOSG fluorescence was quantified using the image analysis application Fiji (Schindelin et al., 2012). Data represent means ± SEM for 25 independent leaf samples per treatment (Supplementary Table 2). Means were separated using Tukey’s HSD test (P<0.05). Letters indicate statistical significance of differences across treatments.







Increased leaf production of 1O2 in the low R:FR light environments is not due to the accumulation of chlorophyll precursors

Induction of 1O2 in the flu mutant of Arabidopsis is the result of photosensitization of accumulated Pchlide following transfer from dark to light (Meskauskiene et al., 2001). To investigate whether a similar mechanism is responsible for increased leaf production of 1O2 in the low R:FR treatments, the levels of Pchlide, Chlide a, Chl a, Chl b, and total Chl were compared with that of control plants using spectrophotometry. The levels of Pchlide were not significantly altered by the biological and artificial low R:FR treatments (Figure 3A), while the Chlide a levels were significantly decreased (9.4% and 25.9%, respectively) compared with the control (Figure 3B). In addition, significant decreases were found in the levels of Chl a (10.3% and 8.2%), Chl b (26.9% and 21.9%), and total Chl (9.6% and 25.3%) in the biological and artificial low R:FR treatments compared with the control (Figures 3C–E). Further, exposure of Arabidopsis plants in the biological and artificial low R:FR treatments to dark periods of two, four, and six hours did not affect Pchlide levels (Figure 3A). The Chlide a levels were decreased in the biological and artificial low R:FR treatments (13.9% and 35.7%, respectively) after two hours of dark incubation (Figure 3B). This decrease, however, was significant only in the artificial low R:FR treatment. Further, a significant decrease (34%) was found in the artificial low R:FR treatment after four hours of dark incubation. Although the Chlide a levels in the low R:FR treatments were not significantly different from the weed-free control after six hours of dark incubation, the Chlide a level in the artificial low R:FR treatment was significantly lower (19.3%) than the biological low R:FR treatment (Figure 3B). The Chl a levels were decreased after two hours (13.5% and 39.4%) and four hours (22.1% and 36.1%) of dark incubation compared with the control (Figure 3C). These decreases, however, were significant only in the artificial low R:FR treatment and no significant difference was found between treatments after six hours of dark incubation (Figure 3C). The levels of Chl b were decreased after two hours in the biological and artificial low R:FR treatments (9.2% and 24.9%, respectively). This decrease, however, was significant only in the artificial low R:FR treatment. Further, a significant decrease (23.2%) was found in the artificial low R:FR treatment after four hours of dark incubation (Figure 3D). Although the levels of Chl b in the biological and artificial low R:FR treatments were not different from the weed-free control after six hours of dark incubation, the level of Chl b in the artificial low R:FR treatment was significantly lower (12.2%) compared with the biological low R:FR treatment (Figure 3D). The levels of total Chl were decreased in the biological and artificial low R:FR treatments only after two hours (12.1% and 34.7%) and four hours (20.6% and 31.8%) of dark incubation (Figure 3E). Again, these decreases were significant only in the artificial low R:FR treatment (Figure 3E). In the biological and artificial low R:FR treatments, Arabidopsis plants displayed higher ratios of Pchlide to Chlide a (Pchlide/Chlide a) compared with the control (Figure 3F). The higher Pchlide/Chlide a may be due to decreased conversion of Pchlide to Chlide a. It is not clear whether higher Pchlide/Chlide a may contribute to 1O2 generation. After two and four hours of dark incubation, however, Pchlide/Chlide a were increased in the artificial low R:FR treatment only, whereas six hours of dark incubation did not affect Pchlide/Chlide a (Figure 3F). The lack of accumulation of Pchlide in the dark (Figure 3A), however, suggests that 1O2 generation in the low R:FR treatments occurs via a different mechanism than in the flu mutant of Arabidopsis.




Figure 3 | Changes in the levels of photosynthetic pigments in the biological and artificial low R:FR treatments in the light and after two, four, and six hours of dark incubation. Arabidopsis plants were exposed to the biological and artificial low R:FR light for 12 hours a day for seven days or kept under control (weed-free) condition prior to sampling. Black bars represent the control while light grey and dark grey bars represent the biological and artificial low R:FR treatments, respectively. No significant change in Pchlide levels in the reflected low R:FR treatments and after dark incubation for two, four, and six hours (A). Decreases in Chlide a levels in the reflected low R:FR treatments and after dark incubation for two and four hours (B). Decreases in Chl a (C), Chl b (D), and total Chl (E) levels in the reflected low R:FR treatments and after dark incubation for two and four hours. Increases in the ratio of Pchlide to Chlide a in the artificial low R:FR treatment and after dark incubation for two and four hours (F). Data represent means ± SEM for three independent experiments each consisting of three plants per treatment. Means were separated using Tukey’s HSD test (P<0.05). Letters indicate statistical significance of differences across treatments.







Low R:FR light environments decrease total carotenoid content and differentially alter levels of xanthophylls

Since carotenoids are the most efficient physical quenchers of 1O2 that primarily protect photosystems from oxidative damage (Triantaphylidès and Havaux, 2009), we investigated whether increased leaf production 1O2 in the low R:FR light treatments was due to decreases in carotenoid levels. We found that total carotenoid levels were decreased by 7.1% and 37.7% in the biological and artificial low R:FR treatments, respectively (Figure 4A). When individual xanthophyll levels were examined by HPLC, however, there appeared to be no difference between the levels of lutein (Figure 4B), β-carotene (Figure 4C), violaxanthin (Figure 4D), and neoxanthin (Figure 4E) in the biological low R:FR treatment compared with the control. In the artificial low R:FR treatment, however, the levels of lutein, β-carotene, and violaxanthin were deceased by 17.6%, 13.1%, and 17.1%, respectively, compared with the control. The neoxanthin level in this treatment was significantly lower than in the biological low R:FR treatment but did not differ from that of the control. Therefore, the observed decrease in total carotenoids in the biological low R:FR treatment does not appear to be due to decreases in the levels of lutein, β-carotene, violaxanthin, and neoxanthin. In contrast, the decreased level of total carotenoids in the artificial low R:FR treatment may be attributable to decreases in the levels of lutein, β-carotene, and violaxanthin. Further, these results suggest that the 1O2 induction by the artificial low R:FR treatment may arise from decreased levels or the suppression of protective function of these carotenoids. These mechanisms however, do not appear to be behind the 1O2 induction by the biological low R:FR treatment. Unlike the artificial low R:FR treatment, the inability of the biological low R:FR treatment to decrease the levels of the above-mentioned carotenoids may be attributable to the effects associated with the surrogate weed used for the biological low R:FR treatment. We do not, however, rule out the involvement of other carotenoids such as zeaxanthin, which is also a potent physical quencher of 1O2 (Triantaphylidès and Havaux, 2009).




Figure 4 | Effect of the reflected low R:FR treatments on carotenoid content. Arabidopsis plants were exposed to the biological and artificial low R:FR light for 12 hours a day for seven days or kept under control (weed-free) condition prior to sampling. Black bars represent the control while light grey and dark grey bars represent the biological and artificial low R:FR treatments, respectively. Decreases in total carotenoid content in the biological and artificial low R:FR treatments (A) and no changes in the levels of lutein (B), β-carotene (C), violaxanthin, (D), and neoxanthin (E) in the biological low R:FR treatment. The levels of lutein, β-carotene, and violaxanthin in the artificial low R:FR treatment are lower than that in the control.Total carotenoid data represent means ± SEM for four replicates consisting of three plants per treatment while individual carotenoid data represent means ± SEM for three independent experiments each consisting of three plants per treatment. Means were separated using Tukey’s HSD test (P<0.05). Letters indicate statistical significance of differences across treatments.







Low R:FR light environments increase susceptibility to cell death by ALA

It is well recognized that both light-dependent and light-independent induction of 1O2 can trigger cell death responses (Wagner et al., 2004; Ramel et al., 2013a; Mor et al., 2014; Chen and Fluhr, 2018). We sprayed Arabidopsis plants in the control, biological, and artificial low R:FR treatments with ALA (10 mM) to increase the levels of photodynamic tetrapyrrole intermediates in these plants and compare their susceptibility to cell death. After 24 hours, plants in the biological low R:FR treatment wilted, while the control displayed little sign of cellular damage (Figures 5A, B, E, F). After 48 hours, signs of cellular damage were apparent on all the plants, however, it was more severe in the biological low R:FR treatment (Figures 5A, C, E, G, M, O). After 72 hours, the control plants exhibited minor signs of cell death in small localized patches, while in the biological low R:FR treatment, plants displayed total necrosis with the exception of the growing points (Figures 5A, D, E, H). Plants in the artificial low R:FR treatment exhibited cell death more severe than the control treatment, but less so than the biological low R:FR treatment (Figures 5A, D, M, P). Further, after spraying ALA, plants that were transferred from the low R:FR treatments to the control treatment displayed similar cell death symptoms as the plants that had been replaced into their respective treatments pre-spray (Figures 5I–L, Q–T). These results suggest that further increases in 1O2 levels in the low R:FR treatments may tip the 1O2 balance from an acclimation response towards a cell death response.




Figure 5 | The time course (0-72 h) of Arabidopsis responses to ALA in the control, biological and artificial low R:FR treatments. Arabidopsis plants were exposed to the biological and artificial low R:FR light for 12 hours a day for seven days or kept under control (weed-free) condition prior to sampling. Control plants for each treatment were sprayed with a two mL solution of 1x MES buffer (10 mM; pH 6.5), while treated plants were sprayed with a two mL solution of 10 mM ALA in 1x MES buffer and placed back in their original treatments or transferred from the reflected low R:FR treatments to the control treatment. Experiments were repeated four times and ALA was sprayed on three plants per treatment per experiment. No damage by 1x MES buffer in the control, but minor damage by ALA after 24 h and localized patches of cell death after 48 and 72 hours (A–D). Signs of wilting 24 h after ALA treatment, progression of cellular damage and necrosis after 24 and 48 hours in the biological low R:FR (E–H). A similar trend after transfer of the ALA-treated plants from the biological low R:FR to the control treatment (I–L). Less severe damage by ALA in the artificial low R:FR light (M–P) compared with the biological low R:FR treatment. Persistence of sensitivity to cell death after transfer of the ALA-treated plants from the artificial low R:FR to the control treatment (Q–T).







Low R:FR environments differentially enhance cell death and growth inhibition responses to GSH

It has been established that GSH can increase and H2O2 can decrease photo-oxidative damage through the control of the redox state of the quinone A (QA)-quinone B (QB)-plastoquinone (PQ) pools (Karpinska et al., 2000). We examined susceptibility of Arabidopsis plants to GSH and H2O2 in the low R:FR environments. Treatment of Arabidopsis plants with increasing concentrations of GSH (50 mM to 200 mM) resulted in more severe cell death and growth inhibition in the low R:FR environments compared with the weed-free control (Figure 6). Quantification of leaf cell death by the image analysis application Fiji (Schindelin et al., 2012) revealed significant increases in leaf cell death (%) in the biological low R:FR (65%, 80%, 73%, and 71%) and artificial low R:FR (110%, 55%, 24%, and 31%) treatments relative to the weed-free treatment at 50, 100, 150, and 200 mM GSH, respectively (Figure 7; Supplementary Table 3). In contrast, treatment of Arabidopsis plants with increasing concentrations of H2O2 (50 mM to 200 mM) resulted in small and localized patches of cell death in all environments with no distinguishable differences in susceptibility to H2O2 between the low R:FR light and control environments (Figure 8). These results suggest that the effects of GSH on reduction of the QA-QB-PQ pools, efficiency of chloroplast electron transport, and cell death may be exacerbated under low R:FR light environment.




Figure 6 | Responses of Arabidopsis plants to increasing concentrations of reduced glutathione (GSH) from 50 mM to 200 mM in the weed-free control (A–E), biological low R:FR light (F–J), and artificial low R:FR (K–O) light treatments. At the 3-week stage, six Arabidopsis plants from each treatment were taken from the growth chambers and all rosette leaves of each plant were sprayed with a one mL solution of each GSH concentration containing 0.01% Tween-20 as a wetting agent. Control plants for each treatment were sprayed with a one mL solution of 1x MES buffer (10 mM, pH 6.5) containing the same concentration of Tween-20. After spraying, the plants were kept outside the growth chambers to dry for one hour and transferred back to the respective treatments. Experiments were repeated three times with five plants per treatment and progression of cell death, and growth inhibition were monitored for one week. Note the dramatic differences in cell death and growth inhibition responses to increasing concentrations of GSH between the control and low R:FR light treatments particularly at 150 mM and 200 mM GSH.






Figure 7 | Increases in mean leaf cell death (%) by reduced glutathione (50, 100, 150, and 200 mM GSH) in the weed-free control, biological, and artificial low R:FR light treatments. Plants were treated as described in Figure 6. Note the significant increase in mean cell death (%) at each GSH concentration in the low R:FR light treatments relative to the respective weed-free treatment. Data represent means ± SEM for 18 plants per concentration per treatment. Means were separated using Tukey’s HSD test (P<0.05). Letters indicate statistical significance of differences across treatments. Images of plants were analyzed by the image analysis application Fiji (Schindelin et al., 2012). For each plant, dead leaf area was determined by subtracting green leaf area from total leaf area and expressed as percentage of leaf cell death (Supplementary Table 3).






Figure 8 | Responses of Arabidopsis plants to increasing concentrations of H2O2 from 50 mM to 200 mM in the weed-free control (A–E), biological low R:FR light (F–J), and artificial low R:FR (K–O) light treatments. At the 3-week stage, six Arabidopsis plants from each treatment were taken from the growth chambers and all rosette leaves of each plant were sprayed with a one mL solution of each H2O2 concentration containing 0.01% Tween-20 as a wetting agent. Control plants for each treatment were sprayed with a one mL solution of 1x MES buffer (10 mM, pH 6.5) containing the same concentration of Tween-20. After spraying, the plants were kept outside the growth chambers to dry for one hour and transferred back to the respective treatments. Experiments were repeated three times with five plants per treatment and progression of cell death was monitored for one week. Note that higher concentrations of H2O2, in contrast to GSH, did not result in a differential cell death in the low R:FR light treatments. Arrows indicate a few patches of cell death across all treatments at higher H2O2 concentrations.







A few early 1O2-responsive genes are induced under low R:FR light environments

RNA-sequencing was performed to compare differentially expressed genes (DEGs) in wild type Arabidopsis under 12-hour low R:FR light per day for one week and 1931 previously reported early 1O2-responsive genes in the mutant backgrounds and rose Bengal-treated wild type Arabidopsis (op den Camp et al., 2003; Gadjev et al., 2006; Alboresi et al., 2011; Mor et al., 2014). A summary of the number of base pairs sequenced and the number of reads mapped is presented in Table 1, which shows an average percentage of mapped reads of 81.7%. Results revealed that 57 of the 1931 1O2-responsive genes were differentially expressed in the low R:FR treatments (Table 2; Supplementary Table 4). Moreover, only six of the 57 1O2-responsive genes were commonly up-regulated in the biological and artificial low R:FR treatments, and four previous studies (Tables 2, 3). The minimal similarity between gene expression profiles in the previous four studies and the present study suggests that disparate modes of 1O2 generation in different genetic backgrounds may elicit unique 1O2 signatures. Further, growth conditions, tissue types and plant age may also affect 1O2 signatures. These results also suggest that the levels of 1O2 in the low R:FR treatments may not be high enough to induce a 1O2 signaling pathway similar to other Arabidopsis systems such as the flu mutant (op den Camp et al., 2003), Alternatively, a 1O2 signaling might have occurred at an earlier time point after the low R:FR light exposure.


Table 1 | Percentages of sequence reads mapped to the Arabidopsis thaliana reference genome.




Table 2 | Comparison of early 1O2-responsive DEGs in the reflected low R:FR treatments and four previously studied 1O2 generating systems.




Table 3 | Induction of early 1O2-responsive and sulfotransferase genes by the biological and artificial low R:FR light treatments.







Negative regulators of jasmonate accumulation are induced under low R:FR light environments

Increases in 1O2 levels in the low R:FR treatments were below a threshold to induce a cell death response (Figures 1, 2). The lack of a cell death response suggested induction of a 1O2 acclimation response, which is known to be induced by low levels of JA (Ramel et al., 2013b). Therefore, we sought to determine whether genes involved in regulation of bioactive JA levels were up-regulated by the low R:FR treatments. RNA-seq analysis revealed that the early 1O2-responsive gene ILL6 (op den Camp et al., 2003), which is involved in negative regulation of bioactive JA levels (Bhosale et al., 2013), was up-regulated (Table 3). We also found that not only the sulfotransferase ST2a but also the closely related ST2b was up-regulated in the biological and artificial low R:FR treatments (Table 3). Up-regulation of the sulfotransferase ST2a that catalyzes the conversion of 12-hydroxy JA (OH-JA) to JA sulfate (HSO4-JA) (Gidda et al., 2003) is a major mechanism diverting JA precursors from bioactive JA pools thus attenuating JA signaling under low R:FR light (Fernández-Milmanda et al., 2020). Since ST2b lacks sulfotransferase activity (Gidda et al., 2003; Fernández-Milmanda et al., 2020), its function under low R:FR treatments is not clear. The relationships between JA accumulation and 1O2-induced cell death (Przybyla et al., 2008), and between suppression of JA synthesis and photo-tolerance (Ramel et al., 2013a, b) have been well established. Therefore, the up-regulation of ILL6 and ST2a in the low R:FR treatments may represent a possible connection between the low R:FR light, attenuation of bioactive JA levels, and 1O2 acclimation response.





Induction of jasmonate repressors connects reflected far-red light cues from neighboring weeds with 1O2 acclimation response

We performed two independent RT-qPCR assays to investigate whether the reflected far-red light from neighboring weeds was indeed responsible for the induction of JA repressors and 1O2 responsive genes. We included in our experiments ST2a (a negative regulator of JA) and the closely related ST2b, as well as the early 1O2 responsive genes ILL6, which is also a negative regulator of JA, and PUB25, which encodes a U-box E3 ligase involved in plant organ growth. We found that all of these transcripts in Arabidopsis leaves were at higher levels in the biological low R:FR treatment relative to weed-free control (Figure 9) confirming the expression profile of the selected genes in RNA-seq results (Table 3). These results further suggested that hydrolysis of bioactive JA conjugates (JA-isoleucine) by the 1O2 responsive ILL6 and sulfation of JA metabolites by ST2a may act to promote both the shade avoidance response and the 1O2 acclimation response under resource-independent weed competition.




Figure 9 | Increases in transcript levels of ST2a, ST2b, ILL6, and PUB25 in the biological low R:FR treatment relative to the weed-free control. Data represents fold change gene expression in the biological low R:FR light relative to the weed-free control treatment ± SEM for two independent experiments each consisting of leaves from four plants per treatment (P ≤ 0.05).








Discussion

Our results indicate that induction of SAR in Arabidopsis due to proximity to neighboring weeds coincides with increased leaf production of 1O2 (Figures 1, 2). Some of the elongation responses are modulated by the low R:FR light-mediated elevation of the volatile hormone ethylene in plants or in the canopy environment (Pierik et al., 2004a, b). Other reports have shown the suppression of terpenoids and other green leaf volatiles under low R:FR light (Kegge et al., 2013) and suggested the dominant effect of light signaling over volatile cues during weed-crop interactions (Pierik and de Wit, 2014). We are not, however, aware of any previous work describing 1O2 induction in plants by volatile compounds emanating from neighboring weeds. Moreover, a similar 1O2 increase along with induction of the SAR in the artificial low R:FR treatment (Figures 1, 2) suggests that the low R:FR light emanating from neighboring weeds may be the main signal responsible for increased 1O2 production.

Environmental stress factors elevate reactive oxygen species (ROS) levels in plants (Fryer et al., 2002; Hideg et al., 2002; Xiong et al., 2002; Apel and Hirt, 2004). Disparate ROS such as 1O2 and O2-/H2O2, which are elevated under disparate physiological conditions (Apel and Hirt, 2004), may also exhibit antagonistic interactions under certain conditions. This antagonistic interaction was exemplified in the flu mutant of Arabidopsis in which suppression of H2O2 by overexpression of a thylakoid-bound ascorbate peroxidase resulted in enhanced 1O2-mediated cell death and growth inhibition (Laloi et al., 2007). Also, the simultaneous induction of 1O2 and reduction of O2- in the etiolated phytochrome interacting factor 3 and phytochrome interacting factor quadruple mutants of Arabidopsis upon transfer to light has been attributed to the antagonistic effect of 1O2 on O2- and H2O2 (Chen et al., 2013). Given the established specificity of 1O2- and O2-/H2O2-dependent signaling in the flu mutant of Arabidopsis (Laloi et al., 2007), the 1O2 induction in the low R:FR light treatments may give rise to a distinct stress signaling response. A recent study found no increase in the intensity of SOSG fluorescence in Arabidopsis leaf discs following a two-hour exposure to supplemental FR light (Dmitrieva et al., 2021). This discrepancy may be due to small size of leaf discs (0.5 × 0.5 cm), lower concentration of SOSG (5 µM), and the short duration of exposure to FR light (two hours). Several lines of evidence indicate that a FR light pre-treatment of Arabidopsis results in Pchlide accumulation (Sperling et al., 1997; McCormac and Terry, 2002). Further, photo-excitation of Pchlide following transfer of Arabidopsis from FR light to white light resulted in rapid generation of 1O2 (Page et al., 2017). In the absence of FR light, Pchlide accumulation in the dark and photo-excitation following transfer to light is the mechanism behind rapid 1O2 generation in the flu mutant (op den Camp et al., 2003). Also, differential effects of several components of the Arabidopsis light signaling pathway (PHYTOCHROMES, PHYTOCHROME INTERACTING FACTORS, ELONGATED HYPOCOTYL 5, ELONGATED HYPOCOTYL 5 HOMOLOG, and CONSTITUTIVE PHOTOMORPHOGENIC 1) on 1O2 production and cell death following transfer to light corresponded closely to the Pchlide levels formed during seedling de-etiolation (Chen et al., 2013). Accumulation of Pchlide, however, does not appear to be the main cause of 1O2 generation in the wild-type Arabidopsis under the low R:FR light treatments as Pchlide levels were not significantly different from the control, nor did Pchlide levels increase following dark incubations for up to six hours (Figure 3A). Although the mechanism of 1O2 generation under our low R:FR treatments is not clear, decreased levels of Chlide a (Figure 3B), and therefore, increases in Pchlide to Chlide ratios (Figure 3F) may be interpreted as slower conversion rates of Pchlide to Chlide allowing for photo-excitation of a part of free Pchlide and thus 1O2 generation.

Carotenoids (car) including lutein, zeaxanthin, and β-carotene are potent physical and chemical quenchers of 1O2 (Trebst, 2003; Triantaphylidès and Havaux, 2009; Dogra and Kim, 2020). The lack of zeaxanthin and lutein in the lycopene-ε-cyclase and violaxanthin de-epoxidase double mutant (npq1 lut2) of Arabidopsis resulted in 1O2 generation under a combination of low temperature and high light stress (Alboresi et al., 2011). In addition, 1O2 generation in the npq1 lut2 mutant was accompanied by an increase in Chl a/Chl b and a decrease in Chl/Car reflecting the reduction of PSII/PSI and induction of carotenoid biosynthetic genes as 1O2-mediated acclimation responses (Alboresi et al., 2011). Under the low R:FR treatments, however, 1O2 induction did not coincide with such increases (data not shown), indicating differences in 1O2 acclimation responses between these 1O2 generating systems under two different stresses. In addition, the levels of lutein, β-carotene, violaxanthin, and neoxanthin were not affected by the biological low R:FR treatment, while total carotenoid levels were decreased in the biological and artificial low R:FR treatments (Figure 4). Decreases in chlorophylls and carotenoids are among universal responses to low R:FR light (Meng et al., 2019; Zhen and Bugbee, 2020; Kong and Nemali, 2021; Frosch and Mohr, 1980; Li and Kubota, 2009) and are regulated by phytochrome in a coordinated and co-localized manner (Meier et al., 2011; Rodríguez-Villalón et al., 2009; Welsch et al., 2000; Von Lintig et al., 1997). Although carotenoid deficiency may lead to 1O2 generation (Krieger-Liszkay, 2005), it is not clear whether decreases in chlorophylls (Figure 3) and total carotenoids (Figure 4) in the low R:FR treatments contribute to 1O2 generation.

It is known that ALA is the first committed compound in the synthesis of tetrapyrrole pigments  (Tanaka and Tanaka, 2007; Beale, 1990). Earlier studies have shown that plants fed with exogenous ALA accumulate tetrapyrrole intermediates including protoporphyrin IX and Pchlide (Gough, 1972; Mascia, 1978). These intermediates are highly photodynamic and generate 1O2 as the major ROS in the light (Becerril and Duke, 1989; op den Camp et al., 2003; Shao et al., 2007; Rebeiz et al., 1988). Similarly, exogenous treatment of Arabidopsis leaves with ALA resulted in a cell death response, which was exaggerated under the low R:FR treatments (Figure 5). This differential response cannot be attributed to higher Pchlide level prior to ALA feeding as Pchlide levels in the low R:FR treatments were not significantly different from the control (Figure 3A). Given the direct relationship between the 1O2 levels and the extent of cell death in Arabidopsis leaves (op den Camp et al., 2003; Laloi et al., 2007), the differential cell death response under the low R:FR treatments (Figure 5) may be due to higher 1O2 levels prior to the ALA treatment. This may increase susceptibility to cell death following ALA feeding. Such increased susceptibility to cell death due to higher steady-state cellular levels of ROS has been shown in tobacco plants treated with the signaling molecules salicylic acid and nitric oxide (Amirsadeghi et al., 2006). This 1O2-mediated susceptibility to cell death by ALA may provide an explanation for the differential cell death responses of Arabidopsis plants under low R:FR light treated with ALA and transferred to the control (Figures 5I–L, Q–T). This, to some extent, is reminiscent of the increased sensitivity to oxidative stress and cell death due to a salicylic acid-dependent accumulation of O2- and H2O2 under short days in the fhy3 far1 double mutant of Arabidopsis lacking two light signaling components FAR-RED ELONGATED HYPOCOTYL3 (FHY3) and FAR-RED IMPAIRED RESPONSE1 (FAR1) (Ma et al., 2016). On the other hand, the cell death response in the AtIPS1 mutant of Arabidopsis lacking 1L-myo-inositol-1-phosphate synthase activity under long days did not result in increased ROS sensitivity (Meng et al., 2009). Therefore, we do not exclude the possibility that factors other than higher steady state 1O2 levels in the low R:FR treatments may contribute to increased susceptibility to cell death by ALA.

A recent study indicated that the complexity of leaf tissue including the cuticle layer shielding the upper and lower epidermis could limit SOSG penetration into Arabidopsis leaves (Prasad et al., 2018). Force infiltration with a syringe led to nonuniform penetration and distribution of SOSG in the leaf spaces while the resulting mechanical injury induced a strong SOSG fluorescence signal (Prasad et al., 2018). In contrast, pressure infiltration of Arabidopsis leaf pieces with a shut syringe resulted in uniform delivery of SOSG to the leaf tissue without 1O2 induction (Prasad et al., 2018). In our experiments, we used pressure infiltration with a 60 mL syringe allowing for complete infiltration of whole plant tissue while avoiding mechanical injury that could trigger 1O2 production. Given the complexity of leaf tissue and the uneven occurrence of SOSG fluorescence signal in the leaf samples (Figures 2B, C), we do not rule out the possibility of nonuniform generation of SOSG in the leaf cell compartments such as chloroplasts in the cells across the leaf tissue. This uneven occurrence of SOSG fluorescence signal is to some extent similar to that in Arabidopsis leaves following transfer from FR light to white light (Page et al., 2017). In addition, increases in mean fluorescence signal in the biological low R:FR (2.6×) and artificial low R:FR (3.0×) (Figure 2D) were similar to that reported one hour after the transfer of FR light-treated Arabidopsis to white light (Page et al., 2017).

High concentrations of H2O2 and GSH in the chloroplast can increase the degree of oxidation and reduction of quinone A (QA), respectively. While higher degrees of QA oxidation by H2O2 enhance the efficiency of electron transport in PS II, higher degrees of QA reduction by GSH have the opposite effect. Therefore, the H2O2 action can decrease and the GSH action can increase the extent of photo-oxidative stress and photoinhibition (Karpinska et al., 2000). Based on the opposing effects of H2O2 and GSH on the redox state of QA and efficiency of electron transport in PS II, it was hypothesized that treatment of the flu mutant of Arbabidopsis with H2O2 may reduce and treatment with GSH may increase 1O2 production and growth inhibition (Laloi et al., 2007). Given that our experimental low R:FR environments enhanced 1O2 production, we examined whether GSH treatment could enhance cell death. Although it was not clear to what extent GSH could reach the chloroplasts, our observations indicated that higher concentrations of GSH could result in differential cell death and growth inhibition responses in the low R:FR environments (Figures 6, 7). This was, however, not the case in the H2O2-treated plants. Increasing concentrations of H2O2 resulted in a few localized patches of cell death in all treatments (Figure 8). The development of these patches of cell death in all treatments may be due to inability of the H2O2 detoxifying systems to scavenge excess H2O2 at higher concentrations. While in some cases, FR light supplementation has enhanced photosynthetic efficiency of shorter wavelength light (Zhen and van Iersel, 2017), in other cases it has led to overproduction of ROS and damage to PSII and PSI (Tjus et al., 2001). Preferential excitation of PSI over PSII by FR light would enhance electron transfer from the PQ pools to PSI, which would be supplied by GSH. This would mitigate overreduction of PQ pools. Therefore, the observed increases in cell death by GHS in the low R:FR treatments (Figure 6; Supplementary Table 3) may be due to factors other than over-reduction of PQ pools. Alternatively, the damage to PSI and to a greater extent to PSII by FR light-induced ROS (Tjus et al., 2001) would affect the efficiency of electron transport, in which case, addition of excess electron to PQ pools via GSH may exacerbate ROS damage leading to increased cell death.

Our results suggest that under reflected low R:FR light, wild type Arabidopsis generates 1O2 via a mechanism different from those reported in four plant 1O2 generating systems (Table 2), allowing the identification of the transcriptomic signature of 1O2 signaling. Differential expression of only 3.2% of the previously reported early 1O2-responsive genes (57 out of 1931) suggests specificity of the 1O2 signaling under reflected low R:FR light stress (Table 2; Supplementary Table 4). This specificity is further highlighted by the up-regulation of only six previously reported 1O2-responsive genes in the biological and artificial low R:FR light treatments (Table 3). Among these, ILL6, which is also known to be rapidly induced within two hours following 1O2 release (op den Camp et al., 2003), encodes an amidohydrolase that catalyzes the cleavage of isoleucine (Ile) from JA-Ile thus making JA biologically inactive (Bhosale et al., 2013). Recently, the up-regulation of ILL6 was reported under low R:FR light as part of a mechanism that attenuates the JA signaling pathway (Fernández-Milmanda et al., 2020). Our results suggest that the up-regulation of ILL6 in the reflected low R:FR treatments may be an 1O2 response, which raises the intriguing possibility that attenuation of the JA signaling pathway may be partly mediated via a 1O2 signaling pathway. This attenuation is a major process that generates a trade-off between defense and growth in favor of the SAR under plant competition (Fernández-Milmanda et al., 2020). It has been demonstrated that attenuation of the JA signaling pathway under a 10-hour low R:FR light treatment occurs via the up-regulation of the sulfotransferase ST2a. The ST2a encoded protein exclusively catalyzes the conversion of JA to sulfated JA (HSO4-JA), while the closely related ST2b fails to respond to the above FR light treatment and is dispensable for the accumulation of HSO4-JA (Fernández-Milmanda et al., 2020). We found that both ST2a and ST2b were up-regulated under a 12-hour reflected low R:FR light treatment for seven days (Table 3; Figure 9) and cannot exclude the possibility that ST2a and ST2b may be 1O2-responsive. The discrepancy in the ST2b response may be due to differences in experimental FR light conditions.

Upregulation of ST2a and ST2b have been shown in a transgenic Arabidopsis line with suppressed mitochondrial serine acetyltransferase (SAT3) level (Haas et al., 2008). It is noteworthy that upregulation of ST2a and ST2b in the SAT3 line coincided with the downregulation of disease or pathogen response genes whose responses are coordinated by methyl jasmonate (Haas et al., 2008). Although the upregulation of ST2b (Table 3; Figure 9) suggests that it may play a role under certain low R:FR light conditions, it is not feasible to predict the function of a plant sulfotransferase solely based on its sequence similarity to sulfotransferases with known functions (Hirschmann et al., 2014). So far, there is no evidence for the involvement of ST2b in the JA pathway. Initial screens for ST2b substrates found no activity against hydroxyjasmonate compounds (Gidda et al., 2003). Further, a recent study found no evidence for the JA sulfation by ST2b under low R:FR light (Fernández-Milmanda et al., 2020).

An important question regarding 1O2 induction under reflected low R:FR light is whether 1O2 serves a physiological function under plant competition. Under this condition, generation of high levels of 1O2 can place the rapidly growing plants at a disadvantage as high levels of 1O2 can steer the cell fate towards cell death (Danon et al., 2005; Kim et al., 2012). We envision a possibility that the low R:FR-mediated attenuation of JA accumulation by ST2a and ILL6 may result in an acclimation response to 1O2. This acclimation response, in contrast to a cell death response (Ramel et al., 2013b), may have a growth inhibitory effect similar to that in the flu mutant (Laloi et al., 2006, 2007). This growth inhibitory effect of 1O2 may be exploited by plants under competition to modulate elongation growth to avoid excess elongation in anticipation of oncoming competition. The growth inhibitory effect of 1O2 may also be exerted via the action of other 1O2-responsive genes. In this regard, overexpression of the early 1O2-responsive PUB25, which encodes a U-box E3 ubiquitin ligase (Table 3), is known to cause growth inhibition in Arabidopsis (Li et al., 2021). Interestingly, PUB25 was among the 1O2-responsive genes that were upregulated under the biological and artificial low R:FR treatments (Table 3), and may play a role in modulation of growth by 1O2.

In closing, our results indicate that 1O2 production is an early response to reflected FR light from neighboring weeds. Our biological low R:FR light treatment allows the investigation of 1O2 acclimation responses under resource-independent competition. Under this condition, 1O2 itself may contribute to the acclimation response by up-regulating genes such as ILL6, which acts to reduce the pool of bioactive JAs. Further, the demonstration of up-regulation of ST2b under artificial and biological low R:FR light environments allows further investigations into the role of ST2b in plant competition.
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value

Gene name/TAIR description g2FC (biological) Log,FC (artificial)

Early 'O, responsive genes ‘

(1) At3¢10720 INV; pectin methylesterase inhibitor 1.18 0.24 35x107
(2) At3g19380 PUB25; U-box E3 ubiquitin ligase 0.75 0.34 22x107
(3) At4g01870 TolB; tolB protein-like protein 0.73 0.02 1.6 x107
(4) At5g57560 TCH4; a cell wall-modifying enzyme 164 0.07 1.9 x10°
(5) Atlg44350 ILL6; TAA-leucine resistance (ILR)-like6 3.26 0.09 26x107
(6) At5¢24810 ABCIK11; ABCI family protein 0.97 0.09 12 x107
Sulfotransferases
(7) At5¢07010 ST2a; sulfotransferase 2a » 3.32 10.02 7.7 x10°
(8) At5¢07000 ST2b; sulfotransferase 2b 1.16 223 49 x107°

Arabidopsis plants were exposed to the biological and artificial low R:FR light for 12 hours a day for seven days or kept under control (weed-free) condition prior to sampling. Data represent three
independent experiments with a total of nine samples from three treatments (weed-free, biological low R:FR, and artificial low R:FR light) with three replicates, each consisting of a pool of leaves
from three individual plants.
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Category No. of genes

(1) DEGs in four plant 'O, generating systems® 1931

(2) Common DEGs identified in (1) and biological low .

R:FR

(3) Common DEGs identified in (1), (2) and artificial 6

low R:FR

Ufegtzl:trecciic?r"nw(]li ) U’:e(gﬂl:tregc;‘:r(]zg ) RS, GRS

" P 21
= - 5
+ - 9!
- + 17

® op den Camp et al,, 2003; Gadjev et al., 2006; Alboresi et al., 2011; Mor et al., 2014.

Arabidopsis plants were exposed to the biological and artificial low R:FR light for 12 hours a
day for seven days or kept under control (weed-free) condition prior to sampling. Six 'O,-
responsive genes were consistently upregulated in the reflected low R:FR treatments and other
four 102 generating systems (op den Camp et al., 2003; Gadjev et al.,, 2006; Alboresi et al.,
20115 Mor et al, 2014). Data represent three independent experiments with a total of nine
samples from three treatments (weed-free, biological low R:FR, and artificial low R:FR light)
with three replicates, each consisting of a pool of leaves from three individual plants.
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Treatment

Replicate

No. base

pairs sequenced

Weed-free 1 65519462 53635248 81.9
Control

2 53780900 43933391 81.7

3 98252102 79942744 81.4
Biological 1 67826222 55934659 82,5
low R:FR

2 63146232 51830813 82.1

3 102906614 84638761 822
Artificial 1 174670054 141719839 81.1
low R:FR

2 81621146 66435905 81.4

3 159953262 130315365 81.5
Average 96408444 78709636 81.7
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Pathway description

Tropane, piperidine, and pyridine alkaloid biosynthesis
Tyrosine metabolism

Pyrimidine metabolism

alpha-Linolenic acid metabolism

Butanoate metabolism

Starch and sucrose metabolism

Cysteine and methionine metabolism

Lysine biosynthesis

Purine metabolism

Inositol phosphate metabolism

Carotenoid biosynthesis

Isoquinoline alkaloid biosynthesis

Pyruvate metabolism

Phenylalanine metabolism
Glycolysis/Gluconeogenesis

Ubiguinone and other terpenoid-quinone biosynthesis
Alanine, aspartate, and glutamate metabolism
beta-Alanine metabolism

Flavonoid biosynthesis

Phenylpropanoid biosynthesis

Glycine, serine and threonine metabolism
Valine, leucine, and isoleucine degradation
Aminoacyl-tRNA biosynthesis

Pentose and glucuronate interconversions

Compounds_KO

C00079,C002583;C06524;
C00042;C01179;C05580;C06046;
C00064,C00383;C00475;

C16317;

C00026,C00042;

C00092,C00185;
C00019;C00049;C00073;C00109,C00170;C00979;
C00026;C00049;C00322;C00449,C00666;
C00064;C00147,C00212;C00242,C00575;C00942;
C00092;

(C13453,C13454,

C01179,C06160;

C00149;

C00042,C00079;C00156;

C00631;

C00156,C01179;C03993;
C00026;C00042;C00049;C00064,C00940;
C00049;C00383;C00864;C05341;

C05903;

C00079;

C00049;C00109;C00631;C00719;

C00183;
C00049;C00062;C00064;C00073,C00079;C00148,C00183;
C00026,C05411;

Genes_ko

K00276
K00276
K00857
K08241
KO1641
K16055
K12524
K12524
K00873
K01092
K09843
K00276
K00873
K00276;K10775
K00873
K01904
K01953
K00276
K13082
K01904;K13066;K10775
K12524;K00276
KO1641
K04567
K01051
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Gene Treatment Mean diff. 95% Cl of diff. Significance

(WT - 2t1-3) level a <0.05
PYLS -ABA 1.040 ~1.605 103,685 ns
+ABA 1.294 -1.351103.938 ns
AB2 ~ABA 03944 ~0.4455101.234 ns
+ABA 0832 -0.007819t0 1672 ns
HABT  -ABA  -06830 ~2.06910 0.7031 ns
+ABA 0.4794 -0.9068 to 1.866 ns
osT1 -ABA 06713 -0.1823101.525 ns
+ABA 1.024 0170310 1.878 Yes, *
ABI5 —ABA 08129 ~0.2108101.837 ns
+ABA 1.449 04254102473 Yes, #*
ABF3 -ABA -0.1650 =1.707 t0 1.377 ns
+ABA 06919 ~0.8497102.233 ns
ABF4 ~ABA 09553 ~0,6202102.531 ns
+ABA 1276 ~0.2995 10 2.852 ns
RD29A -ABA 2.567 1.498 to 3.636 Hip, o
+ABA 1.440 0.3710t0 2.509 Yes, *
RAB1S  -ABA 01204 ~0.715310 0.9561 ns
+ABA 1.221 0384910 2.056 Yes, #*

Statistical significances indicated *p<0.05; **p<0.01; and **#p<0.001 (post-hoc analysis).
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Genotype Period () Errors1SE Number of leaves Sidak’s post-hoc test

(Rhythmic/total) (<0.05)
WT 211 202 12118 N/A
ANAI-5 292 14 5/9 s
RNAI-7 254 0.9 719 Lol

Populus trees were grown under LD 18:6.cycles; ight intensity (equal parts blue and red light: 20 umol m™ s~ Plants were transferred o continuous fight (LL) at ZT O (dawn). Free-
unning rhythms (24~120h after transfer to LL) were analysed using BRASS. “Only ythmic traces (refative amplitude error (RAE) 0.6) were included. Significance levels of the
effects identified by one-way ANOVA (o<0.0001) were determined using Sidak’s multiple comparisons post-hoc test; *#++p<0.001; ***+%p<0.0001. N/A, ot applicable.





OPS/images/fpls-13-829121/fpls-13-829121-g004.jpg
3 WT (Cok-0)

-3

<
] <
? g :
5 ¢ g s B
Q 8 3 s 8 <
< v = R 2 Q 2
E I § ; < :
r < - [
® X 2 2 & o f g 2 2 & o E -T2
(A0VV-,2) udyssaidxe anerey (10Vv-,2) Udisseidxe enjeiey (1D¥v-,2) Uorsseidxe sngeiey
o w -
S
< <
<
d 2 3 ?
<
. 3 s 3 g
2 TR
(0vv,2) vorssaidne snerey (OVV-,2) vorssaichs sngeien (VY- 2) Uoissaidxe anjery
o w T
8
o g ] FS
2 2 E:
i (R P
9 i LR 3
S L8 L g~ K
a o <
P (0VV-,2) uorssaudxa smpeley a (10Vv-,z) uoissaidxa angeiey ® (10Vv-,z) uoissaidxe anneey





