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Editorial on the Research Topic: 


Impact of environmental cues on dormancy, bud break and flowering dynamics in woody perennials: An integrative approach


Bud dormancy in woody perennials is essential for plant survival during winter (Cooke et al., 2012). It is also an important developmental stage that affects bud break, blooming, and new growth. Environmental cues (such as photoperiod, temperature and water status), genetic factors and horticultural practices (such as exogenous treatment of plant growth regulator), are all involved in the regulation of tree growth and the dormancy cycle. In recent decades, our understanding of bud dormancy and activity cycles in many plant species has increased substantially, while at the same time, diverse mechanisms behind bud dormancy and phenology-related processes (such as growth cessation and bud break) have become evident. In Rosaceae, for example, recent findings raised the possibility that multiple mechanisms underlie the behavior of vegetative buds and flower buds during the dormancy cycle (Yamane et al., 2021). In support, quantitative trait loci for vegetative and flower buds were differentially located in Japanese apricot (Prunus mume) (Kitamura et al., 2018). Moreover, temporal suspension of developmental arrest in sweet cherry (P. avium) flower buds was linked to the specific morphological stage regardless of the bud break capacity of dormant buds, which is generally linked to the vegetative bud dormancy depth (Fadón et al., 2018; Goeckeritz and Hollender, 2021; Yamane et al., 2021).

Among environmental cues, temperature signals have long been considered as the most important environmental factor controlling the progression of dormant buds towards bud break. Generally, Rosaceae fruit trees must receive sufficient exposure to cool conditions to fulfill their chilling requirements (CR) and then enough warmth to fulfill their heat requirements (HR) in order to show proper vegetative and flower bud break and regular bloom in the spring (Fadón et al., 2020). Hence, warming in fall, winter and spring due to climate change is expected to impact bud dormancy release, timing and intensity of growth resumption and bloom progression, all of which may threaten the stability of fruit and timber production and disrupt the sustainability of the ecosystem (Luedeling, 2012). While recent molecular studies have improved our understanding of the mechanisms that regulate and execute the bud dormancy cycle in woody perennials including fruit trees (Falavigna et al., 2019; Yang et al., 2021; Nilsson, 2022), a complete picture is still elusive. Thus, our ability to develop powerful and reliable means to control timing and intensity of dormancy, flower primordia development, bud break and bloom is still limited. Addressing this limitation requires an integrative approach that allows weaving together fragmented pieces of knowledge from various fields, such as genetics, physiology, breeding, meteorology, mathematical modelling and more. In accordance, the current Research Topic aims to (1) collect updated multifaceted knowledge regarding the dormancy cycle, growth resumption, and bloom progression, (2) allow future integration of such fragmented knowledge into a working model for reliable prediction of tree phenology responses to environmental changes during the tree dormancy period, including their implications for bloom timing and productivity. A reliable working model would be instrumental for optimizing breeding strategies and for developing horticultural manipulations aimed at adapting to higher winter temperatures, constituting a valuable contribution to the forestry and horticulture industries.

The Research Topic was launched in October 2020 and we have collected a 23 original research, method and review articles. We introduce some of these articles below.


Proposed genes and pathways underlying bud dormancy and dormancy-related processes

Wu et al. reported that (1) abscisic acid (ABA) level decreased in Magnolia wufengensis buds during dormancy release (which was defined by a gradual increase in bud break rate using a bud break competency test under forcing conditions), (2) exogenous ABA (100 µM) application promoted dormancy maintenance (which was defined by bud break repression in the same test) and (3) RNA-seq data suggested that MwCYP707A, a key ABA catabolic gene, may be involved in dormancy release of M. wufengensis. Wang et al. reported on a comprehensive comparative analysis of seasonal changes in gene expressions and metabolites between high- and low-CR cultivars of herbaceous peony (Paeonia lactiflora). This analysis led the research group to propose an interesting model underlying the negative effects of warm winter climate on bud break. Noticeably, the authors speculated that accumulation of reactive oxygen species (ROS) affects ABA and bioactive gibberellin A3 (GA3). Lower GA levels in high-CR cultivars may result in blocking of the vascular tissue and abnormal bud development. These interesting hypotheses will require further studies to genetically test the biological relevance of the proposed model

Three research articles reported on the roles of poplar orthologs of Arabidopsis flowering regulators, FD, FLOWERING LOCUS T (FT) and SHORT VEGETATIVE PHASE (SVP), on dormancy-related vegetative growth traits, proposing that these genes control vegetative growth through the modulation of the GA metabolism. Sheng et al. generated Populus FD-like3 (FDL3) overexpression lines, finding that FDL3 delayed short day-induced growth cessation. Gómez-Soto et al. generated FT2 loss-of-function lines using CRISPR/Cas9, finding that FT2 plays a dual role in poplar vegetative growth under long day conditions. FT2 promotes the GA 13-hydroxylation pathway and GA1 levels to sustain shoot apex development. However, in leaves, FT2 reduces the GA1 level by increasing GA2 OXIDASE1 and decreasing GA3 OXIDASE2 mRNA expression to restrict internode elongation. Earlier studies had proposed that SVL, an ortholog of SVP in poplar, controls temperature-mediated bud dormancy (Singh et al., 2018; Singh et al., 2019). Here André et al. reported that SVL also contributes to the regulation of short day-induced growth cessation and bud set through its expression in leaves. Moreover, SVL represses FT2 transcription and decreases active GAs amounts by repressing the transcription of GA20 OXIDASE.

Another group of research articles highlighted genes that are highly expressed in winter dormant buds and proposed their relation to cold stress and blooming. Li et al. examined 33 AQUAPORIN (AQP) encoding genes in the apricot (Prunus armeniaca) genome. AQPs play a major role in plant water homeostasis and transportation of uncharged solutes across biological membranes. The research group found that PLASMA MEMBRANE INTRINSIC PROTEIN1-3 (PaPIP1-3), PaPIP2-1 and TONOPLAST INTRINSIC PROTEIN1-1 (PaTIP1-1) were expressed in flower buds during winter, enhancing tolerance to cold stress when overexpressed in Arabidopsis. Lempe et al. (2022) analyzed expressions of 40 known candidate genes involved in regulation of apple (Malus domestica) dormancy using buds from trees grown under temperate climate conditions. Arabidopsis PHYTOCHROME INTERACTING FACTOR4 (PIF4) regulates expression of YUCCA8, a key auxin biosynthesis gene (Sun et al., 2012) and acts as a crucial regulator of thermomorphogenesis (Franklin et al., 2011). Earlier research had reported that its apple orthologue MdPIF4 presented changes in expression during dormancy release and is up-regulated in the winter (Takeuchi et al., 2018). Interestingly, (Lempe et al.) reported that the slope of the linear correlation of temperature with the expression of MdPIF4, analyzed from autumn to spring, differed between cultivars with contrasting blooming date, suggesting its potential role in regulation of cultivar-dependent inflorescence differentiation and blooming progression in apple.



Candidate genetic components controlling dormancy-related traits: MADS-box transcription factors

Genetic resources with wide variation of dormancy-related traits such as early/late blooming date, high/low CR, deciduous/evergreen trait, can be instrumental not only as breeding materials but also for genetic analysis towards identification of important genetic factors that regulate these traits. The following research articles reported the results of genetic analysis on dormancy-related traits. Calle et al. used ‘Cristobalina’, an early blooming sweet cherry cultivar, to identify major QTLs controlling CR. In the peach evergrowing mutant that barely enters dormancy, four DAMs were deleted and the expressions of the remaining two DAMs were repressed (Bielenberg et al., 2008). Recent studies suggested that DAMs act as bud set promoters and bud break repressors, and a reduction of DAMs expression levels  decreases CR in Rosaceae fruit crops (Yamane et al., 2019; Wu et al., 2021a). Calle et al. found that significant amino acid differences and structural mutations in PavDAMs in the major QTL were co-segregated with low-CR and early blooming in an F2 population. Interestingly, the mutations were conserved in a set of early blooming cultivars, suggesting that structural variation in these DAMs may be responsible for low-CR and early blooming. To identify genetic components controlling the evergreen/deciduous trait, Harel-Beja et al. used several evergreen pomegranate (Punica granatum) accessions from different genetic resources in the Israeli pomegranate collection. Fine mapping with F3 and F4 populations from several segregating populations revealed that mutation in a gene encoding a unique MADS transcription factor (mostly similar to Arabidopsis AGL27), called PgPolyQ-MADS, is responsible for the evergreen trait. Interestingly, the polyQ domain (containing a repeat of eight glutamines) of PgPolyQ-MADS resembles that of the ELF3 prion-like domain, which was recently reported to act as a thermosensor in Arabidopsis (Jung et al., 2020), suggesting that PgPolyQ-MADS may mediate the response to temperature changes through DNA binding and control leaf shedding. Collectively, these reports further support the involvement of genes encoding MADS-box transcription factors as putative genetic factors underlying dormancy-related traits. Moreover, the identified genes and genomic regions can be used as molecular markers for efficient breeding of phenology-related traits (such as low-CR) towards the development of new cultivars that are adapted to climate change.



Modeling temperature effects on dormancy and bud break: Key challenge in predicting impacts of global climate change on tree phenology

Since bud break and bloom timing can theoretically be determined by the (largely) sequential fulfilment of CR and HR, construction of models predicting genotype-specific CR and HR is an important task. Precise models can provide the grower with valuable information that will improve decision-making regarding cultivar selection and cultural practices. They can also help predict the suitability of a given location under predicted future climate condition and thus help mitigate the risk of future negative impacts of climate change on tree growth and the dormancy cycle. The following research articles addressed this important issue. An interesting study by Bielenberg and Gasic revealed the genetic variation of HR, independently of CR. In peach, selection of phenotypes with improved spring frost avoidance can be achieved through breeding with delayed-bloom genotypes. The authors proposed that selecting cultivars that require more growing degree hours (GDH) would be a safer, more reliable strategy for delaying bloom than choosing cultivars with increased base temperature for GDH accumulation. In addition to meteorological data, reliable associated physiological and morphological biomarkers are essential to allow precise determination of CR and HR. del Barrio et al. proposed that decrease in sucrose content in dormant buds could serve as a reliable biological marker for the completion of CR fulfillment in Persian walnut (Juglans regia). Herrera et al. concluded that male meiosis could be a biomarker to determine CR fulfillment timing in apricot based on their long-term measurements.

We also collected 2 review articles, both of which focus on the adverse effects of warming on bud dormancy progression and bud break. Tominaga et al. summarized studies on flowering (dormancy) disorders in Japanese pear (Pyrus pyrifolia), concluding that warm temperatures during autumn and winter result in flowering disorders through their interfering effects on cold acclimation, dormancy progression and floral bud maturation. They raised the hypothesis that the amounts of chilling exposure required for dormancy completion (floral bud maturation) and dormancy release (release from the repression of bud break) could be different and independently regulated, at least partially. Guillamón et al. provided a summary of the currently available agrochemicals that can compensate the incomplete fulfillment of CR. They described the current knowledge available for the well-established and most efficient agrochemical, hydrogen cyanamide, and discussed the need for caution in light of potential phytotoxic effects recorded in various studies, where dormancy status, environmental conditions and species/cultivar sensitivity are key parameters in assessing such toxicity. While the authors introduced several available alternative agrochemicals, including nitrogen-based compounds, they stressed that new environmentally friendly agrochemicals should be developed through deeper foundational and applied research activities.



Future prospects

Increased activity in recent years in the fields of cellular and molecular aspects of bud dormancy, which reflect an increase in the number of research groups and plant species, was accompanied by realizations of the community regarding the importance of reexamining the definition and terminology of “dormancy” (Considine and Considine, 2016; Yamane et al., 2021). For example, recent analyses of events during the dormancy cycle in grapevine buds led Shi et al. (2020) to propose a working hypothesis that addresses the potential “Core of dormancy”. According to that hypothesis, auxin, cytokinins, FT and GA may participate in meristem reactivation rather than in dormancy release. The working model also proposed (1) that an “energy crisis, starvation, and starvation-triggered catabolism cascade” may act at the heart of the dormancy phase establishment and release, and (2) that interplay around the Snrk : TOR (Sucrose non Fermenting related kinase: target of rapamycin kinase) basic regulon may serve as a critical component in regulation of transition into and out of the dormancy phase, via regulation of both macromolecule catabolism and cell cycle. If cell division appears to be a reliable index of dormancy, a methods paper in this Research Topic may become helpful. Hermawaty et al. proposed a protocol that will allow to estimate the cell cycle status of dormant grapevine (Vitis vinifera) buds through optimization and validation of flow cytometry data analysis. This protocol can be applied to find out if division of cells of a dormant meristem is arrested in the G1 phase – an open question that has been extremely difficult to address so far.

It is our understanding that a collaborative effort of the community to revisit and refine the definitions that are related to the process of bud dormancy is of great value, due to its potential to better focus and better integrate research targets and findings towards understanding “what is the core of bud dormancy”. Another critical future focus is dictated by bud dormancy being an important agronomic trait, for which regulation by artificial agents is crucial in certain growing regions and may become relevant for other regions in the future. In this context, understanding the effects of chill accumulation on flower primordia development and seasonal growth regulation (which we may describe as “periphery of dormancy”) is a research target of equal importance to that of understanding the nature of the “core of dormancy”. In summary, these are both important and attractive issues in horticulture with a complementary nature, since both bud break/blooming following bud dormancy and bud dormancy itself can be a target for manipulation (Goeckeritz and Hollender, 2021).

With this in mind, the 7th Plant Dormancy Symposium, which will be held in Perth, Australia in September 2023, will provide an excellent opportunity for the dormancy community to discuss the terminology, share research findings and exchange ideas regarding the “core of dormancy”, and hopefully to establish new scientific collaborations.

Finally, as the editors of this Research Topic, we wish to thank all the authors who have contributed articles to this collection. We also wish to express our appreciation and thanks to all the reviewers for their generous support and valuable comments that helped to improve the quality of the manuscripts. We sincerely hope that this Research Topic will be useful for the scientific and industrial communities and will supply researchers in the bud dormancy research community with tools and information that may help to design their future research.
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Ginkgo biloba has edible, medicinal, and ornamental value. However, the long juvenile phase prevents the development of the G. biloba industry, and there are few reports on the identification and functional analysis of genes regulating the flowering time of G. biloba. EMBRYONIC FLOWER 2 (EMF), an important protein in flower development, functions to promote vegetative growth and repress flowering. In this study, a novel EMF gene (GbEMF2) was cloned and characterized from G. biloba. GbEMF2 contains a 2,193 bp open reading frame (ORF) encoding 730 amino acids. GbEMF2 harbors conserved VEFS-Box domain by the plant EMF protein. The phylogenic analysis showed that GbEMF2 originated from a polycomb-group (Pc-G) protein ancestor and was a member of the EMF2 protein. The quantitative real-time PCR (qRT-PCR) analysis revealed that GbEMF2 was expressed in all detected organs, and it showed a significantly higher level in ovulating strobilus and microstrobilus than in other organs. Compared with emf2 mutant plants, overexpression of GbEMF2 driven by the CaMV 35S promoter in emf2 mutant Arabidopsis plants delayed flowering but earlier than wild-type (WT) plants. This result indicated that GbEMF2 repressed flowering in G. biloba. Moreover, the RNA-seq analysis of GbEMF2 transgenic Arabidopsis plants (GbEMF2-OE/emf2), WT plants, and emf2 mutants screened out 227 differentially expressed genes (DEGs). Among these DEGs, FLC, MAF5, and MAF5-1 genes were related to flower organ development and regulated by GbEMF2. In addition, some genes participating in sugar metabolism, such as Alpha-amylase 1 (AMY1), BAM1, and Sucrose synthase 3 (SUS3) genes, were also controlled by GbEMF2. Overall, our results suggested that GbEMF2 negatively regulates flowering development in G. biloba. This finding provided a foundation and target gene for shortening the Ginkgo juvenile period by genetic engineering technology.
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INTRODUCTION

Ginkgo biloba L. (G. biloba), which has a long life and is known as “gongsun tree,” is only one of the Ginkgoaceae and appeared in the Mesozoic era with an extremely long juvenile stage (Ye et al., 2019). Ginkgo biloba has a long history of cultivation in China and is widely used in the fields of landscaping, medicine, and food (Crane, 2018). It usually takes 15–20 years for Ginkgo trees to blossom and bear fruit, which is a serious obstacle to breed good Ginkgo varieties (Yan et al., 2017). For many years, breeding scientists have tried to shorten the infancy of G. biloba through asexual propagation methods, such as cutting and grafting. Though in that case, blossoming and bearing fruit takes 6–8 years, it is still a long breeding cycle for trees. Thus, new approaches are needed to further shorten the infancy of G. biloba. Shortening the time from infancy to flowering mechanism in study of Arabidopsis thaliana (Yoshida et al., 2001), Glycine max (Cai et al., 2018), and apple (Charrier et al., 2019) maybe provide a reference for G. biloba.

Flowering, a key developmental trait, has attracted much attention from researchers. With the in-depth study of plant flowering in molecular biology, the theory for a flowering regulation model has been gradually deepened, from the most classic ABC model (Coen et al., 1990) to the classic “Enabling, Promoting, Resetting” model proposed by Boss et al. (2004). Numerous flowering genes are involved in these model systems by regulating different flowering pathways in plants. The development of woody plants is comprised of main stages from vegetative growth to flowering. The first stage is the transition from vegetative growth to reproductive growth, which is synergistically regulated by many genes. Some of them are transcriptional regulators, such as FLOWERING LOCUS C (FLC; Wu et al., 2016), CONSTANS (CO; Mulki and von Korff, 2016), and EMBRYONIC FLOWER 2 (EMF; Liu et al., 2012). Some genes function as signal transduction, for instance, FLOWERING LOCUS T (FT; Navarro et al., 2011), TERMINAL FLOWER (TFL; Wickland and Hanzawa, 2015). The second stage is the transition from inflorescence to flowering. In this stage, the genes associating with flowering mainly include meristem-specific genes and flower organ-specific genes (MADS-box family), which regulate the formation of meristems and flower organs in time and space. For example, LEAFY (LFY) and APETALA1 (AP1) play important roles in flowering initiation in the meristem (Weigel et al., 1992; Eckardt, 2006). The development of flower organs depends on many flower organ-specific genes, such as AGAMOUS, AP1, AP3, and PISTILLATA (PI; Krizek and Fletcher, 2005). Overexpressing and silencing the MAF1 gene led to late flowering and early flowering, respectively. In addition, MAF1 directly repressed AP3 and activated MAF2, which negatively regulated flowering (Huang et al., 2018). FRIGIDA (FRI) delayed flowering by activating the expression of target genes FLC, MAF4, and MAF5 (Kong et al., 2019). FLC, acting as a MADS-box transcription factor and a floral repressor, regulates flowering by directly repressing downstream genes, such as FT and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1; Deng et al., 2011). This regulating process was enhanced by the interaction of DELLA and FLC (Li et al., 2016a). Further, DELLAs interacted with SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) to interfere SPL transcriptional activity and affect flowering time (Yu et al., 2012). At present, some flowering-related genes have been identified in G. biloba, such as GbCO (Yan et al., 2017), GbFT (Wang et al., 2019), GbMADS2 (Wang et al., 2015), GbSEP (Cheng et al., 2016), and GbMADS9 (Yang et al., 2016).

The EMF, an important gene inhabiting the flowering of plants, has become a hot topic in recent years. Thus far, scientists have cloned EMF gene family members in A. thaliana (Yoshida et al., 2001), rice (Li et al., 2006), broccoli (Liu et al., 2012), bamboo (Xu et al., 2010), and cotton (Ma et al., 2020). The members of the EMF gene family were EMF1 and EMF2, which encode proteins with great differences in sequence and structure. EMF2, FERTILIZATION INDEPENDENT SEED2 (FIS), and VERNALIZATION2 (VRN2) encode Suppressor of zeste 12 [Su(Z)12] subunit, and EMF2, FIS2, and VRN2 are homologous proteins of Su(Z)12 (Chaudhury et al., 1997; Gendall et al., 2001; Yoshida et al., 2001). Studies in model plants, such as A. thaliana, have shown that EMF regulates the differentiation of plant vegetative growth to the flower meristem, and its expression determines the time of plant vegetative growth (Sung et al., 1992; Yang et al., 1995) and is closely related to the development of inflorescence organs (Chen et al., 1997; Chanvivattana et al., 2004). EMF1 and EMF2 are constitutively expressed in the roots, rosette leaves, stem, mature leaves, and other vegetative organs and flower clusters of A. thaliana (Aubert et al., 2001; Yoshida et al., 2001). However, these findings are based on the research of annual herbs, and which viewpoint can correctly reflect the expression pattern of EMF genes in the woody plant development that remains to be further explored. Therefore, GbEMF2, one member of the EMF gene family, was cloned and characterized from G. biloba, a gymnospermous tree, in this study. GbEMF2 was transferred into Arabidopsis emf2 mutants, which verified that GbEMF2 was also involved in the regulation of flowering. Our findings not only establish a foundation for elucidating the gene regulation network of Ginkgo flowering, but also provide a target gene for using the genetic engineering technology to shorten the infancy of woody plants.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Plant materials were collected from 31-year-old G. biloba “Jiafoshou” tree grown in the Ginkgo Science and Technology Garden, Yangtze University (around N30.35, E112.14). The roots, stems, leaves, microstrobilus, ovulate strobilus, and immature fruits of Ginkgo grafts were collected to test the spatial expression profile of GbEMF2. The harvested samples were rapidly frozen in liquid nitrogen and stored at −80°C in reserve.

Arabidopsis wild-type (WT) Landsberg erecta seeds and emf2 mutant seeds (SALK_115527) were purchased from the Arabidopsis Biological Research Center of Ohio State University, Columbus, OH, United States. The mutant seeds of emf2 were all grown in the MS plates with 0, 50, or 100 mg/L kanamycin, cold stratified at 4°C for 72 h, then transferred to an artificial climate incubator for germination and development. The artificial climate incubator was set to 16 h of light, 25°C, 8 h of darkness, at 18°C, 12,000 lex of light, and 70% humidity. About 15-day-old seedlings were transferred into soil and grown under long-day conditions for the observation of bolting and flowering development.



Cloning of Full-Length GbEMF2 cDNA

Total RNA was extracted from G. biloba microstrobilus using a TaKaRa MiniBEST Plant RNA Extraction Kit (Takara Bio Inc., Dalian, China). The first strand of cDNA was synthesized using the PrimeScript™ 1st cDNA Synthesis Kit. Specific primers (GbEMF2-F and GbEMF2-R; Takara Bio Inc., Dalian, China; Supplementary Table S1) were designed based on the EMF2 unigene sequence (CL9451Contig1) from G. biloba transcriptome data. The GbEMF2 gene was amplified using PCR under the following program: 94°C for 3 min; 33 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 90 s; and a final extension at 72°C for 10 min. The PCR product was tested with 1% agarose gel electrophoresis, and the target fragment was recovered by an Agarose Gel DNA Purification Kit (TaKaRa, Dalian, China). Then, the target fragment was ligated into the pMD19-T vector and transformed into DH5α. The single colony was picked and cultured. Screened positive clones were sent to Shanghai Sangon Biotech (Shanghai, China) for sequencing.



Bioinformatics and Molecular Evolution Analyses

Primers were designed using the Primer 5 software and the online PrimerQuest Tool.1 Higher similarity sequences were obtained by using the BLAST tool2 for homologous alignments. The DNA sequence analysis was completed by using the Vector NT I 11.5 (Invitrogen) and DNAMAN software.3 The protein sequence and oter homologous sequences on GenBank were analyzed using the CLUSTAL X24 and MEGA6 software,5 and a phylogenetic tree was constructed by the Neighbor-Joining method.



Quantitative Real-Time PCR Analysis

Total RNA was extracted from six organs of G. biloba using a TaKaRa MiniBEST Plant RNA Extraction Kit (TaKaRa, Dalian, China). The total RNA was isolated from each sample by using the PrimeScript™ RT Reagent Kit with the gDNA Eraser (Perfect Real Time; TaKaRa, Dalian, China). First-strand cDNA was generated from 1 μg of total RNA. cDNA was diluted 10 times as a template. The primers, GbEMF2-dF and GbEMF2-dR (Supplementary Table S1), were designed for the quantitative real-time PCR (qRT-PCR) amplification. GbGAPDH (Meng et al., 2018) was used as the internal reference gene, and its primers were GbGAPDH-F and GbGAPDH-R (Supplementary Table S1). qRT-PCR was performed using the BioEasy Master Mix (SYBR Green Mix BIOER, Hangzhou, China) according to the instructions of the manufacturer. The reaction system was 20 μl and contained the following: 10 μl of 2 × SYBR Green Mix, 0.2 μl of each primer (10 μM), 2 μl of diluted cDNA, and 7.6 μl of nuclease-free water. The PCR program was as follows: stage one, 95°C for 30 s; stage two, 40 cycles of 95°C for 10 s and 60°C for 30 s; stage three, 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. Three biological replicates were prepared per sample, and relative expression levels calculations, which were performed using the 2-△△Ct method (Schmittgen and Livak, 2008).



Vector Construction and Arabidopsis Transformation

The GbEMF2 was amplified using GbEMF2-X and GbEMF2-B (Supplementary Table S1). The restriction enzyme cutting site of Xba I and Bam HI was introduced into GbEMF2-X and GbEMF2-B, respectively. The pBI121-GUS vector was rebuilt and saved by our laboratory. The recombinant GbEMF2-pBI121-GUS vector was obtained by inserting the open reading frames (ORFs) of GbEMF2 into the pBI121-GUS vector digested with Xba I and Bam HI with T4 DNA ligase (TaKaRa, Dalian, China). Recombinant GbEMF2-pBI121-GUS vector was introduced into Agrobacterium tumefaciens strain LBA4404 by the liquid nitrogen freezing–thawing method for A. thaliana transformation of emf2 mutant using the floral dip method (Clough and Bent, 1998).



Screening and Detection of Transgenic A. thaliana

Putative transformants were selected on the MS plates with 100 mg/L kanamycin (primary transformants were defined as T0). T0 seeds were sown on the MS plates with 100 mg/L kanamycin and cold stratified at 4°C for 72 h. Later, the seeds were transferred to an artificial climate incubator for germination and development. The artificial climate incubator was set to 16 h of light, 25°C, 8 h of darkness, 18°C, 12,000 lex of light, and 70% humidity. About 15-day-old seedlings were transferred into soil and grown under long-day condition. T1 and T2 transgenic plants were further confirmed by PCR and β-glucuronidase activity, referring to the method of Wang et al. (2019). T3 seeds from T2 transgenic plants were harvested following the screening by the MS plates with 100 mg/L kanamycin. The flowering time of T3 GbEMF2 transgenic plants, emf2 mutants, and WT A. thaliana plants was recorded (Hanano and Goto, 2011).



RNA-Seq Analysis and qRT-PCR Validation

The WT, emf2 mutants, and GbEMF2-OE/emf2 (T3 generation) transgenic of A. thaliana plants were planted in an artificial climate incubator. The samples (selected above-ground part of the plants) were collected when the GbEMF2-OE/emf2 transgenic was blooming and sent to Biomarker Biotechnology Corporation (Beijing, China) for RNA-seq. Every sample had three biological replicates, and one replicate had 10 plants. Raw data were generated by the Illumina HiSeq 2500 High-Throughput Sequencing (Illumina, San Diego, CA, United States). After removing low-quality clean reads, high-quality clean reads were aligned to the genome data of A. thaliana by HISAT2 (Kim et al., 2015) and assembled by StringTie6 (Pertea et al., 2015). The download for genome data of A. thaliana is available at https://www.arabidopsis.org/download/index-auto.jsp?dir=%2Fdownload_files%2FGenes%2FTAIR10_genome_release%2FTAIR10_chromosome_files. To compare the GbEMF2 T3 group with the emf2 mutant and WT groups, the differentially expressed genes (DEGs) were annotated with Nr7 (NCBI nonredundant protein sequences), Swiss-Prot8 (a manually annotated and reviewed protein sequence database), gene ontology (GO) annotation,9 COG annotation,10 KOG,11 Protein family (Pfam),12 and Kyoto Encyclopedia of Genes and Genomes (KEGG).13 We screened for gene differential expression by DESeq2. Genes with a fold change of ≥2 and FDR < 0.01 were defined as DEGs. qRT-PCR with random selection, some DEGs were conducted for verifying RNA-seq data. AtActin was selected as the internal reference gene of A. thaliana, and its primers were AtActin-F and AtActin-R (Supplementary Table S1). RNA samples were returned by Biomarker Biotechnology Corporation (Beijing, China) for validation of RNA-seq. Three biological replicates were prepared per sample, and relative expression levels calculations, which were performed using the 2-△△Ct method (Schmittgen and Livak, 2008). qRT-PCR was performed using the BioEasy Master Mix (SYBR Green Mix; BIOER, Hangzhou, China) according to the instructions of the manufacturer. The reaction system was 20 μl and contained the following: 10 μl of 2 × SYBR Green Mix, 0.2 μl of each primer (10 μM), 2 μl of diluted cDNA, and 7.6 μl of nuclease-free water. The PCR program was as follows: stage one, 95°C for 30 s; stage two, 40 cycles of 95°C for 10 s and 60°C for 30 s; stage three, 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. The qRT-PCR primers of selected DEGs are shown in Supplementary Table S1.




RESULTS


Cloning and Characterization of GbEMF2 in G. biloba

The GbEMF2 gene was cloned from G. biloba (GenBank accession no. MH791443) and contained a 2,193 bp ORF, which encodes a 730 amino acid protein (Supplementary Figure S1). Its theoretical molecular weight and pI were 82.6 kDa and 7.33, respectively. The deduced amino acid sequence of GbEMF2 has 55, 54, 55, 52, and 54% similarity with AtrEMF2 (Amborella trichopoda), EgEMF2 (Elaeis guineensis), PdEMF2 (Phoenix dactylifera), PsEMF2 (Papaver somniferum), and CsEMF2 (Camellia sinensis), respectively (Supplementary Table S2). Furthermore, the alignment analysis of these amino acid sequences showed the homology of GbEMF2 with EMF2 proteins of the amborellales (Amborella trichopoda), dicotyledons (P. dactylifera, P, somniferum, and C. sinensis) and monocotyledon (E. guineensis; Figure 1). The conserved domain analysis demonstrated that GbEMF2 contained the VEFS-Box domain belong to a member of Su(Z)12. We constructed a phylogenetic tree for understanding the evolution of GbEMF2 (Supplementary Table S3). As the phylogenetic tree is shown (Figure 2), EMF2 protein, VRN2 protein, and FIS2 protein originated from a common ancestor. GbEMF2 was divided into EMF2 protein and had the closest relationship with AtrEMF2, EgEMF2, PdEMF2, VvEMF2, and RcEMF2.
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FIGURE 1. Similarity analysis of GbEMF2 protein and EMF2 proteins in other species. GbEMF2 (Ginkgo biloba), AtrEMF2 (Amborella trichopoda), EgEMF2 (Elaeis guineensis), PdEMF2 (Phoenix dactylifera), PsEMF2 (Papaver somniferum), and CsEMF2 (Camellia sinensis). Shaded in black are identical sequence. Shaded in gray are conservative sequences. The red box is VEFS-Box conserved domain of EMF2 homologous protein family.
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FIGURE 2. Phylogenetic tree of protein in Su(Z)12 homologous protein family.




Expression Patterns of GbEMF2 in Different Organs of G. biloba

To characterize the function of GbEMF2, we performed qRT-PCR experiments in different Ginkgo organs. Our results showed that GbEMF2 was detected in the measured organs (Figure 3). The expression level of the reproductive organs was significantly higher than that of the vegetative organs. In particular, the GbEMF2 gene was mainly expressed in ovulate strobilus and microstrobilus with a significantly higher level than that in immature fruits, stems, leaves, and roots. The expression level of GbEMF2 was rarely observed in the roots.

[image: Figure 3]

FIGURE 3. Expression patterns of GbEMF2 in different organs of G. biloba with quantitative real-time PCR (qRT-PCR). Data are means ± SD for n = 3 biological replicates. Letters mean significant difference at p ≤ 0.05 by the Duncan’s multiple range tests.




Ectopic Overexpression of GbEMF2 in Arabidopsis Plants

To further investigate the function of GbEMF2 in flowering, GbEMF2 was transformed into Arabidopsis plants for heterologous expression. After harvesting T0 seeds from primary transformants of A. thaliana, the MS medium containing 100 mg/L kanamycin was used to screen GbEMF2 transgenic plants (Supplementary Figure S2). The T2 generation plants were screened with kanamycin (Supplementary Figure S3A). To further determine whether GbEMF2 had been successfully transformed into A. thaliana, the T2 generation plants were also tested by GUS staining (Supplementary Figure S3B) and the PCR verification with DNA which was served as template (Supplementary Figures S3C,D). After obtaining the verified T3 generation of transgenic A. thaliana (GbEMF2-OE/emf2), WT, and emf2 mutants were planted for phenotypic comparative observation and flowering time. As shown in Figures 4A,B, emf2 mutant flowered significantly earlier than the WT and GbEMF2-OE/emf2. The emf2 mutant bloomed 28 days after sowing, whereas GbEMF2-OE/emf2 flowered approximately 31 days and WT flowered around 32 days after sowing, respectively. Taken together, our data showed that the overexpression of the GbEMF2 gene restored the phenotype of premature flowering in Arabidopsis emf2 mutant plants. It is indicated that the GbEMF2 gene might regulate flowering in G. biloba.

[image: Figure 4]

FIGURE 4. Comparative analysis of the flowering time in GbEMF2-OE/emf2, wild-type (WT), and emf2 mutant of Arabidopsis. GbEMF2-OE/emf2, T3 generation of GbEMF2 transgenic Arabidopsis; WT, wild-type Arabidopsis; emf2, Arabidopsis emf2 mutant plants. (A) Comparison of morphological characteristics of the flowering time. (B) Comparison of the days of flowering time of different plants. Each sample has three biological replicates, and data are mean ± SD for three biological replicates, with 10 plants per replicate. Letters mean significant difference at p ≤ 0.05 by the Duncan’s multiple range tests.




Identification of DEGs Among the WT, emf2 Mutants, and GbEMF2 Transgenic Arabidopsis Plants by RNA-Seq Analysis

To determine the molecular mechanism of early-flowering phenotypes caused by the overexpression of GbEMF2, we studied the global expression pattern of GbEMF2 transgenic Arabidopsis plants (GbEMF2-OE/emf2), emf2 mutants, and WT plants (CK) using RNA-seq assay. A total of nine transcriptomes were generated from the shoot of WT plants (CK group: WT-1, WT-2, and WT-3), emf2 mutant (emf2 group: emf2-1, emf2-2, and emf2-3), and GbEMF2 transgenic Arabidopsis plants (GbEMF2 transgenic group: GbEMF2-OE/emf2-1, GbEMF2-OE/emf2-2, and GbEMF2-OE/emf2-3), each group contained three biological replicates and 10 plants per replicate. Clean reads at 97.69–98.03% of each sample could be matched to the reference Arabidopsis genome (A. thaliana, TAIR10.37). DEGs were first identified through comparisons of the Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values for each gene of the CK group, emf2 group, and GbEMF2 group. A total of 3,600 DEGs were detected in three group pairwise comparisons: 2,480 DEGs in WT_vs_emf2, 2,186 DEGs in WT_vs_GbEMF2-OE/emf2, and 1,142 DEGs in emf2_vs_GbEMF2-OE/emf2 (Supplementary Figure S4). The GO annotation was conducted to determine the function of the three groups in each comparison. Among these DEGs, 3,413 DEGs were annotated into the GO database that could be classified into three GO categories: biological process, cellular component, and molecular function. Within the biological process category, the most highly represented terms were “single-organism process,” “cellular process,” “metabolic process,” and “response to stimulus.” Within the cellular component category were “cell,” “cell part,” “organelle,” and “membrane.” Within the molecular function category, “catalytic activity” and “binding” were the two most abundant terms (Figures 5A–C; Supplementary Tables S4–S6). In addition, we conducted common expression patterns based on the FPKM of 3,600 DEGs in each sample by using the Euclidean distance algorithm combined with the K-means algorithm. These DEGs were classified into 12 clusters (Figure 6A), which had similar expression patterns in the same subclass (Figure 6B).

[image: Figure 5]

FIGURE 5. Gene ontology (GO) of differentially expressed genes (DEGs) analysis of WT, emf2 mutant, and GbEMF2-OE/emf2 plant. A total of 3,414 DEGs were annotated by at least one of the three categories: biological process, cellular component, and molecular function. (A) The GO classification of WT_vs_GbEMF2-OE/emf2. (B) The GO classification of WT_vs_emf2. (C) The GO classification of emf2 vs_GbEMF2-OE/emf2. The x-axis indicates the level 2 GO terms, and the double y-axis means the number of genes and percentage. Red, green, and blue represent upregulated of biological process, cellular component, and molecular function, respectively. Dark red, dark green, and dark blue represent downregulated of biological process, cellular component, and molecular function, respectively.
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FIGURE 6. Expression profiles of significant DEGs. (A) Clusters of DEGs were obtained by K-means. DEGs were divided into 12 subclasses. (B) Heat map for cluster analysis of DEGs by hierarchical cluster combined with K-means method. The change in the expression level is represented by the change in color; purple indicates a lower expression level, and yellow indicates a higher expression level.


To further determine how the EMF2 gene affected metabolic pathways in the flowering process, we predicted the KEGG pathways. In WT_vs_emf2, WT_vs_GbEMF2-OE/emf2, and emf2_vs_GbEMF2-OE/emf2 comparisons, 468, 386, and 203 DEGs, respectively, were mapped to 106, 105, and 83 KEGG pathways, respectively (Supplementary Tables S7–S9). The top 20 pathways with significant enrichment were displayed in Figures 7A–C. The DEGs were focused on flowering-related pathways, such as “plant hormone signal transduction (ko04075),” “starch and sucrose metabolism (ko00500),” and “circadian rhythm-plant (ko04712).” Furthermore, the DEGs were focused on other pathways, such as “phenylpropanoid biosynthesis (ko00940)” and “Cyanoamino acid metabolism (ko00460).” Further analysis of the plant hormone signal transduction, four pathways revealed four DEGs, namely, GH3.17, SAUR4, PP2C, and PYL6 (Figure 7D). In addition, we found seven DEGs, including BGLU23, BGLU25, BGLU30, Sucrose synthase 3 (SUS3), AT2G21590, BAM1, and Alpha-amylase 1 (AMY1) in starch and sucrose metabolism (Figure 7E).
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FIGURE 7. Analysis of DEGs of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. (A) Analysis of DEGs of top 20 KEGG pathway in WT_vs_emf2. (B) Analysis of DEGs of top 20 KEGG pathway in WT_vs_GbEMF2-OE/emf2. (C) Analysis of DEGs of top 20 KEGG pathway in emf2_vs_GbEMF2-OE/emf2. (D) The KEGG metabolic pathway of plant hormone signal transduction. Red indicates that the Fragments Per Kilobase of transcript per Million mapped reads (FPKM) value of genes is high, and blue indicates that the FPKM value of genes is low screened from KEGG orthology (KO) database. (E) The KEGG metabolic pathway of starch and sucrose. Red indicates that the FPKM value of genes is highly, and blue indicates that the FPKM value of genes is low screened from KO database.


The transformation of GbEMF2 resulted in a significant change in most flowering-related DEGs, which might lead to later flowering in transgenic Arabidopsis. We screened 40 flowering-related DEGs in Table 1, and these genes were divided into seven categories: flower organ development, ATP-binding cassette (ABC) transporter, auxin pathway, ethylene pathway, abscisic acid pathway, cytochrome P450, and transcription factor. In the emf2 group, the expression of DEGs was significantly upregulated or downregulated to ultimately influencing flowering. The expression of FLP2, M17, LEA2, SRF, FLC, MAF5, and MAF5-1, was not significantly upregulated or downregulated in WT_vs_GbEMF2-OE/emf2. However, the expression of FLP2, M17, LEA2, and MAF5 was significantly upregulated in WT_vs_emf2 and downregulated in emf2_vs_GbEMF2-OE/emf2. FLC was significantly downregulated in WT_vs_emf2 and upregulated in emf2_vs_GbEMF2-OE/emf2. Two ABC transporters were significantly upregulated in WT_vs_GbEMF2-OE/emf2 and WT_vs_emf2, and downregulated in emf2_vs_GbEMF2-OE/emf2. In the auxin pathway, SAUR41 and NRT1 were significantly upregulated in WT_vs_emf2 and downregulated in emf2_vs_GbEMF2-OE/emf2, whereas SAUR41 showed no difference in WT_vs_GbEMF2-OE/emf2. In the abscisic acid pathway, two genes exhibited no difference in WT_vs_GbEMF2-OE/emf2, but were significantly upregulated in WT_vs_emf2 and downregulated in emf2_vs_GbEMF2-OE/emf2. In the CYP450 family, six genes were significantly upregulated and downregulated in WT_vs_emf2 and emf2_vs_GbEMF2-OE/emf2, respectively. However, three genes among six genes were significantly upregulated, and other three genes have no difference in WT_vs_GbEMF2-OE/emf2. In addition, 13 transcription factors had the same expression level in WT_vs_GbEMF2-OE/emf2 but differently upregulated or downregulated in WT_vs_emf2 and emf2_vs_GbEMF2-OE/emf2.



TABLE 1. List of differentially expressed genes associated with flowering.
[image: Table1]

The expression patterns for AtFER3, AtFLC, AtPYL6, and AtFER1 were significantly upregulated in GbEMF2-OE/emf2 compared with the emf2 group and were significantly upregulated in the WT compared to the GbEMF2-OE/emf2 group. In addition, the expression patterns for AtLEA2 and AtERF113 were significantly downregulated in GbEMF2-OE/emf2 compared with the emf2 group. The expression pattern for AtERF113 was significantly downregulated in the WT compared with GbEMF2-OE/emf2 plants. However, relating to the GbEMF2-OE/emf2 plants, the expression of AtLEA2 in WT plants showed no difference. To further validate the RNA-seq results, we randomly selected 16 DEGs for the qRT-PCR-based expression analysis in WT plants, emf2 mutant, and GbEMF2-OE/emf2 plants (Figure 8). The qRT-PCR data were consistent with the RNA-seq data, which confirmed the accuracy of our transcriptomic analysis. These results showed that GbEMF2 played a similar role with AtEMF2.

[image: Figure 8]

FIGURE 8. The qRT-PCR validation of the expression patterns of 16 DEGs. Data are mean ± SD of three biological replicates with 10 plants per replicate. Line and block represent RNA-seq and qRT-PCR data. Letters mean significant difference at p ≤ 0.05 by the Duncan’s multiple range tests.





DISCUSSION

The EMF gene plays an important role in maintaining vegetative development and repressing flower development. Together, EMF2 protein shares the VEFS-Box domain with homologous FIS2 and VRN (Yoshida et al., 2001). In this study, we characterized a G. biloba EMBRYONIC FLOWER gene named GbEMF2 that contains a VEFS-Box domain (Figure 1) and belongs to one member of the EMF2 family based on phylogenetic analysis.


GbEMF2 Was Predominately Expressed in Reproductive Organs

The expression patterns of AtEMF2, BoEMF2, and DlEMF2 and the expression pattern in G. biloba orthologue GbEMF2 had similarities and differences. The AtEMF2 gene was expressed in developing embryos, vegetative and reproductive shoot meristems, and lateral organ primordia in A. thaliana (Yoshida et al., 2001). A similar expression pattern can be found in broccoli, in which the expression of flower buds was the highest, followed by leaves, stems and siliques, and roots (Liu et al., 2012). The OsEMF2 gene expression level was the highest in the shoot apical meristem and inflorescence meristem, followed by leaves, roots, immature seeds, and calli in rice (Conrad et al., 2014). Xu et al. (2010) also found that the DlEMF2 gene also was expressed in all bamboo organs. However, the expression level in the shoot organ was higher than that in the inflorescences. In this study, we found that GbEMF2 was expressed in the roots, stems, leaves, microstrobilus, ovulate strobilus, and young fruits of G. biloba. Meanwhile, the expression level in microstrobilus, ovulate strobilus, and young fruits was higher than in roots, stems, and leaves. GbEMF2 was predominantly expressed in reproductive organs, indicating that GbEMF2 may be involved in flowering regulation in G. biloba.



Ectopic Expression of GbEMF2 Led to Delayed Flowering in Transgenic Arabidopsis

To further clarify the biological function of GbEMF2, we expressed it in Arabidopsis driven by the 35S promoter. The flowering time of GbEMF2-OE/emf2 was later than that of the emf2 mutant; however, it was earlier than that of the WT. GbEMF2 restored the phenotype of the emf2 mutant. This result was consistent with the study in broccoli (Liu et al., 2012). The emf2 mutants showed an early flowering phenotype that skips rosette growth and directly produces small inflorescences (Yoshida et al., 2001). The expression of BoEMF2.1 in the Arabidopsis emf2 mutant partially rescued the mutant phenotype by delaying flowering time and increasing the number of rosette leaves. The BoEMF2.1 reduced the expression of flower organ identity genes and changed the flowering time gene in emf2 mutants (Liu et al., 2012). Therefore, GbEMF2-OE/emf2 experiments verified that GbEMF2 had the function of repressing plant flowering.



GbEMF2 Regulating Flowering-Related DEGs Could Result in Later Flowering in GbEMF2 Transgenic Arabidopsis

The MADS-box gene family has been widely characterized in many woody plants, including Gossypium hirsutum (Nardeli et al., 2018), Populus trichocarpa (Leseberg et al., 2006), and G. biloba (Yang et al., 2016). MADS genes function in floral development and regulate flowering time. For example, the FLC gene represses the floral integrator genes SOC1 and FT to control flowering (Helliwell et al., 2006). In addition, MAF represses flowering by directly activating TEM1 (Huang et al., 2019). In the present study, FLC, MAF5, and MAF5-1 were downregulated and upregulated in WT_vs_emf2 and emf2_vs_GbEMF2-OE/emf2. ANR1 was upregulated and downregulated in WT_vs_emf2 and emf2_vs_GbEMF2-OE/emf2. These results indicated that these genes might be regulated by GbEMF2, resulting in affecting flower development. We proposed a hypothetical network model for the GbEMF2 gene by regulating FLC, MAF5, ANR1, and MAF5-1 to control flowering (Figure 9).
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FIGURE 9. A hypothetical model for the GbEMF2 regulated other genes controlling flowering in G. biloba. Red arrow represents promoting. The inhibition is represented by the blue inverted T line. The solid lines represent by verified in the literature, and the dashed lines represent speculations.




GbEMF2 Regulating Phenylpropane Pathway and Sugar Pathway-Related DEGs Could Result in Later Flowering in GbEMF2 Transgenic Arabidopsis

The phenylpropane biosynthesis pathway and sugar pathway were very important secondary metabolic pathways in plants. For example, downregulation of genes in phenylpropane pathway and sugar pathway may ultimately stunt isonuclear alloplasmic male sterility in wheat (Liu et al., 2020). Cinnamoyl-CoA reductase 2 (CCR2), β-glucosidase genes, and peroxidase genes were involved in phenylpropane biosynthesis pathway (Cheng et al., 2012; Li et al., 2018). Moreover, pollination changes the expression of β-glucosidase gene 15 (BGLU15) and peroxidase gene 47 (PER47) to improve the quality of the pears (Li et al., 2018). In our study, we found GbEMF2 changed the expression of CCR2, BGLU23, BGLU25, BGLU30, PER47, and PER70 to regulate flower. Furthermore, BGLU23, BGLU25, and BGLU30 were annotated sugar pathway. Sugar functions as a source of energy and florigenic signal in plants. The flower induction was mediated by sugar and hormone pathways in apples (Xing et al., 2015). The transcript levels of the SUS3 gene were the lowest in Arabidopsis flower and the highest in siliques (Fallahi et al., 2008). In our study, we found that the transcript levels of the AtSUS3 gene were the lowest in the WT plant, and highest in the emf2 mutant; these levels were intermediate in GbEMF2-OE/emf2 plants. Therefore, we speculated that GbEMF2 controlled flowering by regulating the expression of the SUS3 gene. BAM1 and BAM2 genes are involved in cell division and the differentiation of flowering development (Hord et al., 2006). Additionally, CIK genes interact with BAM1/2 genes and RPK2 genes to regulate flowering development in Arabidopsis (Cui et al., 2018). The AMY1 gene is not only involved in starch metabolism but also suppresses the expression of CO and FT. Meanwhile, the expression of the AMY1 gene was induced by GA and ABA (Jie et al., 2009). The BAM1 and AMY1 genes were significantly expressed in emf2_vs_GbEMF2-OE/emf2. Therefore, the two genes may be regulated by the GbEMF2 gene. Given the joint analysis of our data and flowering-related genes, we speculated that GbEMF2 may control the flowering process by regulating the expression of SUS3, BAM1, and AMY1 (Figure 9).



GbEMF2 Regulating TF-Related DEGs Could Result in Later Flowering in GbEMF2 Transgenic Arabidopsis

The TFs, including MYB, bHLH, NAC, and WRKY, play essential roles in the reproductive development of plants. The MYB genes are potentially involved in flower development in Rafflesia cantleyi (Amini et al., 2019). Some genes of bHLH families act as flower developmental regulators that control flowering time (Ito et al., 2012). In our study, AtbHLH47, AtbHLH101, and AtbHLH167 were upregulated in WT_vs_emf2 and downregulated in emf2_vs_GbEMF2-OE/emf2; no significant difference was found in WT_vs_GbEMF2-OE/emf2 (Table 1), which showed that GbEMF2 might regulate bHLH genes to control flower. Moreover, losing NAC transcription factors, including ANAC050, ANAC052, and ANAC075, led to early flowering phenotype (Fujiwara and Mitsuda, 2016). In this study, the expression of NAC003 changed significantly in three groups. The expression of NAC047 exhibited no significant difference in WT_vs_GbEMF2-OE/emf2, but showed a significant difference between emf2 and GbEMF2-OE/emf2, which implied that GbEMF2 regulated flower development by influencing NAC. In addition, WRKY regulates flowering time in different ways. For instance, an opposite changing trend was exhibited between WRKY12 and WRKY13. The WRKY12 positively regulates flowering time under short-day, whereas WRKY13 serves as a negative regulator (Li et al., 2016b). Thus, we speculated that GbEMF2 might regulate flowering by MYB, bHLH, NAC, and WRKY. Overall, based on these results, a hypothetical network model was proposed for the GbEMF2 gene to regulate TFs further influencing flowering (Figure 9).




CONCLUSION

In summary, the present study cloned and characterized GbEMF2 from G. biloba. The GbEMF2 protein contains a conserved VEFS-Box domain, which was homologous with VRN2 and FIS2 proteins. The expression level of GbEMF2 in reproductive organs was significantly higher than that in vegetative organs. Overexpressing the GbEMF2 in transgenic Arabidopsis plants, the flowering time of ectopic was later than that of emf2 mutant plants but was earlier than that of the WT plant. In addition, GbEMF2 overexpression in transgenic plants changed the expression levels of flowering-related DEGs, sugar-related DEGs, and TF-related DEGs. Based on our results, we speculated that GbEMF2 may regulate the flowering of G. biloba by regulating MADS genes, BAM1, AMY1, or interacting with NAC, BHLH, and WRKY transcription factors. Our study provides a foundation for understanding GbEMF2, which is involved in the flowering of G. biloba.
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Air temperature plays a major role in the growth cycle of fruit trees. Chilling and forcing are two of the main mechanisms that drive temperate fruit development, namely dormancy and active plant development. Given the strong sensitivity of these crops to air temperature and the foreseeable warming under future climates, it becomes imperative to analyze climate change impacts for fruit trees. The fruit sector in Portugal has risen significantly over the last decades, gaining increasing importance both internally and through exports. The present research assesses the impacts of climate change on the chilling and forcing for economically relevant fruit trees in Portugal, namely apples, oranges, pears, and plums. To assess temperate fruit chilling and forcing conditions, the chilling portions (CP) and growing degree-hours (GDH) were computed over Portugal, for the recent-past (1989–2005) and future (2021–2080) periods, following two anthropogenic radiative forcing scenarios (RCP4.5 and RCP8.5). Future climate data were obtained from four regional-global climate model pairs to account for model uncertainties. Bias-correction methodologies were also applied. A spatial analysis over the main regions with PDO “Protected Denomination of Origin” or PDI “Protected Geographical Indication” of origin of each fruit tree was performed. Future projections show a clear decrease in chilling for all regions and fruit types in Portugal. Nonetheless, given the current chilling values in Portugal and the relative importance of chilling accumulation for each fruit type, these changes are more significant for certain varieties of apples than for other types of fruit. Regarding forcing, the future projections highlight an increase in its values throughout the different fruit tree regions in Portugal, which should lead to earlier phenological timings. These changes may bring limitations to some of the most important Portuguese temperate fruit regions. The planning of suitable adaptation measures against these threats is critical to control the risk of exposure to climate change, thus warranting the future sustainability of the Portuguese fruit sector, which is currently of foremost relevance to the national food security and economy.
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INTRODUCTION

Temperature is considered the most important atmospheric factor for crop phenological and physiological development. Therefore, climate change is considered a major threat, as it is expected to alter the canopy microclimatic conditions of crops. As an example, future warming should lead to increasing growing season temperatures and decreasing wintertime chilling (Atkinson et al., 2013; Lee and Sumner, 2016), which may significantly affect the currently adopted plant species. This is particularly important taking into account that some crops are the basis for the socio-economic development and livelihood of some regions. Specifically, for the Mediterranean region, which currently hosts some of the most important fruit orchards in the world, a changing climate may represent an important menace to economically-relevant crops (IPCC, 2014; Fraga et al., 2020b). The Mediterranean regions are considered a climate change hotspot, i.e., “a region for which potential climate change impacts on the environment or different activity sectors can be particularly pronounced” (Giorgi, 2006). Hence, it becomes clear that fruit production in the Mediterranean may be particularly vulnerable to climate change (Baldocchi and Wong, 2008; Luedeling et al., 2011), namely in southern Europe (Atkinson et al., 2013).

As a result of a careful long-term plant selection by growers, each type or variety of fruit tree tends to be grown in the most suitable areas within a given region, resulting in a stable site-crop relationship, with the most adequate pedoclimatic conditions to maximize yield and quality parameters (San-Miguel-Ayanz et al., 2016). This relationship may be threatened under climate change scenarios. Depending on the regional strength of the climate change signal, suitability for each fruit/variety may show contrasting developments under future climates. Given that air temperature is a fundamental atmospheric factor influencing fresh fruit growth and development rates, different fruits/varieties have different thermal thresholds for adequate physiological and phenological development, including fruit ripeness (Schwartz and Hanes, 2010; Ikinci et al., 2014). There are usually two main thermal factors influencing fruit development in temperate climatic regions, i.e., chilling and forcing (Ruiz et al., 2007; Benmoussa et al., 2017; Santos et al., 2018). While the onset of vegetative development generally occurs following a chilling period, actual growth and development are driven by forcing (Osborne et al., 2000).

Temperate fruit species commonly require cool enough winters to fulfill their chilling requirements and allow normal stable development and harvests (Legave et al., 2010; Campoy et al., 2011; Darbyshire et al., 2011). In particular, for apple (Severino et al., 2011; Cardoso et al., 2015), pear (Kretzschmar et al., 2011; Hussain et al., 2015), plum (de Carvalho et al., 2010; Ruiz et al., 2018), a period of relatively low temperatures is needed for regular budding (chill accumulation). For the case of citrus, such as oranges, these plants are usually grown in warmer climates, and exposure to cold temperatures (<5°C) may result in chilling injuries (Yuen et al., 1995; Santos et al., 2019). When spring arrives, forcing becomes a much stronger driver of tree phenology than chilling (Luedeling et al., 2013), and a period of warm temperatures (heat accumulation) is needed for adequate blooming and fruit ripening (Arroyo et al., 2013; Drepper et al., 2020; Rodriguez et al., 2020; Cho et al., 2021).

Given the high sensitivity of temperate fruit trees to thermal conditions, it becomes clear that the ongoing global warming may have significant impacts on fruit quality and productivity (Campoy et al., 2011; Luedeling et al., 2011; Benmoussa et al., 2017, 2020; Buerkert et al., 2020; Fernandez et al., 2020). Hence, assessing present and future chill and heat accumulations is essential for identifying the most suitable fruit tree species for a given site, for maintaining economically viable fruit orchards, or for ensuring that detrimental impacts of climate change can be effectively lessened (Gao et al., 2012). Various studies have combined chill and heat indices for studying thermal requirements of different fruit trees or for developing models of phenology (Maulión et al., 2014; Fraga et al., 2015; Guo et al., 2015b; Santos et al., 2017). Nonetheless, a comprehensive analysis of the main fresh fruit orchards in Portugal, and their relationship with chilling and forcing is still incipient.

In Portugal, fresh fruit crops are particularly important in the socio-economic context of the country, which is known for its high-quality fruit products. Some of the most important regions are illustrated in Figure 1A. Portugal currently has the fourth fruit largest fruit-producing area and is the sixth largest producer in Europe (Eurostat, 2021). This sector is based on an intensive human labor force, which is crucial for the income of several regions in the country. Amongst the most productive fruit species grown in Portugal are oranges, apples and pears. These fruits account for 39, 30, and 19% of the total fruit production in Portugal, respectively (Figure 1B; INE, 2021). The Portuguese climatic characteristics, generally characterized by temperate Mediterranean-type climates (Costa et al., 2016), with moderate temperatures throughout the year and relatively low risk of severe weather (e.g., hailfall, windstorms), are favorable for the development of temperate fresh fruits, such as apples, peaches, pears, amongst others. Over the Portuguese territory, there are several fruit-producing regions, many of which are regulated by law, such as PDO (Protected Denomination of Origin) or PGI (Protected Geographical Indication) regions. According to the EU (2021), “The differences between PDO and PGI are linked primarily to how much of the product’s raw materials must come from the area or how much of the production process has to take place within the specific region.” These geographical distinctions identify high-quality products originating from a specific region, with particular environmental conditions, including climate, soils, besides other natural and human factors. In Portugal, there are several PDO or PGI regions linked to the fresh fruit sector.
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FIGURE 1. (A) Main fresh fruit Denomination of Origin regions over mainland Portugal, including apples, plums oranges, and pears. (B) Chronogram of the main fresh fruit produced in Portugal from 1986 to 2018.


Bearing in mind the key role played by the fruit sector on the national economy and the threats emerging from climate change, it is important to assess the potential impacts that future climate may have on the fresh fruit sector. By providing insight on future trends over the bioclimatic conditions, these outcomes may support decision-making and stakeholders from the Portuguese fruit sector, as timely planning of suitable adaptation measures helps mitigating future losses and promotes the long-term sustainability of this sector.

The present study aims at analyzing the impacts of climate change on chilling and forcing conditions of fruit orchards in Portugal. As such, the objectives of the present study are five-fold: (1) to compute recent-past thermal conditions over Portugal, using the Safe Winter Chill index, based on chilling portions (CP), and the Safe Heat Forcing index, based on the growing degree hours; (2) to link these thermal conditions to the regions where the main fresh fruit crops are located; (3) to compute future changes of these thermal conditions, using an ensemble of bias-corrected high-resolution climate model simulations; (4) to analyze the interannual variability embedded in future climates, as well as uncertainty linked to climate model simulations; (5) to compare different fresh fruit regions and crops under climate change; and, lastly, (6) to discuss potential adaptation measures.



MATERIALS AND METHODS


Fresh Fruit Regions

In the current study, two types of fresh fruit regions are considered: PDO and PGI. These two types of denomination belong to the European Union (EU) Geographical Indications System, which protects the names of products that originate from specific regions. For the sake of succinctness, these two types of regions are henceforth denominated as fresh fruit regions. Currently, eight fresh fruit regions are considered across mainland Portugal, and consequently eight PDO or PGI regions/products (Table 1). These include: Plums from Elvas PDO; Apples from Alcobaça PGI; Apples—Beira Alta PGI; Apples from Cova da Beira PGI; Apples from Portalegre PGI; Apples—from Palmela PDO; Pears—Rocha do Oeste PDO; Oranges—Algarve PGI. Although many other PDO and PGI regions exist within the country, they are out of the scope of the present study. In order to analyze the spatial distribution of fruit orchards within each region, the COS 2010 (“Carta do Uso do Solo”) was used, which is a land use and land cover (LULC) dataset over mainland Portugal (Source: Direção-Geral do Território, http://www.dgterritorio.pt/). The area for fruits is linked to the different fresh fruit regions (either PDO or PGI) and the subsequent analysis is only performed in areas containing fresh fruit trees based on the COS 2010 LULC classes.


TABLE 1. Fresh fruit regions and main fruit varieties grown in Portugal according to the DGADR (Direção-Geral de Agricultura e Desenvolvimento Rural, https://tradicional.dgadr.gov.pt/).
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Chill and Heat Accumulations

Fresh fruit trees (e.g., apple, pear, and plums) have pre-defined thermal ranges for heat and chill requirements. A specified sum of low temperatures is needed for regular budding, while a period of warm temperatures is needed for adequate flowering and fruit maturation, though these pre-requisites are also largely variety-dependent (De Melo-Abreu et al., 2004; Maulión et al., 2014; Santos et al., 2017). To quantify the chill and heat requirements of fresh fruit trees, several modeling approaches have been developed (Benmoussa et al., 2017). In the present study, to assess fruit chilling and forcing, the CP Dynamic model (Fishman et al., 1987) and the Growing Degree Hours (GDH) model (Anderson et al., 1986; Gu, 2016) were computed. Although other widely used models, such as Chilling Hours or growing degree days (e.g., Matzneller et al., 2014; Morais and Carbonieri, 2015; Spinoni et al., 2015), can be used for this purpose, they are usually outperformed by CP and GDH (Luedeling and Brown, 2011).

Both the CP and the GDH take advantage of an hourly assessment of temperatures. The CP dynamical model is based on an hourly temperature curve, ranging from –16 to 24°C, with an optimum around 4°C, from October to February. Furthermore, the CP also takes into account the counteracting effect of higher temperatures on earlier chilling, which is particularly important in warm climates, such as in Portugal (Ruiz et al., 2007; Luedeling et al., 2009). For GDH, in turn, the hourly thermal accumulation occurs from February to October, with a base temperature of 4°C and critical temperature of 36°C, with an optimum at 25°C (Anderson et al., 1986; Guo et al., 2015a). For calculating both GDH and CP, the R® package “chillR” version 0.70.2 was used (Luedeling, 2013). The time periods for thermal accumulation (CP: October to February; GDH: February to October) were hereby selected to take into account possible future changes in plant development timings (advances/delays) (Guo et al., 2015a).



Climatic Data

For the recent-past (1989–2005, henceforth baseline period), daily maximum and minimum (2 m) air temperatures were retrieved from the observation-based E-OBS gridded dataset, version 22.0e (Cornes et al., 2018). Data were retrieved on a 0.1° regular grid (∼10 km resolution). Regarding future projections (2021–2080, henceforth future period), simulations generated by four global-regional climate model pairs (GCM-RCM, Supplementary Table 1), under two future scenarios (RCP4.5 and RCP8.5), were retrieved from the EURO-CORDEX dataset (Jacob et al., 2014), and defined on a 0.125° regular grid (∼12.5 km resolution). Aiming to homogenize the baseline and future periods in terms of their spatial resolution, the baseline period data were bi-linearly interpolated to the coarser EURO-CORDEX grid. This allows the computation of both CP and GDH on the same grid and spatial resolution (12.5 km).

Upon this preliminary assessment, the simulated GCM-RCM daily maximum and minimum temperatures were bias-corrected, using E-OBS as a baseline and applying the “Empirical Quantile Mapping” methodology (Cofiño et al., 2017). Lastly, both CP and GDH are then computed for the future period using the bias-corrected data as input in ‘chillR’ (Luedeling et al., 2013). GDH and CP were computed for each GCM-RCM separately and multi-model ensembles were subsequently computed for the future period. For climate change assessments, three sub-periods were considered and compared to the baseline period (1989–2005), i.e., short-term (2021–2040), medium-term (2061–2080), and long-term (2061–2080). To analyze the agreement among the four global-regional climate model pairs, the future outputs were assessed regarding the model ensemble as well as the model standard deviation. Linear trends over the eight fresh fruit regions for the CP and GDH for the future period were also assessed.

Additionally, for baseline and future subperiods, two other metrics were computed: the Safe Winter Chill, SWC (Luedeling et al., 2011)—the minimum amount of CP found in 90% of all years (the 10th percentile); and the Safe Heat Forcing (SHF)—the minimum amount of GDH found in 90% of all years (the 10th percentile). These two metrics are commonly more useful for growers than average CP and GDH (Luedeling et al., 2011), as they provide the risk of not having enough chilling or forcing during an orchard’s lifetime. Henceforth, for the sake of succinctness, the GDH and SHF values are shown in ×103.

The computation of the CP and GDH was performed over the entire Portuguese mainland, using the gridded datasets described above, and subsequent regional assessment was then performed by extracting data for each region. To compute the CP and GDH values over a large spatial extension, such as mainland Portugal, an additional MATLAB® script was developed to automatize this process. The source code can be found in Supplementary Material.




RESULTS


Historical Safe Winter Chill and Safe Heat Forcing

The spatial patterns of the SWC and SHF for the baseline are shown in Figure 2. In both indices, their patterns show a strong latitudinal gradient, with the warmer areas in the south and the cooler areas in the north. The SWC values throughout the country range from 30 to 40 CP, in the southwestern, to 110, in the northeastern parts of the country (Figure 2A). In effect, values below 40 CP are relatively absent throughout the country, only present in a small area in the south. SHF is commonly greater than 50 GDH (note that GDH values are in ×103) in the inner-most north part of the country, increasing up to 80 GDH in the southern areas (Figure 2B). Values above 80 GDH are currently limited to southern Portugal.
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FIGURE 2. (A) Safe Winter Chill index over mainland Portugal for the baseline period (1989–2005) and for three future periods (2021–2040, 2041–2060, and 2061–2080) and two future scenarios (RCP4.5 and RCP8.5). (B) Same as panel (A) but for the Safe Heat Forcing index, values are shown in ×103.


A regional assessment of the values of the CP and GDH was also performed over the selected fresh fruit regions (Figure 3). Regarding CP (Figure 3A), the regions that currently have lower CP values are devoted to orange production in “Algarve” (40–60 CP). This was anticipated, as it is known that orange development is not limited by chilling requirements. Surprisingly, apples from “Palmela” also show low CP values (40–65 CP), very similar to those of “Algarve.” These low CP values may prove useful under future warmer climates. Subsequently, apples from “Alcobaça” and pears from “Oeste” show CP values ranging from 50 to 70 CP. The fresh fruit regions with the highest CP values are apple producers in “Cova da Beira” and “Beira Alta,” with values of 85–95 CP. Regarding GDH (Figure 3B), opposite gradients are found, meaning that the regions with the lowest CP have the highest GDH, and vice-versa. In Portugal, the fresh fruit region with the highest heat forcing values is “Algarve” (∼95 GDH), which mainly produces oranges, whereas the lowest value (∼68 GDH) is found in “Beira Alta,” a region that typically produces apples.
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FIGURE 3. Boxplots representing the chilling portions (CP) (A) and growing degree hours (GDH) (B) over the selected eight fresh fruit regions. The regional mean (circle) and median (cross) are depicted, as well as the minima and maxima (outer dashes). The regions are ranked from the lowest to the highest mean values of SWC and SHF, respectively. GDH and SHF values are shown in ×103.




Future Projections

The climate change projections for SWC reveal a strong decrease (Figure 2A), pointing to generalized warming throughout Portugal. This reduction is noticeably stronger under RCP8.5 and more pronounced for the latter sub-periods (2041–2060 and 2061–2080), which are subjected to stronger anthropogenic forcing. For RCP4.5, the reduction is limited to -12 CP until the last period. Conversely, for the more severe scenario, the reduction in chilling can be larger than -24 CP. In fact, the reduction of chilling is expected to be much stronger in inner Portugal (<-20 CP for RCP8.5) than in southern coastal areas.

Concerning SHF (Figure 2B), this index reveals an increase over most of Portugal, particularly over the northern and western areas (up to +15 GDH under RCP8.5). The increase in GDH does not linearly reflect the upward trend in temperature, due to the critical threshold in heat accumulation from this index definition. Although, it is expected that in some areas the increase in GDH is not very noticeable, the overall warming can be several times higher, due to this upper temperature threshold. Conversely, some areas in the cooler northern regions may benefit from future warming, owing to the more frequent nearly optimum temperatures for fruit growth (25°C), while southern areas, which are already considered very hot, may become excessively warm, with more frequent above-optimum temperatures. Hence, the northeast-south gradient in heat accumulation over Portugal should be reduced under future climates.

With respect to the interannual variability and CP-GDH evolution under future climates, it is consistent with the subperiod mean (Figures 4, 5). Overall, the CP shows a decreasing trend until 2080, while the GDH shows an increasing trend, although less pronounced. For the CP, under RCP4.5, future liner trends (LT) for the fresh fruit regions range from LT = −0.15 to −0.18 CP/year. For RCP8.5, LT range from −0.39 to −0.53 CP/year. For the GDH increasing future trend are found, which are quite similar for the two future scenarios, range from LT = 0.01 to 0.05 GDH/year. Also in Figures 4, 5, the climate model agreement and uncertainties can be analyzed. It becomes clear that the climate change signal of both chill accumulation and heat forcing is also very robust. The model standard deviation (spread) shows the same trends as the climate model ensemble mean. Generally, RCP4.5 shows a higher agreement amongst models than RCP8.5, particularly after 2050. The climate model standard deviation from 2050 onward is relatively large, which indicates a strong model uncertainty for this index. These uncertainties are also stronger for the regions in the innermost areas of the country, which tend to be apple-producing areas. For the GDH model standard deviation is similar across all regions and future climatic scenarios.
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FIGURE 4. Chronograms (2020–2080) of the Chilling Portions (CP) index for the two future scenarios (RCP4.5 and RCP8.5) over the selected eight denominations of origin regions in mainland Portugal: (A) Plums—Elvas; (B) apples—Alcobaça; (C) apples—Beira Alta; (D) apples—Cova da Beira; (E) apples—Portalegre; (F) apples—Palmela; (G) pears—Rocha do Oeste; (H) oranges—Algarve. Thick lines represent the climate model ensemble means of each RCP as a function of time, while shaded areas represent the corresponding climate model standard deviations.
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FIGURE 5. Same as Figure 4 but for the Growing Degree Hour (GDH) index. Values are shown in ×103.


Figure 6 shows that, regionally, Portugal is expected to undergo important climatic changes for temperate fruit trees. For all regions, the chilling accumulation is generally projected to decrease, whereas the heat accumulation is projected to increase, owing to heat stress conditions under much warmer wintertime and spring-summer periods. From the regional analysis under future climate, it is clear that some apple-, pear-, and plum-producing regions are expected to have chilling conditions similar or even warmer than todays’ orange-producing regions. This is the case of “Elvas” for plums, “Alcobaça,” “Palmela” for apples and “Rocha do Oeste” for pears. Furthermore, under RCP8.5, this enhanced warming during winter may lead to detrimental conditions for several varieties planted in these regions. Regarding forcing, “Beira Alta,” “Cova da Beira,” and “Portalegre,” which are apple-producing regions, will remain as the regions with the lowest GDH values.
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FIGURE 6. Boxplots of the distribution of (A) Chilling Portions (CP) and (B) Growing Degree Hours (GDH), for baseline and two future scenarios (RCP4.5 and RCP8.5), and by the denomination of origin regions. Each box represents the 25th and 75th quantiles, the inner circle the mean, and the inner line the median. The outer whiskers represent the maxima and minima. GDH values are shown in ×103.





DISCUSSION AND CONCLUSION

The objectives of the present study were to quantify the impacts of climate change on the main fresh fruit regions in Portugal. Chilling and forcing for plants were computed using bias-corrected data from several RCM-GCM model chains. Given the results for the future chilling and forcing in Portuguese fruit orchards, it is evident that climate change may have important implications for these food crops. These results are in agreement with previous studies that suggested that the current fruit production might be particularly vulnerable under future climate (Baldocchi and Wong, 2008; Luedeling et al., 2011).

Portugal will undergo strong declines in winter chilling. The generalized decrease in SWC will more severely affect the inner-most regions of the country, in agreement with several studies (Luedeling and Brown, 2011; Luedeling et al., 2011; Fraga et al., 2019). Important fruit regions are affected by this change, and the more chill demanding trees, such as plum, apple, or pear (Luedeling et al., 2013; Morais and Carbonieri, 2015), may indeed suffer the strongest impacts. The northern apple growing areas are particularly exposed to chilling reduction, evidencing the significance of the current study for supporting effective climate change adaptation measures of fresh fruit crops. Higher winter temperatures may be detrimental, as insufficient chilling may cause delayed budding and foliation, resulting in low fruit-set/yields (Petri and Leite, 2004). Furthermore, a stronger inter-annual chill variability may lead to new problems (Ghrab et al., 2014), while the lack of proper winter chill may increase bud abscission, causing growth anomalies (Petri and Leite, 2004). For other less chill demanding fruit trees or trees with no chilling requirments, such as oranges, the projected chilling should not affect a proper flowering and fruit-set, and a more positive response to this warming is expected (Guo et al., 2015a). This fruit/region should benefit from the projected warming, as warmer conditions tend to benefit crop yields (Tubiello et al., 2002). Nonetheless, it is important to note that this study does not consider other climate change-related aspects, such as water availability in the future.

Regarding forcing, the ensemble projections indicate that Portugal will experience enhanced warming during the plant developmental stage, with a very high agreement amongst the 4-GCM-RCM models. The generalized increase in SHF will tend to affect more severely the southern and coastal areas of the country. A higher forcing during the growing season should result in earlier phenological stages with multiple implications, as the temperature plays a key role in determining phenology (El Yaacoubi et al., 2020). As an example, earlier bloom could potentially coincide with spring frost, resulting in damage to flowers. Earlier flowering may also reduce the pollination periods and enhance plant competition for nutrients and water (Lorite et al., 2020). Additionally, higher temperatures during ripening may result in faster and unbalanced fruit maturity, which may lead to implications on fruit quality, fruit-set, and yields (Campoy et al., 2011; Luedeling et al., 2011). It should be noted that the effect of extreme weather events such as heatwaves are not taken into account by these indices, and are expected to become a major thread for the Mediterranean orchards under future cliamtes (Fraga et al., 2020a).

The present study outcomes suggest a loss of suitability of some current fruticulture areas, owing to lower chilling during autumn-winter and warming during spring–summer, particularly in innermost areas of the country. Climate change impacts will be closely tied to the fruit trees growing in a given region (Luedeling et al., 2011; Atkinson et al., 2013). It is important to note that the present findings are also crop- and variety-dependent, and may not be directly compared given the specificities of each crop and variety (Guo et al., 2015a). However, timely planning of suitable adaptation measures may help mitigating future yield/quality losses and warrant the future sustainability of this sector. Crop relocation, though possible, is a long-term measure and is far from being an ideal solution. Hence, to deal with this regional climatic change, it becomes crucial to develop and implement suitable cultural practices designed to deal with specific climate change threats.

Regarding the lower chilling, the focus must be given to the adoption of less chill-demanding varieties or clones. The current study allows to differentiate between fresh fruit regions and the varieties grown therein, i.e., different types of apples are grown at each of the regions, each with different chilling requirements. The availability of varieties with lower chilling requirements may increase the future sustainability of this sector and is certainly a suitable adaptation option for the most affected areas. It is clear that under future climates and lower overall chilling, some of these varieties will tend to migrate to other regions, depending on the regional climate conditions. The importance of variety selection for crop adaptation has been highlighted by several studies (Soloklui et al., 2017; Rodriguez et al., 2019).

Nonetheless, it is projected that under the most severe scenario (RCP8.5), the reduction in SWC should be much more intense. Furthermore, taking into account model uncertainties, some models predict a very strong reduction of CP, with a higher interannual variability, more pronounced after 2050, in agreement with other studies (Rodriguez et al., 2021). It becomes clear that in the Mediterranean areas, which are indeed a climate change hot spot, there can be difficulties fulfilling apple chilling requirements under future climatic conditions (Funes et al., 2016; Fernandez et al., 2020). For these cases, it is expected that changing varieties may not be sufficient, and other adaptation options should be envisioned. The development of practices to artificially break dormancy can also be considered (Luedeling et al., 2011). Other cultural practices, such as the improvement and adoption of appropriate scion-rootstock combinations, or even targueted defoliation may also potentially reduce chilling requirements.

To deal with excessive heat during spring-summer, more focus should be given to plant thermal stress. The implementation of deficit-irrigation strategies might be a suitable adaptation strategy under future warmer climates (Lorite et al., 2020). Additionally, the reduction of excessive heat and radiation fluxes can be achieved through the application of sunscreens, or certain types of shading systems, which may influence orchard microclimates (Glenn et al., 2002; Lopez et al., 2018). Furthermore, more heat-tolerant plant varieties and more adapted varieties should also be selected. Nonetheless, taking into account the degrees of severity of the different climate change scenarios, these adaptation measures may not be sufficient, e.g., under RCP8.5, and crop relocation may also be necessary. Certain subtropical or tropical fruits are naturally adapted to warm climates and may replace some current temperate fruit trees currently grown in Portugal. Nonetheless, growers will play a central role in this decision-making process toward climate change adaptation and risk reduction. Besides, the adoption of these measures requires further research and planning to ensure the future economic sustainability of fruit orchards in Portugal. As a final remark, this study results support that local adaptation will be much more feasible under a moderate warming scenario (RCP4.5), which is yet another reason to limit the warming rate within the 1.5°C, as recommended by the Paris Agreements and the last IPCC special report (IPCC, 2019).

It should be pointed out that, that under future climates the relationship between chilling and forcing may not be linear and these two factors are not independent of each other. A higher forcing under climate change does not necessarily result in earlier phenological stages, since warmer winters may result in delayed chilling fulfillment. Furthermore, chilling and forcing have a compensation effect, by which some chill beyond a minimum requirement can lower the amount of heat required for plants (Pope et al., 2014). Therefore, additional studies are necessary to address the issue of lower chilling and higher forcing for plants under future climate scenarios.
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Dormancy release and bloom time of sweet cherry cultivars depend on the environment and the genotype. The knowledge of these traits is essential for cultivar adaptation to different growing areas, and to ensure fruit set in the current climate change scenario. In this work, the major sweet cherry bloom time QTL qP-BT1.1m (327 Kbs; Chromosome 1) was scanned for candidate genes in the Regina cv genome. Six MADS-box genes (PavDAMs), orthologs to peach and Japanese apricot DAMs, were identified as candidate genes for bloom time regulation. The complete curated genomic structure annotation of these genes is reported. To characterize PavDAMs intra-specific variation, genome sequences of cultivars with contrasting chilling requirements and bloom times (N = 13), were then mapped to the ‘Regina’ genome. A high protein sequence conservation (98.8–100%) was observed. A higher amino acid variability and several structural mutations were identified in the low-chilling and extra-early blooming cv Cristobalina. Specifically, a large deletion (694 bp) upstream of PavDAM1, and various INDELs and SNPs in contiguous PavDAM4 and -5 UTRs were identified. PavDAM1 upstream deletion in ‘Cristobalina’ revealed the absence of several cis-acting motifs, potentially involved in PavDAMs expression. Also, due to this deletion, a non-coding gene expressed in late-blooming ‘Regina’ seems truncated in ‘Cristobalina’. Additionally, PavDAM4 and -5 UTRs mutations revealed different splicing variants between ‘Regina’ and ‘Cristobalina’ PavDAM5. The results indicate that the regulation of PavDAMs expression and post-transcriptional regulation in ‘Cristobalina’ may be altered due to structural mutations in regulatory regions. Previous transcriptomic studies show differential expression of PavDAM genes during dormancy in this cultivar. The results indicate that ‘Cristobalina’ show significant amino acid differences, and structural mutations in PavDAMs, that correlate with low-chilling and early blooming, but the direct implication of these mutations remains to be determined. To complete the work, PCR markers designed for the detection of ‘Cristobalina’ structural mutations in PavDAMs, were validated in an F2 population and a set of cultivars. These PCR markers are useful for marker-assisted selection of early blooming seedlings, and probably low-chilling, from ‘Cristobalina’, which is a unique breeding source for these traits.

Keywords: Prunus avium L, chill requirement, blooming, DAMs, gene expression regulation, non-coding gene, UTRs, breeding


INTRODUCTION

Adequate blooming and pollination are essential for fruit set in sweet cherry (Prunus avium L.) and other fruit tree species. Temperate climate fruit trees such as sweet cherry go through a dormancy period in which meristem growth is inactive (Lang et al., 1987; Rohde and Bhalerao, 2007). This occurs before the blooming season to prevent winter damage due to frost and low temperatures. Dormancy is divided into three stages: paradormancy and endodormancy, in which bud growth is inhibited during autumn and winter seasons, and ecodormancy, in which bud growth is resumed under more favorable climatic conditions in late winter and early spring (Lang et al., 1987). The length of the dormant period depends on the environmental temperatures since determined amounts of chill and heat (Chilling and Heat requirements) are needed to complete endodormancy and ecodormancy before bud burst (Cooke et al., 2012). These requirements are specific to each genotype and vary according to the environmental conditions (Alburquerque et al., 2008). Both chilling and heat requirements influence blooming, however, several studies in Prunus species have reported that chilling requirement is the major determinant of bloom time (Alburquerque et al., 2008; Fan et al., 2010; Campoy et al., 2011; Castède et al., 2014).

Dormancy release, chilling requirement, and bloom time are relevant traits for cultivar adaptation to the growing area and to ensure an adequate fruit set. As many cherry cultivars are self-incompatible, blooming has to be synchronized between cultivars planted in the same vicinity. Late season blooming allows for the avoidance of spring frosts in cold regions. Cultivars with low chilling requirements are useful to adapt to temperature rise in the actual context of climate change. Additionally, cultivars with low chilling requirements can be used to extend cultivation to warmer areas, thus extending cultivation further away from traditional cultivation regions. Several works have investigated the physiology and the genetics of these traits in sweet cherry and other fruit tree species (reviewed in Abbott et al., 2015; and Fadón and Rodrigo, 2018). In sweet cherry, genetic analyses have revealed that bloom time is a quantitative trait with very high heritability (Dirlewanger et al., 2012; Castède et al., 2014; Calle et al., 2020). In this species, major quantitative trait loci (QTLs) associated with bloom time have been identified on linkage groups (LGs) 1, 2, and 4 (Dirlewanger et al., 2012; Castède et al., 2014; Calle et al., 2020). In other Prunus species, like almond (Prunus amygdalus L.), peach [Prunus persica (L). Batsch] and Japanese apricot (Prunus mume L.), main bloom time QTLs have also been mapped on the orthologous regions of LG1 (Fan et al., 2010; Zhebentyayeva et al., 2014; Bielenberg et al., 2015) and LG4 (Dirlewanger et al., 2012; Sánchez-Pérez et al., 2012; Kitamura et al., 2018). In the same region of LG1, stable and significant QTLs associated with chilling requirements in almond, peach, and sweet cherry have also been detected (Fan et al., 2010; Sánchez-Pérez et al., 2012; Castède et al., 2014; Bielenberg et al., 2015). This LG1 QTL region overlaps with a deletion in the evergrowing (EVG) peach mutant, which does not enter dormancy (Rodriguez et al., 1994). A tandem repeat of six MADS-box genes, named dormancy-associated MADS-box (DAM), was identified in this LG1 region, four of them being deleted in the EVG mutant (Bielenberg et al., 2008), reveling the potential involvement of these genes in dormancy control of Prunus species. In sweet cherry, DAM5 and -6 have also been mapped on LG1, overlapping with the main bloom time and chilling requirement QTL of this LG (Castède et al., 2015). In other Rosaceous species, like apple and pear, a variable number of DAM gene have also been reported (Saito et al., 2013; Mimida et al., 2015), some of them overlapping with regions in which bloom time QTLs for these species were found (Allard et al., 2016).

In different plant species, MADS-box transcription factors have been reported as strong candidate genes for the genetic control of blooming and temperature responses (Gramzow and Theissen, 2010). MADS-box genes play fundamental roles in pathways involved in the transition from vegetative to reproductive phases, growth, floral organ determination, and other processes related to root, leaf, fruit, and gametophyte development (Becker and Theißen, 2003; Messenguy and Dubois, 2003; Smaczniak et al., 2012). The DAM genes reported in sweet cherry, peach, Japanese apricot, and European plum (Prunus domestica L.) belong to MIKCc Type II of MADS-box genes and are phylogenetically related to Arabidopsis SHORT VEGETATIVE PHASE (SVP) and AGAMOUS-LIKE 24 (AGL24) genes, which have been reported as main floral regulators (Jiménez et al., 2009; Sasaki et al., 2011; Quesada-Traver et al., 2020; Wang et al., 2020). Analyses of DAM gene expression levels in Prunus species have shown a similar pattern in different years and correlations with photoperiod and temperature changes (Falavigna et al., 2019), suggesting that these genes are the main regulators of the dormancy cycle in Prunus species (Yamane, 2014). Maximum expression levels of DAM1 to -4 were observed during bud set, suggesting a role in the regulation of growth cessation and bud formation in peach and Japanese apricot (Li et al., 2009; Sasaki et al., 2011; Zhang et al., 2018). On the other side, DAM5 and -6 showed the highest expression level in the winter season during induction and maintenance of dormancy and minimal or absent expression during the budbreak and bloom time (Jiménez et al., 2010; Yamane et al., 2011; Leida et al., 2012; Prudencio et al., 2018). Therefore, down-regulation of DAM5 and -6 during the winter season, with minimum expression level when chilling requirements are fulfilled, is compatible with the role of dormancy release repressor of DAM genes in Prunus species (Sasaki et al., 2011). In sweet cherry, expression patterns of these genes have been reported. DAM1, -3, and -6 were highly expressed during paradormancy and at the beginning of endodormancy, whereas DAM4 and -5 showed an expression peak at the end of endodormancy and chilling requirement fulfillment (Vimont et al., 2019, 2020; Villar et al., 2020; Wang et al., 2020). In the low chilling requirement, sweet cherry cultivar ‘Cristobalina’, a low expression level of PavDAM1, PavDAM4, and PavDAM5 during the dormancy period was observed compared with the expression pattern of high chill-requirements cultivars for these genes (Vimont et al., 2019). Similarly, in other low chilling sweet cherry cultivar, ‘Royal Lee’, a low expression level of PavDAM1, especially during the chilling accumulation, compared with the expression pattern of high chill-requirement cultivar was reported (Wang et al., 2020). Epigenetic modification and the evolution of transcript levels during dormancy were evaluated for DAM3 and -5 in the sweet cherry cultivar ‘Bing’ (Rothkegel et al., 2017), revealing the involvement of siRNAs and DNA methylations in the silencing of DAM3 during chilling accumulation and dormancy release.

In Calle et al. (2020), bloom time in sweet cherry was evaluated during 4 years using a multi-family QTL approach. In this work plant materials included populations that descend from cultivars with very low to high chilling requirements. These populations derive from self- and cross-pollination of ‘Cristobalina’, a cultivar with very low chilling requirement (<500 h) and extra-early flowering and maturity dates (Tabuenca, 1983; Alburquerque et al., 2008; Calle and Wünsch, 2020; Calle et al., 2020). This cultivar is of breeding interest due to these traits and other relevant characters like self-compatibility (Wünsch and Hormaza, 2004; Ono et al., 2018). Bloom time QTL analysis for these plant materials revealed that the highest percentage of phenotypic variation was explained by QTLs on LGs 1 (qP-BT1.1m) and 2 (qP-BT2.1m). The QTL detected on LG1 overlaps with a chilling requirement QTL previously reported on Prunus LG1 (Fan et al., 2010; Sánchez-Pérez et al., 2012; Castède et al., 2014; Bielenberg et al., 2015), and with DAM genes mapped in this region in sweet cherry, Japanese apricot and peach (Bielenberg et al., 2008; Sasaki et al., 2011; Castède et al., 2015). Moreover, haplotype analyses of this QTL showed that ‘Cristobalina’ was the only cultivar with alleles contributing to early blooming (Calle et al., 2020). Since early blooming in this plant material is believed to be due to low chilling requirements in ‘Cristobalina’, candidate genes from these QTLs may be involved in chilling requirement control.

The objective of this work is to confirm and characterize DAM genes as candidate genes in sweet cherry major bloom time QTL on LG1 using the sweet cherry genome sequence recently available, to investigate the genomic structure of these genes in the species, and to uncover variation of these candidate genes in cultivars with contrasting chilling requirements and bloom times (including ‘Cristobalina’). Intraspecific variation of PavDAM genes has not been previously investigated in sweet cherry and this study may allow us to identify polymorphisms associated with the phenotypic variation in the plant material studied. This knowledge may be further used to develop markers for assisted selection of these traits from this plant material. Furthermore, these results may help to broaden the understanding of dormancy regulation in sweet cherry and other Prunus species by improving our knowledge of these candidate genes.



MATERIALS AND METHODS


Plant Materials and Sequence Resources
 
Sequence Resources

Sweet cherry cultivar ‘Regina’ genome (Le Dantec et al., 2020) was used for QTL candidate gene mining and annotation. This genome was also employed in the rest of the experiments as a sweet cherry reference genome. For phylogenetic analysis, nucleotide sequences of peach DAM genes [PpeDAM1 (ABJ96361), PpeDAM2 (ABJ96363), PpeDAM3 (ABJ96364), PpeDAM4 (ABJ96358), PpeDAM5 (ABJ96359), and PpeDAM6 (ABJ96360)] and Japanese apricot DAM genes [PmuDAM1 (BAK78921), PmuDAM2 (BAK78922), PmuDAM3 (BAK78923), PmuDAM4 (BAK78924), PmuDAM5 (BAK78920), and PmuDAM6 (BAH22477)] were compared. For the study of intraspecific variation of PavDAMs, the genome sequences of 13 cultivars (Illumina HiSeq 2500 and 4000 systems; DDBJ; SRA bioproject ID PRJDB6734), previously generated by Ono et al. (2018), were downloaded and aligned to the reference genome.



Plant Materials

For PavDAM mutation characterization and marker validation, two sets of plant materials were used. One is a collection of sweet cherry cultivars (N = 72; Table 1), from “CITA de Aragón” cultivar and germplasm collection (Zaragoza, Spain). This sample includes landraces and bred cultivars from different genetic backgrounds and variable chilling requirements and bloom dates. Some of these cultivars were only utilized for marker validation, while others were also analyzed for PavDAM mutation characterization (see Table 1). The other set of plant materials is an F2 population (B×C2; N = 61) from the self-pollination of selection ‘BC8’ (‘Brooks’ × ‘Cristobalina’; Calle et al., 2020). This population was only used for marker validation. Genomic DNA from all plant materials evaluated for genetic analyses was extracted from young leaves using DNeasy Plant Mini kit (Qiagen, MD, USA). DNA quantity and quality were assayed using NanoDrop ND-1000 spectrophotometer (Thermo Scientific, DE, USA).


Table 1. PavD1UM and PavD4/5M (PavDAM1 and PavDAM4,-5 structural mutations, respectively) PCR marker genotypes of 72 sweet cherry cultivars and accessions.
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Mining, Annotation, and Structural Analyses of Candidate Genes in Major Bloom Time QTL (qP-BT1.1m)

Coding DNA sequences of predicted genes in region Chr01_49296241:49622837 (326,596 bp) were extracted from ‘Regina’ sweet cherry genome. This region spans a previous main bloom time QTL in sweet cherry, qP-BT1.1m (Calle et al., 2020). The protein sequences of the predicted genes annotated in this region were blasted against the NCBI non-redundant protein sequences (nr) database using the BLASTP algorithm to obtain the corresponding gene ontologies. For each gene, we searched for bibliographic evidence (annotation and predicted function) that led to information associated with their potential involvement in bloom time and chilling requirement. Curation of the structural annotation was performed from the ‘Regina’ genome annotation using BLAST analysis, motif detection, and public ‘Regina’ RNAseq data from Vimont et al. (2019). The original gene nomenclature was conserved.

Sweet cherry DAM genes sequences and the GFF (General Feature Format) annotation file containing the exon-intron structure of these genes were retrieved from the ‘Regina’ genome database. These files were uploaded into the Integrative Genomics Viewers (IGV) software (Thorvaldsdóttir et al., 2013) to double-check structure with their ortholog genes in peach genome v2.0.a1 (Verde et al., 2017). Manual sequence editing was done to correct the automatic annotation if needed, conserving an adequate intron splicing prediction.



Phylogenetic Analysis of PavDAMs

Phylogenetic analysis of dormancy-associated MADS-box genes (DAM1 to 6) from peach (Bielenberg et al., 2008), Japanese apricot (Sasaki et al., 2011), and sweet cherry (this work) was conducted using MEGA X (Kumar et al., 2018). Multiple sequence alignment was carried out before tree construction using the MUSCLE algorithm (Edgar, 2004). The evolutionary history was inferred by using the Maximum Likelihood method and Tamura-Nei model (Tamura and Nei, 1993). Phylogenetic analysis was estimated using a bootstrap value of 1000, and the tree with the highest log likelihood was selected. Heuristic search for the initial tree was automatically obtained by using Neighbor Joining (NJ) and BioNJ algorithms to a matrix of pairwise distances estimated by the Maximum Composite Likelihood (MCL) approach, then the topology with superior log likelihood value was selected.



Intraspecific Variation of PavDAMs Sequences in Cultivars With Large Phenotypic Variation

Genome sequences of 13 sweet cherry cultivars (‘Ambrunés’, ‘Brooks’, ‘Cristobalina’, ‘Ferrovia’, ‘Hedelfingen’, ‘Lambert’, ‘Napoleon’, ‘Rainier’, ‘Sam’, ‘Satonishiki’, ‘Sue’, ‘Summit’, and ‘Vic’) were used for genome sequence alignment. Genomic DNA-seq libraries (Ono et al., 2018), were downloaded and aligned using the Galaxy software framework (Afgan et al., 2018). Raw sequence data were processed using the SLIDINGWINDOW operation from Trimmomatic v0.36.6 (Bolger et al., 2014) to remove adapter sequences and to obtain clean sequence data. A FASTQ file for each cultivar containing clean reads was then aligned to the ‘Regina’ genome. The whole-genome sequence was targeted for alignment using the Bowtie 2 tool (Langmead and Salzberg, 2012) with default parameters. The consensus sequence of each cultivar was extracted from Binary Alignment Map (BAM) file using Geneious 11.1.5 software (Biomatters Ltd, Auckland, NZ). A target region of 69,179 bp in the ‘Regina’ genome, spanning the PavDAM genes (1,500 bp upstream of PavDAM1 start codon to 1,500 bp downstream of PavDAM6 stop codon), was analyzed in all the cultivars. Visual inspection was carried out to search for putative structural mutations. The full-length amino acid sequence of the six DAM genes from the 13 aligned sweet cherry cultivars was deduced and compared. The comparison was carried out by multiple amino acid sequence alignment using the ClustalW algorithm implemented in Geneious 11.1.5 software (Biomatters Ltd, Auckland, NZ). The percentage of identity between DAM genes of each cultivar was calculated as the percentage of identical amino acids between each pair of cultivars.



Characterization of PavDAMs Structural Mutations in Low-Chilling and Early Blooming Cultivars

To confirm the presence of the putative structural mutations detected in ‘Cristobalina’ PavDAMs by in silico sequence comparison, primers flanking these regions were designed (PavD1UM: PavDAM1 Upstream Mutation; PavD4/5M: PavDAM4 and -5 mutation). These PCR primers were designed in conserved regions observed in multiple cultivar alignments of these genes. PCR analyses using primer combinations PavD1UMr-PavD1UMf and PavD4/5Mr-PavD4/5Mf (Supplementary Table 1) were initially carried out in 14 cultivars (Table 1). The cultivars analyzed were those for which genome sequences were available (‘Ambrunés’, ‘Brooks’, ‘Cristobalina’, ‘Ferrovia’, ‘Hedelfingen’, ‘Lambert’, ‘Napoleon’, ‘Rainier’, ‘Regina’, ‘Sam’, ‘Satonishiki’, ‘Sue’, ‘Summit’, and ‘Vic’). PCR analysis was carried out as described in Cachi and Wünsch (2014) using the following program: 4 min at 94°C; 35 cycles of 45 s at 94°C, 45 s 59°C, and 2 min at 72°C; and a final step of 7 min at 72°C. PCR products were analyzed by agarose gel electrophoresis in 1.7% TBE and stained with GelRed® Nucleic Acid Stain (Biotium, CA, USA).

To characterize the genomic mutations identified in ‘Cristobalina’ PavDAMs, Sanger sequencing of PCR products (D1Sf-D1Sr and PavD4/5Mr-PavD4/5Mf; Supplementary Table 1) was carried out using ‘Cristobalina’ and ‘Regina’ DNA. PCR reactions were performed as described above. PCR products were purified and sequenced by STAB VIDA (Lisbon, Portugal). Sequencing of PCR products of each cultivar was repeated at least twice with each forward and reverse primer. All sequences were trimmed to eliminate low-quality nucleotides, and sequences from each cultivar were aligned to construct the consensus sequence of each cultivar (‘Cristobalina’ and ‘Regina’). These consensus sequences were then aligned for comparison. All sequences visualizing, editing, and alignments, as well as primers design, were carried out using Geneious 11.1.5 (Biomatters Ltd, Auckland, NZ).

Plant cis-acting regulatory DNA elements were searched upstream of ‘Regina’ PavDAM1, in the region covering the large deletion in ‘Cristobalina’. This search was performed using the PLACE database (https://www.dna.affrc.go.jp/PLACE/?action=newplace; Higo et al., 1999). ‘Regina’ published genome sequence was used as the template. Additionally, to compare PavDAMs expression in ‘Cristobalina’ and ‘Regina’, RNAseq data from both cultivars (Vimont et al., 2019) were aligned to the ‘Regina’ genome sequence (upstream of PavDAM1, PavDAM4, and -5) and on the Sanger sequencing for both cultivars. This analysis was carried out using HISAT2 (Kim et al., 2012).



Validation of DNA-Markers of PavDAMs Structural Mutations (PavD1UM and PavD4/5M)

PavD1UM and PavD4/5M genotyping was carried out by PCR using primers PavD1UMf-PavD1UMr and PavD4/5Mf-PavD4/5Mr as described above (Supplementary Table 1). PavD1UM and PavD4/5M markers were validated in F2 population B×C2, which is expected to segregate for these markers because the parental genotype (‘BC8’) is heterozygous for both markers (Table 1). Description and mean bloom dates over 4 years (2015–2018) of B×C2 have been previously published (Calle et al., 2020). QTL haplotypes for major bloom time QTL on LG1 (qP-BT1.1m) of this population were also published in the same work. QTL haplotypes obtained then were compared with marker genotypes observed in this work. Deviation of marker segregation from expected Mendelian segregation in this population was evaluated by Chi-square goodness-of-fit (χ2). Statistical analysis was done using SPSS statistics v21.0.0 software (IMB, IL, USA) and R v3.4.1 (R Core Team, 2017). The two markers, PavD1UM and PavD4/5M, were also assayed in a diverse set of sweet cherry cultivars and accessions (Table 1).




RESULTS


Mining, Annotation, and Structural Analyses of Candidate Genes in Major Bloom Time QTL (qP-BT1.1m)

Functional analysis in sweet cherry Chromosome 1 region (Chr1:49,296,241-49,622,837) of ‘Regina’ sweet cherry genome was carried out to identify candidate genes for bloom time and chilling requirement in sweet cherry. This genomic region spans major bloom time QTL qP-BT1.1m. In total, 47 predicted genes (Supplementary Table 2) were retrieved. Predicted amino acid sequences of seven of these genes (14.9%) resulted in BLAST hits in the NCBI gene database with uncharacterized proteins, while another six (12.8%) had no significant similarity with any other sequence (Supplementary Table 2). The rest of the predicted genes (34 genes; 72.3%), revealed hits with proteins involved in different pathways. Most relevant finding was eight contiguous genes, localized close to the QTL cofactor marker, which are sequentially annotated as PAV01_g0075081, PAV01_g0075091, PAV01_g0075101, PAV01_g0075111, PAV01_g0075121, PAV01_g0075131, PAV01_g0075141, and PAV01_g0075151 (Supplementary Table 2). Blastx, revealed these genes match MADS-box proteins, with percentages of similarity ranging from 86 to 100% (Supplementary Table 2). Due to their genetic similarity with type II SVP subclass of MADS-box proteins sequences, these eight sequences may correspond to DAM genes in sweet cherry (PavDAM), and they are therefore strong candidate genes for chilling requirement and bloom time regulation in this QTL region.

Sequence inspection of these eight candidate genes revealed flaws in the automatic annotation of the initial gene models when compared to peach gene models. Besides, the expected structure of MADS-box domains was not complete. Only two predicted proteins (PAV1_g0075081 and PAV1_g0075151) contained domains MADS (M), Intervening (I), Keratin-like (K), and C-terminal (C), which are characteristics of type II MADS-box genes (Figure 1A). In another predicted gene (PAV01_g0075091), exon 3 was not annotated, and in PAV01_g0075121, two additional exons before the M domain were present. Similarly, PAV01_g0075101 and PAV01_g0075111 were automatically annotated as two different MADS-box, although domain structure revealed that both sequences were two separated fragments of the same MADS-box protein. The same was observed for PAV01_g0075131 and PAV01_g0075141 sequences, which correspond to the same MADS-box gene but had been automatically annotated as two different gene sequences.
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FIGURE 1. Characterization of sweet cherry PavDAM genes. (A) Schematic overview of the intron-exon structure of MADS-box genes and M, I, K, and C domains. (B) Diagram of size and position of PavDAM genes in chromosome 1 of the sweet cherry genome (Le Dantec et al., 2020). (C) Distribution of exons (blue boxes) and introns in the six PavDAM genes in ‘Regina’ sweet cherry genome.


The corrected annotation of the retrieved sequences revealed six MADS-box genes instead of the eight automatically predicted in the ‘Regina’ genome. The alignment of transcriptome data confirmed these coding structures and allowed an extensive curation of the UTR regions. Curated data can be accessed in Supplementary Table 3. Six DAM genes have also been previously reported in peach, Japanese apricot, and European plum in the syntenic genomic region. Thus, the six MADS-box sequences were identified as PAV1_g0075081, PAV1_g0075091, PAV1_g0075101, PAV1_g0075121, PAV1_g0075131, and PAV1_g0075151 in the ‘Regina’ genome, were named PavDAM1 to -6, respectively (Figure 1). These genes are tandemly located in the ‘Regina’ genome (Chr01_49457863:49524699 bp) with a larger gap (11,433 bp) between PavDAM2 and -3 (Figure 1B). Gene structure analysis of the six genes revealed an identical structure of eight exons and seven introns in each gene, as well as, the conserved M, I, K, and C domains (Figure 1C). Genomic gene length ranged from 7,672 (PavDAM6) to 10,438 bp (PavDAM3), whereas the predicted genes coding regions ranged from 667 (PavDAM4) to 730 (PavDAM5) bp. Variable sizes were observed in the six introns of each gene, while exon sizes were highly conserved (Figure 1C).



Phylogenetic Analysis of PavDAMs

A phylogenetic analysis of peach, Japanese apricot (Bielenberg et al., 2008; Sasaki et al., 2011), and sweet cherry (this work) DAM genes was carried out using the maximum likelihood of the gene coding sequences (Figure 2). DAM genes orthologs (DAM1 to DAM6) of the three species clustered together with a high bootstrap value (99; Figure 2). Within these sub-clades, in all cases, peach and Japanese apricot DAM genes were phylogenetically closer to each other than to sweet cherry DAM genes (Figure 2). Additionally, two major clades of DAM orthologs were observed, one includes DAM1, -2, and -3; and the other includes DAM4, -5, and -6, suggesting a common ancestor for each of them (Figure 2). Within these clades, DAM1 and -2 were closer to each other than to DAM3, and -4 and -6 were closer to each other than to DAM5.
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FIGURE 2. Maximum likelihood phylogenetic tree of nucleotide DAM sequences of sweet cherry (PavDAM1, PavDAM2, PavDAM3, PavDAM4, PavDAM5, and PavDAM6; Bielenberg et al., 2008) and its orthologs in Japanese apricot (PmuDAM1, PmuDAM2, PmuDAM3, PmuDAM4, PmuDAM5, and PmuDAM6; Sasaki et al., 2011) and peach (PpeDAM1, PpeDAM2, PpeDAM3, PpeDAM4, PpeDAM5, and PpeDAM6). The numbers at branch nodes indicate the percentage of bootstrap support at 1,000 replicates.




Intraspecific Variation of PavDAMs Sequences in Cultivars With Large Phenotypic Variation

The ‘Regina’ genome was used as a reference to map the genome sequence reads of 13 sweet cherry cultivars with variable chilling requirements and bloom times (Table 1). Of these cultivars, ‘Cristobalina’ shows extra early blooming while the rest show midseason to late flowering (Table 1). From this sequence mapping, the PavDAM genes consensus sequences of each cultivar were obtained. From these sequences, the complete amino acid sequence of each of the six PavDAM genes of each cultivar was predicted (Supplementary Figure 1). Comparison of PavDAM amino acid sequences amongst the different cultivars revealed a high degree of conservation (Supplementary Figure 1; Supplementary Tables 4, 5). The exon-intron structure was conserved in the six genes in all the cultivars. Also, the similarity between cultivars for the six PavDAM amino acid sequences was very high (98.8 to 100% identity; Supplementary Table 4). ‘Cristobalina’ was the cultivar with lower similarity to the rest (98.8–99.0%; Supplementary Table 4), while the remaining cultivars had higher similarities (99.7–100%). Complete amino acid identity (100% similarity) was observed for PavDAM sequences of ‘Ambrunés’ and ‘Summit’; ‘Vic’ and ‘Brooks’; and ‘Regina’, ‘Sam’, and ‘Sue’ (Supplementary Table 4).

Alignment of the PavDAM amino acid sequences of all the cultivars (Supplementary Figure 1) revealed 24 amino acid substitutions (Supplementary Figure 1; Supplementary Table 5). Of these, 20 were unique to specific cultivars, and the remaining four were common to various cultivars. ‘Cristobalina’ was the cultivar with the largest number of unique amino acid substitutions (14; Supplementary Figure 1; Supplementary Table 5). ‘Ferrovia’, ‘Lambert’, ‘Hedelfingen’, ‘Satonishiki’, and ‘Rainier’ showed 1–2 unique amino acid substitutions (Supplementary Table 5). PavDAM1 and PavDAM4 presented the largest number of polymorphisms (Supplementary Figure 1; Supplementary Table 5). Unique amino acid substitutions were found on all domains, with a large number found on domain C. Only ‘Cristobalina’ presented a substitution in the M domain (PavDAM2 and -5).

Visual inspection of cultivars sequence reads mapping to the ‘Regina’ genome revealed two genomic regions where no sequence reads from ‘Cristobalina’ were mapped. These regions are located upstream of PavDAM1, and between PavDAM4 and -5 coding regions, spanning ~700 and 400 bp respectively (Supplementary Figures 2, 3). These regions seemed to contain putative structural mutations in the ‘Cristobalina’ genome.



Characterization of PavDAMs Structural Mutations in Low-Chilling and Early Blooming Cultivars

To investigate putative mutations in ‘Cristobalina’ PavDAMs (Supplementary Figures 2, 3), PCR primers flanking these regions (PavD1UM and PavD4/5M) were designed. These markers were used to analyze 13 cultivars with sequences available and ‘Regina’ (Table 1). For the PavD1UM marker, a fragment of the same size as in ‘Regina’ (~1,600 bp) was amplified in all the sweet cherry cultivars, except in ‘Cristobalina’, in which a shorter fragment (~900 bp) was obtained (Figure 3). The amplification of a smaller fragment in ‘Cristobalina’ supports the presence of a putative deletion of ~700 bp upstream of ‘Cristobalina’ PavDAM1. For the PavD4/5M marker, a fragment of 850 bp was amplified only in ‘Cristobalina’, whereas the remaining cultivars, including ‘Regina’, presented a 750 bp fragment (Figure 3). This result supports the presence of a putative insertion in the ‘Cristobalina’ genome, found between PavDAM4 and -5 coding regions.
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FIGURE 3. PCR analysis of PavDAM1 and PavDAM4 and -5 structural mutations (PavD1UM and PavD4/5M, respectively) with primers PavD1UMf-PavD1UMr and PavD4/5Mf-PavD4/5Mr in 14 sweet cherry cultivars. C-: Negative control.


To confirm these mutations, these genomic regions were Sanger sequenced from PCR fragments using ‘Cristobalina’ and ‘Regina’ genomic DNA. The obtained sequences were compared (Supplementary Figures 4, 5), revealing a deletion of 694 bp in the ‘Cristobalina’ genome, 736 bp upstream of PavDAM1 start codon of ‘Regina’ genome (Figure 4; Supplementary Figure 4). The rest of the sequence compared was highly similar except for a few SNPs (Supplementary Figure 4). For the PavDAM4 and -5 region, sequence comparison between ‘Cristobalina’ and ‘Regina’ revealed various polymorphisms (Figure 4; Supplementary Figure 5). These included four short insertions (21, 22, 30, and 46 bp) and one short deletion (18 bp) in ‘Cristobalina’; and 41 SNPs between both cultivars (Figure 4; Supplementary Figure 5).
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FIGURE 4. Schematic overview of PavDAM1 and PavDAM4 and -5 structural mutations (PavD1UM and PavD4/5M, respectively) in ‘Cristobalina’ and ‘Regina’. PCR primers positions are shown (underlined text). The percentage of similarity between sequences is shown in different colors.


Analysis of cis-acting regulatory sites in the ‘Regina’ sequence upstream of PavDAM1, which is absent in ‘Cristobalina’, revealed the presence of 60 unique sites (Supplementary Table 6). These include motifs like ARFAT, MYC, CArG, site II, TATA box, and WUSATAg that are associated with dormancy, bloom, flower development, and hormone regulation, among others (Supplementary Table 6; Supplementary Figure 4). Additionally, RNAseq data (Vimont et al., 2019) analysis in this genome region in both cultivars, ‘Regina’ and ‘Cristobalina’, revealed the alignment of short reads in ‘Regina’, but not in ‘Cristobalina’. The level of expression and the number of these reads were high enough to identify a putative non-coding gene that is expressed in ‘Regina’, but not in ‘Cristobalina’. On the other side, analysis of the highly variable region between PavDAM4 and -5 in ‘Cristobalina’ and ‘Regina’, revealed this region spans part of contiguous PavDAM4 3′UTR and PavDAM5 5′UTR (Figure 4; Supplementary Figure 5), with INDELs located in both UTRs. Splice junction coverage of RNAseq data in this region, in the two cultivars, revealed differences in splicing variants between ‘Regina’ and ‘Cristobalina’ for PavDAM5.



Validation of DNA-Markers of PavDAMs Structural Mutations (PavD1UM and PavD4/5M)

PavD1UM and PavD4/5M analysis in F2 population B×C2 revealed three segregating classes for both markers. The same individuals were in the same segregating classes for both markers, confirming both markers are linked. For both markers the segregating classes were: homozygous like ‘Regina’ and ancestor ‘Brooks’ (genotype nn), heterozygous like the parental cultivar ‘BC8’ (pn), and homozygous like ‘Cristobalina’ (pp; Figure 5). For marker PavD1UM, these genotypes correspond to PCR fragments of ~1600, 950/1600, and 900 bp, respectively. In the case of PavD4/5M, the corresponding PCR genotypes are 750, 750/850, and 850 bps for nn, pn, and pp, respectively. The estimated exact expected sizes of these PCR fragments are 1638 and 944 bp for PavD1UM, and 766 and 867 bp for PavD4/5M. Segregation of the three classes occurred in the proportion 24:33:4 (pp:pn:nn), which significantly differs from the expected 1:2:1 ratio (χ2 = 1.87; Supplementary Table 7).
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FIGURE 5. PCR analysis of PavDAM1 and PavDAM4 and -5 structural mutations (PavD1UM and PavD4/5M, respectively) in B×C2 population with primers PavD1UMf-PavD1UMr and PavD4/5Mf-PavD4/5Mr, respectively. Four individuals from each segregating class are shown. Population B×C2 parental genotype (‘BC8’), and ‘BC8’ parental genotypes (‘Brooks’ and ‘Cristobalina’) are also shown. C-: Negative control.


PavD1UM and PavD4/5M genotypes identified herein, and QTL qP-BT1.1m genotypes previously reported for the same population B×C2 were compared (Supplementary Table 7). The comparison revealed that individuals with QTL haplotypes cc, ac, and aa (Calle et al., 2020) were the same as those belonging to PavD1UM and PavD4/5M segregating classes pp, pn, and nn, respectively (Supplementary Table 7). This result confirms that the mutations in PavDAMs in ‘Cristobalina’ show complete correlation with the QTL haplotypes associated with bloom date (Calle et al., 2020). Specifically, QTL haplotype cc is associated with earlier blooming than ac, and both correspond to extra-early and intermediate blooming phenotypes, respectively (Supplementary Table 7; Calle et al., 2020). Therefore, results herein confirm that PavD1UM and PavD4/5M markers are valid for identifying different bloom time QTL haplotypes, and therefore for identifying earlier and later blooming phenotypes from these plant materials. Additionally, PavD1UM and PavD4/5M markers genotyping allowed identifying the genotype of 14 recombinant individuals for this QTL in B×C2. From the 14 recombinants, three individuals corresponded to genotype pp and 11 to pn (Supplementary Table 7). Estimation of mean bloom date of each segregating class for both markers confirmed a significant difference of 7 days in mean bloom time between individuals of classes pp and pn (p < 0.001; Student's T-test; Supplementary Table 7). This is the same difference observed for QTL qP-BT1.1m haplotypes in the same family. No phenotype data for nn individuals are available to estimate the phenotypic value of this segregating class (Supplementary Table 7).

Markers validation in a sweet cherry cultivar collection (Table 1) showed that only the low chilling and extra-early bloom time cultivars, ‘Temprana de Sot’ and ‘Royal Lee’ showed the same genotype as ‘Cristobalina’. These cultivars were homozygous for the early bloom allele (pp) for both markers (900 bp for PavD1UM, and 850 bp for PavD4/5M; Table 1). Additionally, the two local Spanish cultivars ‘De Mango Largo’ (midseason bloom) and ‘Son Perot’ (early bloom) were heterozygous (pn) for both markers PavD1UM (950/1600) and PavD4/5M (750/850) (Table 1). As described above, the selection ‘BC8’ (‘Brooks’ × ‘Cristobalina’), which shows early bloom time is also heterozygous for the markers. The rest of the cultivars, which show early to late bloom time, were homozygous (nn), and hence they had the same genotype as Regina (Table 1).




DISCUSSION


Annotation, Structural, and Phylogenetic Analysis of Candidate Genes (PavDAMs) in Major Bloom Time QTL

In this study, six MADS-box genes, PavDAM, were identified in sweet cherry major bloom time QTL, qP-BT1.1m. This bloom time QTL was previously detected in populations derived from the low chilling and extra-early blooming cultivar ‘Cristobalina’ (Calle et al., 2020). This chromosome 1 genome region is determinant in the genetic control of chilling requirements and bloom time in sweet cherry, as other QTLs for these traits were also previously reported on the same location in sweet cherry populations from different genetic backgrounds (Dirlewanger et al., 2012; Castède et al., 2014). Six tandemly arranged MICKc-type MADS-box, denoted DAM genes, have been previously identified in the syntenic region of chromosome 1 in the almond, peach, Japanese apricot, and European plum genomes (Xu et al., 2014; Wells et al., 2015; Quesada-Traver et al., 2020). In sweet cherry, PavDAM genes have been recently cloned and sequenced from flower bud RNA, and their cDNA and predicted amino acid sequences have been reported (Wang et al., 2020). In the present work, the genomic sequence and structure of these genes were characterized and annotated from the sweet cherry genome sequence of Regina cv (Le Dantec et al., 2020).

The amino acid sequence of PavDAMs recently predicted in ‘Royal Lee’ and ‘Hongdeng’ cultivars (Wang et al., 2020) is highly similar to that reported in this work for the ‘Regina’ genome (99.0 and 99.9%, respectively). The sequence of each PavDAM reported in this work includes the four characteristic domains of MIKC type II MADS-box, as reported earlier in peach, Japanese apricot, or plum (Jiménez et al., 2009; Xu et al., 2014; Quesada-Traver et al., 2020). Furthermore, we observed in this study, that each PavDAM comprises eight exons making the genomic structure of the six genes very similar to that of the DAM genes previously reported in other Prunus species, namely peach, Japanese apricot, European plum (Jiménez et al., 2009; Sasaki et al., 2011; Quesada-Traver et al., 2020). Thus, the six MADS-box (PavDAM) genes identified within the major bloom time QTL in this work, as expected, are solid candidate genes for chilling requirement and bloom time regulation in sweet cherry.

Like in earlier works (Rothkegel et al., 2017; Wang et al., 2020), phylogenetic analysis in this work revealed that PavDAMs are orthologs to the peach and Japanese apricot corresponding DAM genes. Within each DAM gene clade, peach and Japanese apricot genes appeared phylogenetically closer to each other than to sweet cherry genes, reflecting the species phylogeny. Peach and Japanese apricot, belong to Amygdalus and Prunus subgenus, respectively, phylogenetically closer to each other than to the sweet cherry subgenus (Cerasus) (Potter et al., 2007). The detection of six clades of DAM ortholog groups indicates that DAM diversification occurred before Prunus speciation. Additionally, the six DAM genes may be paralogs (outparalogs), as earlier duplication events may have led to the six tandemly arranged genes (Koonin, 2005). As suggested before (Jiménez et al., 2009; Li et al., 2009), posterior subfunctionalization and/or neofunctionalization may have resulted in their actual function. The clustering of the DAM orthologs in two major clades, namely DAM1, -2, and -3; and DAM4, -5, and -6, as previously observed (Prudencio et al., 2018; Balogh et al., 2019; Quesada-Traver et al., 2020; Wang et al., 2020), agrees with previous transcriptomic studies of DAM genes in peach and Japanese apricot, in which two different expression patterns have been observed for the two groups of genes. DAM1, -2, and -3 have a maximum expression during bud set, while DAM4, -5, and -6 show maximum expression when chilling requirement are satisfied (Falavigna et al., 2019).



Intraspecific Variation of PavDAMs Sequences in Cultivars With Large Phenotypic Variation

PavDAMs predicted amino acid sequences of 13 sweet cherry cultivars revealed a high degree of similarity despite their different genetic backgrounds and contrasting phenotypes (Table 1). Also, these sequences are highly similar to those previously reported (‘Royal Lee’ and ‘Hongdeng’; Wang et al., 2020). This high degree of conservation may indicate that PavDAMs proteins’ phenotypic effect may be more dependent on expression regulation than on protein structure. Most amino acid differences among the cultivars studied were found in the same positions, confirming also the presence of highly variable amino acids. However, no correlation of these amino acid polymorphisms could be associated with the chilling requirement and/or bloom time of these cultivars. Nevertheless, it cannot be discarded that these amino acid substitutions may be associated with phenotypic differences. Single amino acid substitutions in MADS-box genes in Arabidopsis have been associated with the loss of function leading to early flowering phenotypes (Hartmann et al., 2000; Méndez-Vigo et al., 2013).

‘Cristobalina’ PavDAM genes showed the lowest similarity with the rest of the cultivars and accumulated the largest number of unique amino acid substitutions. ‘Cristobalina’ was the only cultivar that has a unique amino substitution in the M domain of PavDAM2 and -5, whereas more substitutions were observed in the C domain in all DAMs. It has been reported that the M domain is the most conserved of all MADS-box domains; and that the C domain, which is related to protein complex formation and transcriptomic activation, is the most variable (Honma and Goto, 2001; Kaufmann et al., 2005). The differences observed between the PavDAM genes coding sequences of ‘Cristobalina’ and the other cultivars analyzed may be associated with the phenotypic differences in chilling requirements and/or bloom time. ‘Cristobalina’ has lower chilling requirements and earlier blooming than the other cultivars analyzed (Table 1; Tabuenca, 1983; Alburquerque et al., 2008; Calle et al., 2020). It has also been observed that ‘Cristobalina’ enters endodormancy later and fulfills its chilling requirements before medium to late bloom time cultivars (Fadón et al., 2018). The genetic differences may be due to a different genetic origin and adaptation to different eco-geographic regions. ‘Cristobalina’ is a local Spanish cultivar from the Mediterranean region and is genetically well-differentiated from the rest of the cultivars analyzed (Wünsch and Hormaza, 2002; Martínez-Royo and Wünsch, 2014).

It was also observed that, despite the large variability exhibited by ‘Cristobalina’ PavDAMs predicted amino acid sequences, these are identical to those reported for ‘Royal Lee’ (Wang et al., 2020). These two cultivars seemed unrelated, as there is no proof of a relationship between them. ‘Royal Lee’ is also a low-chill cultivar, which derives from a breeding program in California (Zaiger's Inc Genetics; US patent N° 12417), while ‘Cristobalina’ is a local Spanish landrace. The chilling requirements of ‘Royal Lee’ (Wang et al., 2020) are also similar to those of ‘Cristobalina’ (approx. 400 chilling hours; Tabuenca, 1983). A possible explanation for this unexpected genetic and phenotypic similarity is that ‘Cristobalina’ is an ancestor of ‘Royal Lee’. In fact, the contribution of a low-chilling cultivar of unknown origin is described in the ‘Royal Lee’ pedigree (US patent N° 12417). In any case, the similarities observed reinforce the hypothesis that the genetic differences identified in ‘Cristobalina’ PavDAMs may be the cause of low chilling and extra early blooming.



PavDAMs Structural Mutations in Low-Chilling and Early Blooming Cultivars

Greater variation upstream of ‘Cristobalina’ PavDAM1 and between PavDAM4 and -5 was also identified in this work. Specifically, a 694 bp deletion, 736 bp upstream of the PavDAM1 coding sequence, and a highly polymorphic region, which includes various INDELs, in the UTRs of PavDAM4 and -5, were detected. These mutations were detected in ‘Cristobalina’ by sequence reads mapping to the ‘Regina’ genome sequence (Le Dantec et al., 2020), and confirmed by Sanger sequencing of PCR fragments spanning the mutations. PCR markers (PavD1UM, PavD4/5M) were designed to detect these mutations and to validate their association with low chilling and early blooming in an F2 segregating population and in a cultivar collection.

Analysis of PCR fragments from PavD1UM and PavD4/5M markers in the only available segregating population for these mutations (F2 population B×C2) revealed a complete correlation with the linkage group 1 bloom time QTL qP-BT1.1m segregating classes (Calle et al., 2020). These results indicate a correlation between the presence of the mutation and earlier blooming (7 days) in homozygous genotypes (pp). Furthermore, analyses of the markers in a sweet cherry cultivar collection with genotypes with large phenotypic differences for chilling requirements and bloom time also revealed an association of the mutations in homozygosis (pp), with low chilling and extra-early blooming. The other cultivars for which PavD1UM and PavD4/5M mutations were identified were other local Spanish cultivars (‘Temprana de Sot’, ‘Son Perot’, and ‘De Mango Largo’) and the bred cultivar ‘Royal Lee’. The presence in other local Spanish cultivars confirms that the putative origin of this PavDAM haplotype is the southern European Mediterranean region. The presence of these mutations also in ‘Royal Lee’ confirms that the PavDAM genotype is the same in ‘Cristobalina’ and ‘Royal Lee’, as discussed above for the PavDAMs protein sequences. It also confirms the correlation of this genotype with low chilling and extra-early blooming. The result also reinforces the hypothesis that ‘Cristobalina’ may be part of the pedigree of ‘Royal Lee’.

In two other local Spanish cultivars (‘Son Perot’ and ‘De Mango Largo’), the ‘Cristobalina’ PavDAMs mutations were found in heterozygosity (pn genotypes). These cultivars have early and medium bloom date phenotypes and their chilling requirements are not known. Similarly, in other individuals from ‘Cristobalina’-derived populations, which are heterozygous for these mutations (data not shown), different bloom time phenotypes have been observed (Calle et al., 2020), but none of them show such early-blooming as those in which the mutations are in homozygosity (pp, like in ‘Cristobalina’). In fact, in the B×C2 population, the heterozygous individuals (np) are not as early blooming as the homozygous ones (pp) (see Calle et al., 2020). The phenotypic effect associated with these mutations is more evident in those individuals homozygous for the mutations probably due to the additive effect of each PavDAM haplotype. The rest of the cultivars analyzed with the PavDAM markers, PavD1UM and PavD4/5M, are homozygous for the absence of the mutation (nn). Among these, there are cultivars of medium to high chilling requirements from early to late blooming. This result also indicates that not all early blooming cultivars in sweet cherry have the same mutation as ‘Cristobalina’, and therefore, that there are additional sources of early blooming in sweet cherry. But only, the extra-early cultivars analyzed do have the described PavDAM mutations and protein sequences. Therefore, the markers developed in this work correlate with earlier bloom time (and probably low chilling) and are useful for the selection of this trait from ‘Cristobalina’ and likely from ‘Royal Lee’ too.

‘Cristobalina’ PavDAM genotype has revealed several unique polymorphisms in its predicted protein sequences and large structural mutations upstream of PavDAM1 and in contiguous PavDAM4 and -5 UTR sequences. These structural mutations were shown to correlate with extra-early blooming. Although further research is needed, it cannot be discarded that these mutations may be the cause of low-chilling and extra-early blooming in this cultivar. Protein variability in relevant conserved regions of PavDAMs may be altering protein function in this genotype due to variation in oligomerization in conserved regions (Lai et al., 2019). Alternatively, the structural mutations observed may result in differential gene expression of PavDAMs in this cultivar. Differential expression of PavDAMs in ‘Cristobalina’ (and ‘Royal Lee’) has been observed in transcriptomic analyses during dormancy when compared with high-chilling cultivars (Vimont et al., 2019; Supplementary Figure 6; Wang et al., 2020). Most evident differences have been observed for PavDAM1,−4, and -5 (Vimont et al., 2019; Supplementary Figure 6; Wang et al., 2020). Specifically, the expression of PavDAM1 of ‘Royal Lee’ has been shown to decrease much earlier than in the high chilling cultivar ‘Hongdeng’ (Wang et al., 2020). A similar result has been observed for ‘Cristobalina’ compared with ‘Regina’ (Vimont et al., 2019). For PavDAM4 and -5, large differences have been observed between ‘Cristobalina’ and ‘Regina’, especially for PavDAM4 in which much lower expression was observed in ‘Cristobalina’ (Vimont et al., 2019).

The deletion upstream of PavDAM1 in ‘Cristobalina’ results in the absence of potentially relevant cis-acting binding sites. DAM genes have been observed to be regulated by proteins related to the response of environmental signals and the cold response pathway that can bind to DAM promoters (Zhao et al., 2015). This is the case of C-Repeat Binding Factors (CBF), which have been reported in some Rosaceae species binding DAM promoter and to regulate these genes expression in apple, Japanese apricot, and pear (Mimida et al., 2015; Saito et al., 2015; Wisniewski et al., 2015; Zhao et al., 2018). Besides, CArG box motif is the target region of MADS-box transcription factor, but also their own regulation (Zhu and Perry, 2005; Gregis et al., 2013). More recently, it was shown that the site II motif was recognized by the PpeTCP20 transcription factor, down-regulating the expression of DAM5 and -6 in peach (Wang et al., 2020). Motifs CArG and site II, among others, are missing in the deleted region upstream of PavDAM1 in ‘Cristobalina’. The putative involvement of any missing cis-acting elements in PavDAMs expression would be compatible with the differential expression of ‘Cristobalina’ (and ‘Royal Lee’) PavDAMs (Vimont et al., 2019; Supplementary Figure 6; Wang et al., 2020). Additionally, in the same genomic region, the expression of a non-coding gene in ‘Regina’ seems truncated in ‘Cristobalina’. Blast analysis indicates the existence of this ncRNA in peach but it has not been detected in other organisms, and therefore, could be Prunus-specific. As no other relevant information could be obtained from this non-coding gene, further analyses are required to confirm the potential involvement of this gene in the ‘Cristobalina’ phenotype.

The variation observed in PavDAM4 and -5 UTRs between ‘Regina’ and ‘Cristobalina’ may also have implications in PavDAMs expression, and/or in PavDAMs transcripts variability. UTRs can influence gene expression in plants (Srivastava et al., 2018). Noticeably, we observed a predominance of specific splicing variants in each cultivar, ‘Cristobalina’ seems to have a shorter 5′UTR than ‘Regina’. UTR length could influence expression levels as well as play a role in various post-transcriptional processes (Mignone et al., 2002), which can result in PavDAM5 differential transcription, translation, and/or function. Additionally, these mutations in PavDAM4 and -5 could also affect the expression of the other PavDAMs, as previously observed in the EVG peach mutant (with four deleted DAM genes), where the two intact genes (DAM1 and -2) were not expressed (Bielenberg et al., 2008). It is, therefore, necessary to further investigate these mutations, to identify their potential effect in PavDAMs differential transcription, and their correlation with the contrasting phenotypes.



PavD1UM and PavD4/5M, Markers for Breeding for Early Blooming and Low Chilling Requirements

‘Cristobalina’ is a relevant cultivar for breeding, due to self-compatibility, low chilling requirements, and extra-early bloom time. The PavD1UM and PavD4/5M markers, developed here, are a useful tool for sweet cherry breeding of low chilling requirement and early bloom time from ‘Cristobalina’ using marker-assisted selection. These markers revealed a complete correlation with the haplotypes of bloom time QTL (qP-BT1.1m), which accounts for up to 50.1% of the phenotypic variation in ‘Cristobalina’ derived populations (Calle et al., 2020). The large correlation between QTL and marker genotypes, as well as the large amount of phenotypic variation explained by this QTL, makes these markers useful tools for discriminating individuals with lower chilling requirement and earlier blooming, which will be associated with the presence of the mutations in homozygosity or heterozygosity. Earlier blooming is expected to be associated with the presence of the deletion in homozygosity and later blooming and higher chilling requirement will be associated with the absence of the mutations. Besides, the identification of these mutations also in the low chill cultivar ‘Royal Lee’, indicate these markers may also useful for selection from cultivars from different genetic backgrounds other than ‘Cristobalina’.

In the present study, the analysis of candidate genes in a previously reported main bloom time QTL in sweet cherry has allowed for the characterization and annotation of PavDAM genes in the species. This work thus confirms PavDAMs as candidate genes for bloom time regulation in sweet cherry. Protein sequence polymorphisms and structural mutations identified in PavDAMs of low-chilling and extra-early blooming cv. Cristobalina were shown to correlate with earlier blooming in a segregating population and with extra-early blooming in a diverse set of cultivars. These results indicate that the ‘Cristobalina’ PavDAM genotype may be the genetic causal variation of the phenotypic differences exhibited by ‘Cristobalina’, low chilling requirement, and extra-early bloom time, although further research is needed to confirm this hypothesis. PCR DNA-markers based on these structural mutations (useful for the selection of early blooming from this plan material) were designed and validated.
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Plant-specific TEOSINTE BRANCHED 1, CYCLOIDEA, PROLIFERATING CELL FACTORS (TCP) transcription factors have versatile functions in plant growth, development and response to environmental stress. Despite blueberry’s value as an important fruit crop, the TCP gene family has not been systematically studied in this plant. The current study identified blueberry TCP genes (VcTCPs) using genomic data from the tetraploid blueberry variety ‘Draper’; a total of 62 genes were obtained. Using multiple sequence alignment, conserved motif, and gene structure analyses, family members were divided into two subfamilies, of which class II was further divided into two subclasses, CIN and TB1. Synteny analysis showed that genome-wide or segment-based replication played an important role in the expansion of the blueberry TCP gene family. The expression patterns of VcTCP genes during fruit development, flower bud dormancy release, hormone treatment, and tissue-specific expression were analyzed using RNA-seq and qRT-PCR. The results showed that the TB1 subclass members exhibited a certain level of expression in the shoot, leaf, and bud; these genes were not expressed during fruit development, but transcript levels decreased uniformly during the release of flower bud dormancy by low-temperature accumulation. The further transgenic experiments showed the overexpression of VcTCP18 in Arabidopsis significantly decreased the seed germination rate in contrast to the wild type. The bud dormancy phenomena as late-flowering, fewer rosettes and main branches were also observed in transgenic plants. Overall, this study provides the first insight into the evolution, expression, and function of VcTCP genes, including the discovery that VcTCP18 negatively regulated bud dormancy release in blueberry. The results will deepen our understanding of the function of TCPs in plant growth and development.

Keywords: blueberry, TCP transcription factors, expression profiles analysis, flower bud dormancy, transgenic plants


INTRODUCTION

TCP genes are a plant-specific transcription factor family whose members play vital roles in plant growth and development by affecting cell proliferation and differentiation. The name of TCP transcription factor was based on the first four identified members: TEOSINTE BRANCHED1 (TB1) from Zea mays, CYCLOIDEA (CYC) from Antirrhinum majus, and PROLIFERATING CELL FACTORS 1 and 2 (PCF1 and PCF2) from Oryza sativa (Luo et al., 1996; Doebley et al., 1997). Predictions of the secondary structure show that the TCP domain is similar to the eukaryotic transcription factor bHLH. However, the TCP basic region is long, and one of the conserved regions contains a non-canonical basic-helix-loop-helix structure, which results in different DNA binding characteristics. Therefore, the TCP family was defined as a new family of transcription factors (Cubas et al., 1999; Kosugi and Ohashi, 2002; Navaud et al., 2007).

The 24 TCPs in Arabidopsis thaliana can be divided into two subfamilies, Class I (PCF or TCP-P) and Class II (TCP-C), based on their different domains. The most significant difference between these classes is four additional amino acids in the TCP domain of class II. Class II TCP proteins also have a specific sequence, namely, the R structure, which is rich in 18–20 arginine (Asp) (Cubas et al., 1999). Type II TCPs are further divided into two subcategories, CINCINNATA (CIN)-like TCP (CIN-TCP) and CYCLOIDEA/TEOSINTE BRANCHED1 (CYC/TB1) (Navaud et al., 2007). The former subcategory contains eight members (AtTCP2/3/4/5/10/13/17/24), five of which are regulated by miRNA319 (Palatnik et al., 2003).

Class I members in the TCP transcription factor family promote cell proliferation and growth, but class II members inhibit these processes (Herve et al., 2009; Li et al., 2019). Genes of the two classes play versatile functions in leaf type control, axillary bud meristem development, plant height development, asymmetry of floral organs, hormone signal transduction, and the response to biotic and abiotic stresses (Martin-Trillo and Cubas, 2010; Daviere et al., 2014; Kim et al., 2014; Nicolas and Cubas, 2016; Viola et al., 2016). TCP genes are also involved in the regulation of plant circadian rhythm. For example, TCP proteins regulate the circadian clock by binding to the TGGGC (C/T) element in Arabidopsis thaliana (Giraud et al., 2010). There are few studies on the functional information of Class I TCP members, which are involved in plant development, growth, and proliferation. For example, AtTCP14 and AtTCP15 regulate embryonic growth via the gibberellin signaling pathway during seed germination (Resentini et al., 2015), and AtTCP15 directly acts on GA20ox1, HBI1, and PRE6 to promote petiole growth and hypocotyl elongation (Ferrero et al., 2019). In Arabidopsis, a tcp23-knockout line has an early-flowering phenotype, while overexpression lines exhibit the reverse phenotype, which indicates that AtTCP23 participates in the regulation of flowering (Balsemao-Pires et al., 2013). AtTCP16 shows higher expression in developing microspores; 50% of aborted pollen was produced in TCP16 RNA interference (RNAi) plants, which indicates that AtTCP16 plays a crucial role in the early stages of pollen grain development (Takeda et al., 2006). Compared with class I members, the functions of most class II TCP genes have already been elucidated. Experimental evidence supports that the proteins may be involved in various plant life activities, such as axillary bud meristem development, leaf and flower development, branching, hormone signaling, and plant defense (Luo et al., 1996; Doebley et al., 1997; Aguilar-Martínez et al., 2007; Nicolas and Cubas, 2016). Previous research demonstrated that AtTCP18 and AtTCP12 were similar to tb1 in protein sequence, expression pattern, and mutant phenotype; these genes were named BRC1 and BRC2, respectively. Compared with wild-type plants, BRC1-mutant plants had more axillary bud germination, which demonstrated that BRC genes plays a negative regulatory role during germination and inhibits the elongation of axillary bud branches (Aguilar-Martínez et al., 2007). Environmental factors, such as light and plant density, also regulate BRC1 gene expression. The evidence demonstrated that the type II TCP transcription factor, together with the FT-FD complex, controls the initiation of inflorescence in Arabidopsis, and TF directly binds to the AP1 promoter to enhance its transcription and regulate flowering (Li et al., 2019). The BRC1 homologous gene in cucumber inhibits lateral bud outgrowth via the direct suppression of PIN3 functioning and auxin accumulation in axillary buds (Shen et al., 2019).

Many TCP family members have been characterized in other plants, such as grape (Jiu et al., 2019; Leng et al., 2019), tobacco (Chen et al., 2016), Moso Bamboo (Liu et al., 2018), wheat (Zhao et al., 2018), corn (Ding et al., 2019), upland cotton (Li et al., 2017), plum (Zhou et al., 2016), tea (Zhou et al., 2019), and strawberry (Wei et al., 2016). Blueberries (Vaccinium spp.) are known as the “king of berries,” with high nutritional and great commercial value. Despite the significant roles of TCP family genes in plant growth and development, few detailed analyses of these genes in blueberry are available. Dormancy is the stage that perennial woody plants must go through for the next seasonal cycles, and it is also the adaptive evolution of plants to survive the harsh winter. Previous studies identified the transcription factor SHORT VEGETATIVE PHASE-LIKE (SVL) in poplar, closely related to Arabidopsis SVP, and its downstream target was determined to be TCP18 by chromatin immunoprecipitation (ChIP) experiments from transgenic plants. SVL and TCP18 can be regulated by low temperature, which play a negative regulatory role in bud germination (Singh et al., 2018).

The present study analyzed blueberry TCP genes using the genomic data of the tetraploid blueberry variety ‘Draper’ and identified a total of 62 TCP genes. Comprehensive analyses were performed, including multisequence alignment, conserved motif, gene structure, cis-acting elements and syntenic analysis. The expression patterns of VcTCPs in diverse tissues, stages of fruit development, flower bud dormancy release, and in response to hormone treatment were analyzed using multiple transcriptome data. The expression patterns of TCP gene family members during the process of dormancy release in flower buds were verified using qRT-PCR. The further transgenic experiments showed the overexpression of VcTCP18 significantly decreased the seed germination rate in contrast to the wild type. The bud dormancy phenomena as late-flowering, fewer rosettes and main branches were also observed in transgenic plants. Overall, this study provides the first insight into the evolution, expression, and function of VcTCP genes, including the discovery that VcTCP18 negatively regulates bud dormancy release in blueberry. The results will broaden our understanding of the function of TCPs in plant growth and development.



MATERIALS AND METHODS

Plant materials were taken from the blueberry orchard of the Zhejiang key laboratory of biotechnology onspecialty economic plants in 2019. The variety is South highbush ‘O'Neal’. Shoots (spring shoots), leaves (tender leaf), flower buds (endo-dormancy flower buds), flowers (flower blooms) and fruits (‘O'Neal’ S4 fruit) (Yang et al., 2018) were immediately placed in liquid nitrogen and stored at −80°C for future use.

Artificial cold accumulation: On November 19, 2018, 1-year-old shoots (the flower buds in endodormancy stage) of ‘O'Neal’ trees were collected, incubated at 15°C for 3 days, and transferred to 4°C. The following culture conditions were used: day/night temperature 4°C; 16/8 h day/night; light intensity of 320 μmol ⋅ m–2 ⋅ s–1, and relative air humidity of 75%. The water was changed every 2 days, and the base of the branches was cut off to reveal new stubble. Low-temperature treatment was applied for 28 days, and 30 flower buds were collected every 4 days and frozen in liquid nitrogen. Samples were stored at −80°C for later use. Other branches were exposed to forcing conditions for bud break measurements. The end of endodormancy is considered to have been reached when the percentage budbreak is 50% (Yooyongwech et al., 2009). Three biological replicates were performed for all of the above treatments.

Arabidopsis (Col-0) and the transgenic plants seeds were cultivated in 1/2 MS medium for 1 week then transferred to soil and grown in the incubators (16 h photoperiods, 22°C and 70% relative humidity).


Identification of Putative VcTCP Genes in Blueberry

Two different methods were used to identify TCP genes in the blueberry genome. First, the hidden Markov model (HMM) profile of the conserved TCP domain (PF03634) was downloaded from the Pfam database1, and HMMER software was used against a local blueberry protein sequence database. The E value was set to 0.01. Second, we used all of the Arabidopsis TCP protein sequences downloaded from the Arabidopsis Information Resource (TAIR) database2 as reference sequences, and a local BLAST comparison was used to screen the blueberry genome database. All VcTCP protein sequences were verified using the SMART database3. We used MEGA to remove repeated sequences, and the obtained non-redundant VcTCP protein sequences were further analyzed. The molecular weights (MWs), isoelectric points (pIs), and the grand average of hydrophilicity (GRAVY) of VcTCP proteins were analyzed using the ExPASy website4. The subcellular localizations of VcTCP proteins were predicted using WoLF PSORT5 (Leng et al., 2019).



Multiple Sequence Alignment and Phylogenetic Analysis

Twenty-four Arabidopsis TCP protein sequences were retrieved from TAIR2, and poplar, rice and kiwifruit TCP protein sequences were downloaded from the Plant Transcription Factor Database6. Antirrhinum CYC and maize TB1 sequences were retrieved from the NCBI database7. MEGAX software was used to perform multisequence alignment of the full amino acid sequences of the TCP proteins of blueberry, Arabidopsis, rice, kiwifruit, Antirrhinum and maize. The program and operating parameters for the construction of an evolutionary tree were the neighbor-joining method with 1,000 bootstrap replicates using MEGAX. The replacement model was JTT + G + F.



Conserved Motifs and Gene Structure Analysis

The online tool MEME8 was used to identify and analyze the conserved motifs of TCP proteins (parameter setting: maximum number of motifs: 5; maximum motif width: 60) (Bailey and Elkan, 1994). The CDS and corresponding genomic DNA sequences of VcTCP genes were acquired from the blueberry genome. GSDS9 was used to display the exon-intron organization via comparison of the coding sequences with their corresponding genomic sequences (Hu et al., 2015).



Putative Promoter Cis-Acting Element Analysis

The 1,500 bp upstream of the coding regions of the VcTCP genes were extracted from the blueberry genome data. PlantCARE10 was used to search for putative cis-acting elements (Lescot et al., 2002).



Chromosomal Location and Synteny Analysis

Based on the blueberry genome information, 62 VcTCP genes were located on the chromosome. For the collinearity analysis, first, BlastP was performed to search for potential homologous gene pairs in the blueberry genome and between blueberry and Arabidopsis (E < 10–5, first five matches). Second, the homologous pairs were used as an input file for MCScanX to identify syntenic chains and types of duplication mechanisms (Tang et al., 2008; Wang et al., 2012). Circos and Tbtools software11 were used for visualization (Krzywinski et al., 2009; Chen et al., 2020).



Expression Pattern of the 62 VcTCP Genes

The expression values of VcTCPs in numerous tissues, root salt stress treatment and leaf methyl jasmonate (MeJA) treatment were obtained from the RNA sequencing data reported previously (Colle et al., 2019), the variety is “Draper.” The transcriptome data of ‘O'Neal’ flower bud endo-dormancy and eco-dormancy release from our laboratory were used to analyze the expression profiles of VcTCPs. The RNA into 21 samples (7 bud development stage × 3 replicates), which were sequenced on an Illumina HiSeqTM 4000 after the library was qualified by Agilent 2100 Bioanalyzer and ABI Step One Plus real-time PCR System. Transcriptomic sequencing was conducted on the hypanthia and young fruits of ‘O'Neal’ and ‘Bluerain’ during anthesis and the early developmental period, sequenced on an Illumina HiSeq-Xten platform, which were acquired from our laboratory were also used to analyze. Zero to one was used to calculate the expression values. The expression heatmap of VcTCP genes was generated using TBtools software (Chen et al., 2020).



qRT-PCR Analysis

For reverse transcription, HiScript III RT SuperMix for qPCR (+gDNA wiper) (Nanjing Nuoweizan Biotechnology Co., Ltd.) was used to construct the cDNA library according to the instructions. The reverse-transcribed cDNA was used as a template for qRT-PCR. Quantitative primers were designed using the software Premier 5.0. The specificity of primers was determined by BLAST sequence comparison. The primers were synthesized by Hangzhou Qingke Biotechnology Co., Ltd. The primer sequences are shown in Table 1. The efficiency of the primers was tested using the standard curve method, and primers with efficiencies between 80% and 120% were used for subsequent experiments. The quantitative kit was 2 × SYBR Green qPCR Mix (High ROX) (Beijing Adelaide Biotechnology Co., Ltd.), which uses a two-step method to perform qPCR amplification reactions. Blueberry GAPDH was used as an internal reference gene, and data analyses were performed using the relative quantitative method (2–ΔΔCt). SPSS Statistics 21 software was used for significant difference analyses, and Prism was used for drawing.



TABLE 1. The primers used for qRT-PCR in the study.
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Gene Cloning, Plant Transformation, and Screening of Transgenic Lines

Full-length VcTCP18 cDNA was amplified using cDNA prepared from mRNA extracted from blueberry ‘O'Neal’ flower bud as templates. The primer sequences are shown in Table 2. VcTCP18 cDNA were cloned into the pMD 19-T vector and transferred into the E. coli DH5α, verified with PCR, finally transferred into the vector pCAMBIA2300-3 × flag, via XbaI, Hind III double digestion and recovered with T4 DNA ligase. The recombinant plasmid pCAMBIA2300-CaMV35S-VcTCP18-3 × flag-CaMV poly(A) signal, which was subsequently transferred into Agrobacterium strain GV3101. The Arabidopsis transformation was conducted by floral dipping method. T0 seeds were screened by kanamycin, and T1 plants were confirmed by RT-PCR analysis. T3 generation homozygous lines were used for all analyses.



TABLE 2. Primers for cloning VcTCP18.
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Phenotypic Observation of Transgenic Plants

The seeds of WT and transgenic plants were cultivated in 1/2 MS medium with and without stratification (4°C treatment 2 days). The germination rate was counted every 6 h. Flowering time was measured by counting the number of days from sowing until flower buds were visible by the naked eye, meanwhile the number of rosette leaves were counted, main branches were also recorded (Xue et al., 2018). At 30-day-old seedling time, statistical analysis of the number of main branches in Transgenic plants and WT.




RESULTS


Identification of the TCP Gene Family in Blueberry

All prospective VcTCP members were obtained from the blueberry genome using HMMER and BlastP. The domain integrity of the VcTCP candidate genes was identified using the SMART database (Supplementary Figure 1). A total of 62 TCP gene family members were identified on 30 chromosomes and named VcTCP1-VcTCP62 according to the order of the chromosomes on which they were located. The TCP domains of some Class II TCP members also included an R domain, which was found at the C-terminus of all VcTCP proteins from blueberry Class II CYC/TB1 and two members of VcTCPs from CIN. Using the online tool ExPASy website, the physical and chemical properties of the VcTCP proteins were analyzed (Table 3). The length of VcTCP proteins varies from 198 (VcTCP29/47) to 686 amino acids (VcTCP24). VcTCP47 has the lowest relative molecular mass (20.97 kDa) and the highest is VcTCP24 (76.58 kDa). Theoretical isoelectric points (pIs) range from 5.2 to 10.02. Aliphatic amino acid indexes are between 51.67 and 78.45, which indicates that the VcTCP proteins are rich in aliphatic amino acids. The average hydrophilicity coefficient of all VcTCP proteins is less than 0, which indicates that VcTCPs are hydrophilic proteins. According to the prediction of WoLF PSORT, most of the VcTCP proteins are located in the nucleus, with only VcTCP26 possibly located in chloroplasts.



TABLE 3. Basic information of the TCP gene family in blueberry.
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Phylogenetic Analysis of the VcTCP Gene Family

To study the evolutionary and phylogenetic relationships between the blueberry TCP genes and other known TCPs, the full-length sequences of 150 TCP proteins from Arabidopsis, rice, kiwifruit, blueberry, snapdragon CYC and maize TB1 were used to construct a phylogenetic tree. According to previous studies of the classification of TCP genes in Arabidopsis and rice, phylogenetic analysis and TCP domain alignment all showed that VcTCP proteins can be divided into two categories: class I (PCF), which contains 30 genes; and class II, which contains 32 genes (Figure 1). The phylogenetic tree indicates that class II may be further divided into two subclades, CYC/TB1 (14) and CIN (18). The TCPs of Arabidopsis and rice had the same groups or branches, indicating the reliability of the phylogenetic tree. Class II proteins have four more amino acids in the basic domain than class I proteins, which is the most significant difference between these two classes (Figure 2A). The TCP domains of some Class II TCP members also included an R domain, which was found at the C-terminus of all VcTCP proteins from blueberry Class II CYC/TB1 and two members of VcTCPs from CIN (Figure 2B).
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FIGURE 1. (A) Phylogenetic analysis of TCP members in blueberry (VcTCP rectangle, yellow), kiwifruit (AcTCP circle, green), Arabidopsis (AtTCP triangle, red), rice (OsTCP rectangle, blue), Antirrhinum CYC and maize TB1(circle, black). The phylogenetic tree was constructed using the neighbor-joining method with 1,000 bootstrap replicates in MEGAX. The branched lines of the subtrees are colored to indicate different TCP subgroups. The number on the branch denotes the corresponding bootstrap value. (B) Statistical analysis of TCP members from blueberry, rice, kiwifruit and Arabidopsis.
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FIGURE 2. Conserved structural domain analysis of VcTCPs in blueberry. (A) Multiple alignment of VcTCPs protein sequences was performed using MEGA X software. (B) Multiple alignment of the R domain sequences.





Conserved Motif and Gene Structure Analysis

To better understand the diversity of the motif composition of VcTCPs, the MEME online tool was used to predict the conserved motifs of the blueberry TCP gene family. A total of five conserved motifs were identified (Figure 3). The results showed that motif 1 existed in all VcTCP proteins. Motif 2 is located in the C-terminal TCP domain of Class I members with high specificity. Motif 4, 5 exist in members of the CIN subfamily, but it was not observed in the TB1 subfamily. By comparison, all class II TB1 proteins are characterized by motif 3 (R domain), two of the CIN subfamily members VcTCP21, VcTCP30, which are clustered with AtTCP2,24 also contain an R domain, which is consistent with previous research that the presence of certain motifs in a particular subgroup may play a specific role in these genes (Wei et al., 2016).
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FIGURE 3. Phylogenetic analysis, conserved motifs and gene structure of the TCP family in blueberry. Conserved motifs of VcTCPs were identified using MEME. Different motifs are shown by different colors. CDS, introns and UTR are indicated by yellow rectangles, black lines and blue rectangles, respectively.



To investigate the evolutionary relationship and structural characteristics of VcTCP proteins, an evolutionary tree was constructed using the conserved domain sequences of VcTCPs, which were divided into three subfamilies (Figure 3). Almost all VcTCP genes exhibit a highly conserved exon-intron structure. Twenty-six of the 62 VcTCP genes have introns, 19 VcTCP genes have only one intron, and 7 VcTCP genes have two or more introns. Most of the VcTCP genes in the same subfamily show similar exon/intron distribution patterns, which supports the classification and evolutionary relationship of the subclade.



Putative Promoter Cis-Element Analysis of Blueberry VcTCP Genes

To better understand the response and regulation mechanisms of VcTCP genes, promoter cis-regulatory elements of the 62 VcTCP genes were analyzed. The sequences of 1,500 bp upstream of the genes were submitted to Plant CARE. In addition to the basic TATA and CAAT boxes, the promoters contain primarily light response, transcription factor binding (MYB and MYC, etc.), hormone response, injury response, low temperature response, zeatin metabolism, flavonoid metabolism regulation and other cis-acting elements. Among the 62 VcTCP gene promoters, light-responsive (TCT-motif, Sp1, GT1-motif), MYB-binding and MYC-binding elements predominate, and all VcTCP genes contain these three types of response elements. Hormone-response elements primarily include abscisic acid (ABRE), methyl jasmonate (CGTCA-motif, TGACG-motif), ethylene (ERE), auxin (TGA-element), salicylic acid (TCA-element, SARE), and gibberellin (P-box). Abscisic acid-responsive elements are the most common among the hormone-response elements, which suggests that abscisic acid regulates this family of transcription factors during growth and development. For the abiotic stress response elements, a large number of low temperature responsiveness (LTR), anaerobic induction (ARE), and drought induction (MBS) elements were detected. These results revealed that VcTCP genes play an important role in the response to biotic and abiotic stresses. Some cis-regulatory elements of growth and development, hormone response and biological abiotic stress in the present study are depicted in Figure 4.
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FIGURE 4. Cis-regulatory elements analysis of the promoter region of VcTCP genes. Numbers of each cis-regulatory element in the promoter region of VcTCP genes. Based on the functional annotation, the cis-acting elements were classified into three major classes: phytohormone responsive, plant growth and development, and abiotic and biotic stresses.





Gene Duplication and Synteny Block of VcTCP Genes

Gene replication and differentiation are important processes for gene family expansion and novel functional evolution in the plant genome. Some gene replication events, including tandem replication, WGD (Whole Genome Duplication)/segment duplication, and chromosomal and gene-level rearrangements, have driven the evolution of protein-coding gene families (Maher et al., 2006). To evaluate expansion of the VcTCP gene family, we used MCScanX software to analyze the origin of the VcTCP gene family repeat genes in the blueberry genome. In the gene type analysis, VcTCP58 exist in tandem, the other members derived from WGD/segment duplication (Supplementary Material Additional file 1) which demonstrated that the WGD/segment played an important role in the expansion of the VcTCP gene family.

To further examine the origin and possible evolutionary mechanism of the VcTCP gene family, the BlastP resulting files of blueberry with Arabidopsis and blueberry itself were entered into MCScanX, and the homology matching file was examined. The source pairings were very complicated, and no homologs were found between two genes VcTCP25 and VcTCP34. All other gene family members have collinear relationships, as shown by the red line (Figure 5). Homology analysis showed six homologous gene pairs between blueberry and Arabidopsis, as indicated by the blue line. The homology analysis of blueberry and Arabidopsis sequences demonstrated that these genes located in the corresponding homology region arose before the divergence of blueberry and Arabidopsis.
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FIGURE 5. Chromosome distribution and synteny analysis of blueberry and A. thaliana TCP genes. Chromosomes of V. corymbosum and A. thaliana are shown in different colors and circular form. The approximate distribution of VcTCPs and AtTCPs are marked with a short red line on the circle. Red and blue curves denote the details of syntenic regions between blueberry and A. thaliana TCP genes.





Transcript Profiling of VcTCP Genes in Tissues, Fruit Development, Bud Dormancy Release, and in Response to Hormone in Blueberry

The expression patterns of TCP genes were examined in different tissues, bud dormancy release, and fruit development in blueberry. As indicated in Figure 6, transcriptome profiling showed that the expression patterns of VcTCPs within the same subclade were not similar, which suggests that these genes play different roles in biological processes. The nine members of the class II subclades CYC/TB1 (VcTCP9/42/23/44/39/14/53/50/5) exhibited a certain level of expression in the shoot and leaf-night, and these genes were not expressed during fruit development. Before and after root salt treatment, members of this subclade were not expressed. After MeJA treatment, VcTCP23 was downregulated at 1 and 8 h and upregulated at 24 h. All members of the subclade decreased with cold, but the expression levels increased during the process of eco-dormancy release. During bud endo-dormancy release, the expression levels of the BRC1 homologous genes VcTCP5, VcTCP14, VcTCP18, VcTCP39, VcTCP44, VcTCP50, and VcTCP53 were obviously decreased; however, the change of expression levels of the BRC2 (AtTCP12) homologous genes VcTCP25, VcTCP27, VcTCP33, and VcTCP34 was not obvious, which is consistent with the results in the literature (Aguilar-Martínez et al., 2007).
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FIGURE 6. Expression profiles of VcTCP genes in diverse tissues, stages of fruit development, flower bud dormancy release, and in response to hormone treatment. The mean expression values were calculated using zero to one. Genes and expression patterns were hierarchically clustered based on the average Pearson’s metric. Green and red boxes show low and high expression levels, respectively, for every gene. Different colors of gene name belong to class I, CIN, and CYC/TB1, respectively. BrS0, S1, and S2 indicated the early fruit developmental stages of the blueberry variety “Blue rain”; ON S0–S7 indicated the whole fruit development of the blueberry variety ‘O'Neal.’ FB means flower bud. Leaf MJ-treatment: leaf methyl jasmonate (MeJA) treatment. Endo- means endo-dormancy; eco- means eco-dormancy.



Among the CIN members, the transcript levels of VcTCP21 and VcTCP30 were high in the root, leaf, flower, and fruit tissues, but the other members were not expressed in the root. The expression levels of VcTCP21 and VcTCP30 also exhibited significant differences during fruit development, which indicates that these genes may play a necessary role in the growth and development of root and fruit. The expression levels of VcTCP41, VcTCP17, VcTCP58, VcTCP59 and VcTCP7 were increased after MeJA treatment 24 h after treatment, and the transcript accumulation levels exhibited significant differences, which suggests that these genes play a significant role in the JA signal transduction pathway.

Most PCF members were expressed in all tissues. The expression levels were higher in root, shoot, leaf and bud. VcTCP31, VcTCP2, VcTCP8, VcTCP43, and VcTCP38 were downregulated during fruit development. VcTCP60, VcTCP4, and VcTCP54 were upregulated in pink fruit and downregulated in ripe fruit, which revealed that these genes participate in blueberry fruit development. The expression levels of VcTCP43, VcTCP38, VcTCP61, VcTCP19, and VcTCP49 decreased 1 h after MeJA treatment, increased after 8 h, and decreased after 24 h. This expression trend was consistent, whether this type of genes plays a specific role in JA signal transduction is not known.



Expression Patterns of VcTCP Genes in Different Tissues and During Flower Bud Endo-Dormancy Release by Artificial Cold Treatment

To elucidate the roles of TCP genes in flower bud dormancy release, several VcTCP genes were selected for quantitative verification: VcTCP5, VcTCP18, VcTCP19, VcTCP21, VcTCP26, VcTCP54, VcTCP55, and VcTCP60. These genes belong to the CIN, TB1, and PCF subclasses and show different expression patterns during flower bud dormancy release, fruit development and hormone treatment in transcriptome profiling analysis.

To investigate the tissue-specific profiles of VcTCP genes in blueberry, we analyzed the expression levels of selected VcTCP genes using RT-qPCR to validate the results of transcriptomes of different tissues, including shoots, leaves, flower and fruits from the blueberry accession ‘O'Neal’. Eight VcTCP genes exhibited tissue-specific transcript accumulation patterns, indicating the functional divergence of VcTCP genes during blueberry growth and development (Figure 7A). For example, the expression levels of VcTCP5, VcTCP19, and VcTCP26 were very high in leaves, and there are significant differences compared with other tissues, indicating that these genes might play an important role in leaf development. VcTCP21 and VcTCP60 were highly expressed not only in the leaves but also in the buds, which indicated that these genes might play an important role in floral buds. All of these results were consistent with those in the transcriptome.
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FIGURE 7. (A) Relative expression levels of VcTCPs in different tissues of ‘O'Neal’ blueberry. (B) Relative expression levels of VcTCPs during flower bud endodormancy release by artificial chilling treatment. Values were normalized against the expression data of VcGAPDH and given as the means ± standard error of three biological replicates. Different letters indicate significant differences between genes (p < 0.05) based on Duncan test. The expression levels were calculated based on the 2− ΔΔCt method.



As illustrated in Figure 8, average germination rates of ‘O'Neal’ flower bud increased with longer cold treatment times. The flower buds were in deep endo-dormancy stage before transfer to 4°C, and the germination rate was low. The sprouting rate of flower buds reached 65.89% after 12 days of cold treatment, which indicated the endodormancy was broken. After that point, flower buds have strong sprouting potential, then enter the eco-dormancy phase.
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FIGURE 8. Germination rates of blueberry flower bud under different cold accumulation. All were the highest germination rates.



As shown in Figure 7B, VcTCP18 and VcTCP5 belong to the TB1 subclass and were highly expressed during the deep dormancy period (0 d); their expression levels decreased significantly when the dormant flower buds were subjected to 4 days of cold treatment. The expression of the two genes remained at a consistently low level with increasing duration of the cold treatment, which indicates that the two genes may inhibit bud germination. The expression levels were reduced after cold treatment, which restored the ability of the flower bud to restore germination.

VcTCP21 and VcTCP55 belong to the CIN subcategory, and their expression levels were increased significantly after 12 days of cold treatment. Notably, the germination of blueberry flower buds over 50% at this stage indicates that the genes may participate in flower bud endo-dormancy release. VcTCP26, VcTCP54, VcTCP19, and VcTCP60 belong to the PCF subclass, and the expression patterns in the cold treatment increased, decreased, then increased. The highest expression levels of VcTCP26 and VcTCP60 were observed after 12 days of cold treatment, but their expression levels increased a second time after cold treatment for 28 days. The flower buds were in the eco-dormancy stage at this time and germinate quickly if given the appropriate temperature. The expression patterns of VcTCP54 and VcTCP19 were the same as described above but occurred after 4 days of treatment, which indicates that these genes also responded to low temperature.



Clone and Genetic Transformation of VcTCP18

BRC1 has been shown to be the central integrator for multiple environmental and developmental factors that functions locally to inhibit bud break. Previous research has shown that DAM can be regulated by low temperature, which play a negative regulatory role in bud break, and TCP18/BRC1 is a downstream target gene of SVL/DAM (Singh et al., 2018). These observations prompted us to investigate BRC1s role in the blueberries bud dormancy release.

According to the analysis of gene expression in Figure 7B and the phylogenetic tree of CYC/TB1 subclade, shown in Supplementary Figure 2, although there are other putative BRC1-like genes in blueberry, VcTCP18 was selected in the present study, due to its profile that fit with an expected putative BRC1 gene for further analysis. A cDNA fragment with a length of 1,077 bp was obtained, as shown in Supplementary Figure 3A. The coding sequences were cloned into the vector pCAMBIA2300. Finally, the recombinant plasmid vector was transferred into Agrobacterium strain GV3101.



Phenotypes of Transgenic Arabidopsis With Overexpression of VcTCP18

Through the Kana screening test, we obtained the T1 generation Arabidopsis transgenic seedlings. The further RT-PCR experiments and sequencing results showed that VcTCP18 was successfully expressed in Arabidopsis (Supplementary Figure 3B). Then the germination of T3 homozygous transgenic seeds were tested on 1/2 MS with and without stratification (Figure 9A). Without stratification treatment, the germination rate of transgenic seeds was much lower than that of WT. the germination rate of WT was first beyond 90% at 75 h after sowing, meanwhile, that of transgenic seeds was 2.5%, the rate of germination of WT was 59.48% until 147 h after sowing. Comparatively, when the seeds were treated by 4°C for 2 days before sowing, both of the seeds of WT and transgenic lines germinated faster than without stratification, however, transgenic seeds still germinated significantly slower than that of WT.
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FIGURE 9. Phenotypes of transgenic Arabidopsis with overexpression of VcTCP18. (A) The seed germination rate of WT and transgenic lines with and without 4°C stratification treatment before sowing. (B) 30-day-old seedling observation of main branches, white and yellow arrows indicate main branches of WT and transgenic lines, respectively. (C) Flowering time observation, three lines on left are WT, the others on right are VcTCP18-overexpressed transgenic lines. (D) At first flowering time, the numbers of rosette leaves, different letters indicate significant differences between WT and transgenic lines (p < 0.05), statistical analysis was performed by one-way ANOVA followed by the Duncan test. (E) statistical analysis of the number of main branches in Transgenic plants and WT, each dot represents one plant. Asterisks (∗) indicate significant differences (P < 0.05) based on Duncan test.



When flower buds were visible by the naked eye, the numbers of rosette leaves were counted (Figures 9B,D). The rosette leaves of WT were 16.51, which significantly differed from VcTCP18 overexpression lines (P < 0.05). The T3 generation of VcTCP18 overexpressed plants displayed the late-flowering phenotype (Figure 9C). At 30-day-old seedlings time, the number of main branches in transgenic plants was lower than WT (Figures 9B,E). In the three transgenic lines, with the increase of expression efficiency of VcTCP18 (Supplementary Figure 4), the number of rosette leaves and main branches decreased, which significantly differed from that of WT. These VcTCP18−overexpressing lines exhibited bud break compared with the wild-type.




DISCUSSION


TCP Gene Family in Blueberry and Their Evolution

TCPs are a type of plant-specific transcription factor family. Previous studies have used the model plants Arabidopsis and rice as research objects to analyze the various functions of TCPs in plant growth and development. The present study identified 62 TCP gene family members in blueberry, compared with Arabidopsis (24 members), strawberry (19 members), tomato (20 members), apple (52 members), there were more numbers of TCP genes in blueberry. One possible reason is that whole-chromosome sequencing was performed, and blueberry has a large genome (1.63 GB). Another possible reason is that the blueberry variety ‘Draper’ is tetraploid, and thus gene replication events occurred during the evolution of the VcTCP genes. Gene replication and amplification events are widespread in the evolution of many plants, such as cotton (Ma et al., 2014), tomato (Parapunova et al., 2014), and apple (Xu et al., 2014).

Analysis of the structure of VcTCP genes showed that the genes in the same subclass had a similar gene structure, though the length of the VcTCP genes is quite different, which indicates that the VcTCP genes are evolutionarily conserved. There are also some VcTCP gene structures that are identical, but the other members are obviously different. This phenomenon has also been observed in the structural analysis of TCP gene family members in plants such as strawberry (Wei et al., 2016), cotton (Ma et al., 2014) and apple (Xu et al., 2014). These differences may be caused by the insertion or loss of introns during the evolution of the species, which indicates that the diverse functions and expression control methods of the TCP gene family have involved more replication fragments and gene doubling events during evolution. In our study, we found an arginine-rich R domain in the C-terminus of all VcTCP proteins from blueberry Class II CYC/TB1 and two members of VcTCPs (VcTCP21, VcTCP30) from CIN, which was predicted to promote protein interactions, as is the case for four genes in rice (OsTCP6, OsTCP7, OsTCP13, and OsTCP14), four genes (AtTCP2, AtTCP12, AtTCP18, and AtTCP24) in Arabidopsis, and maize TB1. Our result was concordant with previous studies in grape and tomato (Parapunova et al., 2014; Leng et al., 2019).

When plants suffer from environmental stresses, such as low temperature, drought, salinity and so on, these stresses trigger signaling cascades that activate transcriptional factors, by binding to specific cis-acting elements to regulate the expression of genes. The result showed that among 62 VcTCP promoters all contain light-responsive (TCT-motif, Sp1, and GT1-motif), MYB-binding and MYC-binding elements. MYB, MYC participates in drought, low temperature, salt, ABA, and GA stress responses (Griffiths et al., 2006), which indicate TCP genes appeared to be regulated by MYB and MYC. For the abiotic stress response elements, a large number of low temperature responsiveness (LTR), anaerobic induction (ARE), and drought induction (MBS) elements also were detected. These results revealed that VcTCP genes play an important role in the response to biotic and abiotic stresses.

Previous studies found that the expansion of gene families is mainly caused by gene duplication events, including WGD, segmental duplication, and tandem duplication, and so on (Maher et al., 2006). Our results showed that except for VcTCP58 from the tandem repeat event, the other members derived from WGD/segment duplication, which demonstrated that the WGD/segment duplication is a predominant type in the expansion of the VcTCP gene family in blueberry.



Roles of VcTCP18 Gene in the Release of Blueberry Flower Bud Dormancy

Analysis of the evolutionary tree of the homologs showed that VcTCP5, VcTCP14, VcTCP18, VcTCP39, VcTCP44, VcTCP50, and VcTCP53, were closely related to AtTCP18 (BRC1). These TCP genes encode proteins that may have the same biological functions in bud development. RT-qPCR experiments found that VcTCP5 and VcTCP18 had high expression during the stage of depth endodormancy. When the blueberries were subjected to low temperature, the expression levels decreased rapidly. During the process of endo-dormancy release, the expression levels were maintained at a relatively low level, indicating that low temperature affected these genes expression, which may participate in the release of endodormancy of flower buds.

The experiments with VcTCP18 transgene study in Arabidopsis suggested that the germination of transgenic seeds was markedly inhibited, however, the phenomenon can be alleviated to some extent by stratification. Earlier studies have indicated that there are similar mechanisms between seed and bud break (Fu et al., 2014; Wang et al., 2016). For example, the key ABA biosynthesis gene NCED3 controls normal ABA accumulation in flower buds, which seem to be key in regulating ABA biosynthesis to induce seed and bud dormancy. CYP707As control ABA inactivation, leading to dormancy release. A recent study found that BRC1 can bound to and positively regulates the transcription of three related genes, HB21, HB40, HB53, which belong to a transcription factor family that encodes a class of homeodomain leucine zipper protein (HD-ZIP). These genes are necessary and sufficient to enhance NCED3 expression (González-Grandío et al., 2017); This finding demonstrated the direct relationship between BRC1 and ABA signaling. Previous studies identified the SVL in poplar, which is similar to the DAM, and its downstream target gene is just TCP18/BRC1, indicating that SVL regulates TCP18/BRC1 and form a temperature-responsive transcription element to participate in dormancy release. low temperature induces the down expression of DAM genes, leading bud and seed dormancy release; however, overexpression of DAM genes can delay bud break. The results of seed germination experiments with transgenic Arabidopsis indicate that VcTCP18 is an important inhibitor in the release of seed dormancy, but the results of our study also proved that the VcTCP18 mediate the dormancy is not a long-term mechanism. If given chilling during the critical period, even the VcTCP18 gene still have a high expression, but could not alter the dormancy release process. Just as hypothesis of the previous (Singh et al., 2018), low temperature downregulates TCP18/BRC1 expression and prevents its binding to FT, leading to the normal functioning of FT. This positive feedback loop promotes bud germination; however, once the plant rhythm gene FT plays its role, it cannot prevent this transformation process. Studies in pears have shown that once endodormancy in the flower bud is lifted, it enters ecological dormancy, although exogenous ABA application cannot reverse this process (Yang et al., 2020).

Previous research has demonstrated that BRC1 physically interacts with FT2, and BRC1-FT interaction triggers growth cessation by antagonizing FT action (Maurya et al., 2020). Some studies also indicated that BRC1 interacted with FT and TSF (TWIN SISTER OF FT) to regulate the activity of florigen in axillary buds and prevented the premature flowering transformation of axillary meristems (Niwa et al., 2013; Li et al., 2019). BRC1 transcription is auxin responsive, and acts downstream of strigolactone in Arabidopsis, BRC1 determines bud activation potential but is dispensable for bud growth inhibition (Aguilar-Martínez et al., 2007). The mutant plants display an increasing amount of the rosette branches, on the contrary, little lateral branches were observed in over-expressed AtTCP18 Arabidopsis plants. The cucumber TCP family gene CsBRC1 directly inhibits the expression of CsPIN3, which promotes auxin accumulation in the axillary buds and inhibits the germination of the axillary buds (Shen et al., 2019). The main branches were observed at 30-day-old seedlings, the VcTCP18 transgenic plants have only one or two main branches, but there were three to four main branches in WT. The results indicated that VcTCP18 can inhibit the outgrowth of axillary buds.

By transgenic experiments, we have good reason to believe that VcTCP18 can negatively regulate the release of flower bud dormancy. In addition to the vegetative growth cycle, woody plants undergo flowering transitions. Flower buds go through dormancy, are released from endodormancy by low temperature accumulation, and eventually germinate. Therefore, the BRC1 transcription factor plays an important role in flowering transition, dormancy release in perennial plants, and its specific functions must be further studied.




CONCLUSION

The present study firstly identified 62 TCP genes in the blueberry genome and analyzed their phylogeny, multiple sequence alignments, gene structure, conserved motifs, and homologies. Transcriptome data were used to evaluate the tissue specificity of TCP gene family members, flower bud dormancy release, fruit development stage, and hormone treatment (Me-JA). qRT-PCR was employed to examine the expression patterns of TCP gene family members during the process of flower bud dormancy release at low temperature. the seed germination rate of VcTCP18 transgenic Arabidopsis was lower and later than that of wild type. The bud dormancy phenomena as later flowering, fewer rosettes and main branches were also observed in transgenic plants, which indicates that flower bud dormancy release can be negatively regulated by VcTCP18 in blueberry. Overall, our study will deepen our understanding of the function of TCPs in plant growth and development.
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Supplementary Figure 1 | The domain integrity of the VcTCP candidate genes was identified using the SMART database.

Supplementary Figure 2 | Phylogenetic analysis of Class II CYC/TB1 TCPs in blueberry and AtTCP1, AtTCP12, and AtTCP18. The phylogenetic tree was constructed using the neighbor-joining method with 1,000 bootstrap replicates in MEGAX.

Supplementary Figure 3 | Analysis of electrophoretic profiles. (A) Bands of VcTCP18 full-length (1,077 bp) cDNA after gel electrophoresis. (B) Semi quantitative RT-PCR assay detected VcTCP18 products of 86 bp on partial T1 Arabidopsis transgenic seedlings.

Supplementary Figure 4 | Expression levels of VcTCP18 in different transgenic plants. (A) Semi quantitative RT-PCR assay, VcGADPH was used as internal reference. Lane 1, marker; lane 2–4, internal reference; lane 5–7, VcTCP18 oe-1, VcTCP18 oe-2, and VcTCP18 oe-3; bands of VcTCP18 full-length (1,077 bp). (B) Relative expression levels of VcTCP18 in three transgenic lines. Values were normalized against the expression data of VcGAPDH and are given as the means ± SD of three biological replicates. The expression levels were calculated based on the 2–ΔΔCt method.
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Prunus mume is one of the most important woody perennials for edible and ornamental use. Despite a substantial variation in the flowering phenology among the P. mume germplasm resources, the genetic control for flowering time remains to be elucidated. In this study, we examined five blooming time-related traits of 235 P. mume landraces for 2 years. Based on the phenotypic data, we performed genome-wide association studies, which included a combination of marker- and gene-based association tests, and identified 1,445 candidate genes that are consistently linked with flowering time across multiple years. Furthermore, we assessed the global transcriptome change of floral buds from the two P. mume cultivars exhibiting contrasting bloom dates and detected 617 associated genes that were differentially expressed during the flowering process. By integrating a co-expression network analysis, we screened out 191 gene candidates of conserved transcriptional pattern during blooming across cultivars. Finally, we validated the temporal expression profiles of these candidates and highlighted their putative roles in regulating floral bud break and blooming time in P. mume. Our findings are important to expand the understanding of flowering time control in woody perennials and will boost the molecular breeding of novel varieties in P. mume.

Keywords: genome-wide association study, gene-based association anaysis, transcriptome sequencing, co-expression network, bloom date, floral bud, Prunus mume


INTRODUCTION

Flowering time is one of the most important adaptive traits, which is critical to the fitness and survival of many plant species (Gaudinier and Blackman, 2019). Plants have evolved to decide when to flower by utilizing endogenous signals and environmental cues including day length, temperature, and moisture to maximize reproductive success (Andrés and Coupland, 2012; Sasaki et al., 2018). Most annual or biennial plants flower once in their life cycle and then die (Andrés and Coupland, 2012; Sasaki et al., 2018). Unlike annual plants, perennial species undergo repeated cycles of vegetative and reproductive growth (Singh et al., 2017). As a result, temperate trees synchronize their seasonal development with target environments to avoid harsh climate (Singh et al., 2017; Gaudinier and Blackman, 2019). Premature bud break may have a risk exposure of delicate vegetative meristem or floral primordia to frost damage (Townsend et al., 2018; Gaudinier and Blackman, 2019), while late flowering may lead to a shortened vegetative growth period and mismatched pollination (Ågren et al., 2017; Gaudinier and Blackman, 2019). Within the context of climate change, many phenological events in deciduous trees, including timing of bud set, timing of bud burst, and blooming time were disrupted by warm winters and unpredicted extreme weathers (Aitken et al., 2008; Luedeling, 2012; Fadón et al., 2020a). The elevated temperatures can cause insufficient winter chill that leads to low burst rate, erratic flowering, and poor fruit set in many temperate fruit crops (Celton et al., 2011; Dirlewanger et al., 2012; Abbott et al., 2015). Therefore, it is essential to obtain a comprehensive understanding of the mechanism for the control of timing of bud break and blooming in perennial trees and to breed new varieties adapted to future climate scenarios (Aitken et al., 2008; Luedeling, 2012; Fadón et al., 2020a).

The regulation of flowering time has been extensively studied in model plant species (Srikanth and Schmid, 2011; Song et al., 2013; Cho et al., 2017). With forward and reverse genetic screens, a complex regulation network in Arabidopsis was revealed, which consisted of six major pathways, including photoperiod, ambient temperature, gibberellin (GA), vernalization, aging, and autonomous pathways (Srikanth and Schmid, 2011; Khan et al., 2014). These genetic pathways are cross-talked and integrated by a set of integrators, including FLOWERING LOCUS T (FT), LEAFY (LFY), and SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1), to regulate floral meristem identity genes such as APETALA1 (AP1), FRUITFUL (FUL), and CAULIFLOWER (CAL) (Simpson, 2002; Posé et al., 2012; Khan et al., 2014; Ó'Maoiléidigh et al., 2014). In annual or biennial plants, flowering time is determined by an irreversible switch from vegetative to reproductive growth (Albani and Coupland, 2010). In contrast, flowering in temperate tree species is usually interrupted by a period of dormancy. Basically, floral induction and organ initiation occur in the 1st year, while the flower bud fully develops and blooms in the next year (Albani and Coupland, 2010; Kurokura et al., 2013). Dormant flower buds require a certain period of chilling to break dormancy and become competent to bloom in spring (Fadón et al., 2015, 2018). Thus, the flowering time in temperate trees requires a more complex regulatory network to incorporate environmental cues and mediate the proper timing of flowering (Albani and Coupland, 2010).

In the past decades, the mechanisms regulating bud break and blooming date have been partially uncovered in perennial trees (Yamane et al., 2011). Previous investigations highlighted the conserved role of FT gene on flowering and dormancy control in trees (Bohlenius, 2006; Hsu et al., 2011; Wickland Daniel and Hanzawa, 2015). In poplar, two FT paralogs displayed multifaceted functions: FT1 regulates reproductive onset and is hyperinduced by chilling whereas FT2 is involved in regulating vegetative growth and dormancy cycling (Hsu et al., 2011). Similarly, the constitutive expression of FT1 in apple was able to induce flowering during in vitro cultivation (Kotoda et al., 2010). CENL1, an ortholog of TERMINAL FLOWER 1 (TFL1), was also reported to regulate flowering onset and dormancy release in poplar (Mohamed et al., 2010). Another important regulator EARLY BUD BREAK1 (EBB1) is an APETALA2/ethylene responsive factor (AP2/ERF) transcription factor that is found to be associated with bud burst across different tree species (Yordanov et al., 2014; Busov et al., 2015; Anh Tuan et al., 2016). The overexpression of EBB1 resulted in a precocious bud break in both poplar and Japanese pear (Busov et al., 2015; Anh Tuan et al., 2016). During the bud dormancy release, the expression of EBB1 increased to be accompanied with the increasing level of cyclin genes and active histone modifications, indicating that cell division mechanism is activated for the flower bud break and enlargement (Anh Tuan et al., 2016). DORMANCYASSOCIATED MADS-BOX (DAM) genes are also well-known dormancy regulators that were firstly discovered in the dormancy-incapable evg (evergrowing) peach mutant (Bielenberg et al., 2008; Sasaki et al., 2011; Yamane and Tao, 2015; Niu et al., 2016). The subsequent genetic studies in other tree species have illustrated the importance of DAM gene members in regulating floral bud dormancy (Yamane and Tao, 2015; Niu et al., 2016; Wu et al., 2017; Zhao et al., 2018; Balogh et al., 2019). A recent study on peach suggested that chilling can induce the production of small RNAs (sRNAs) and their associated histone methylation (H3K27me3) of DAM1, DAM3, DAM4, and DAM5 in the dormant floral bud, thereby repressing the DAM gene expression and promoting dormancy release (Zhu et al., 2020). Chilling temperatures can also inhibit abscisic acid (ABA) accumulation and induce the level of GA and FT to promote dormancy break in Populus (Rinne et al., 2011; Singh et al., 2018). In spite of the significant advances, the genetic network mediating floral bud break in perennial plants is far from complete (RÃos et al., 2014; Abbott et al., 2015; Fadón et al., 2015; Cattani et al., 2018).

Prunus mume Sieb. Et Zucc., also known as Mei or Japanese apricot, is one of the important deciduous fruit crops in East Asia (Zhang et al., 2012; Quast et al., 2013). P. mume is native to southern China and was later introduced to Japan, Korea, etc. (Zhang et al., 2012). Similar to many Prunus species, the fruit of P. mume can be used for edible or culinary purposes (Shi et al., 2019; Bailly, 2020). P. mume is also widely used for ornamental and landscaping designs due to its varied flower color, rich fragrance, and early flowering features (Zhang et al., 2012; Shi et al., 2019). P. mume trees often initiate and develop reproductive bud from August to October, go through the dormancy period, and start to bloom from late December to March in southern China (Fadón et al., 2015; Zhang et al., 2021). The blooming date highly varies among genotypes and external environments (Zhuang et al., 2013; Shi et al., 2019). To obtain a comprehensive understanding of the genetic determinants of blooming time in P. mume, we recorded the flowering phenological traits of 235 Mei landraces for 2 years. We conducted marker-based genome-wide association studies (GWAS) with linear mixed model approach, and the results were integrated by using gene-based association tests to underpin the associated candidate genes for 2017 and 2019. To characterize the functional role of these genes, we performed transcriptome sequencing on floral buds of two P. mume cultivars and used co-expression network analyses to identify the associated genes displaying consistent expression profiles during floral bud break across different cultivars. Furthermore, we validated the expression pattern of these candidates using quantitative real-time- (qRT-) PCR assays. Taken together, our study provided new insights into the genetic basis of blooming time variation among the P. mume germplasm resources. These findings contribute to the knowledge of the control of floral bud break and flowering time in perennial species and will enable marker-assisted breeding for cultivars suitable for rapidly changing environments.



MATERIALS AND METHODS


Plant Material and Genotyping

Leaves were collected from 235 P. mume landraces, and their genomic DNA was extracted by following a cetyl-trimethyl ammonium bromide (CTAB) protocol. Genomic DNA was fragmented, ligated with sequencing adapters at 3'-end, and size selected to construct the sequencing libraries with an insert size of 500 bp. Libraries were then sequenced on the Illumina Hiseq 2000 platform. The detailed procedures in library preparation, sequencing, and raw read data cleaning were described by Zhang et al. (2018). The corresponding raw re-sequencing data are available at National Center for Biotechnology Information (NCBI) sequence read archive (SRA) archive as BioProject PRJNA352648 (SRA accession: SRP093801). All clean reads were aligned to the reference genome of P. mume (http://prunusmumegenome.bjfu.edu.cn) by using the Burrows–Wheeler Aligner (BWA) software (Li and Durbin, 2010) and single nucleotide polymorphisms (SNPs) were called following the GATK v3.1 Best Practice pipeline (McKenna et al., 2010). Low-quality SNPs failing the variant filtering criteria (QD < 2.0 || FS > 60.0 || MQ < 40.0 || HaplotypeScore > 13.0) were discarded. We further filtered out SNPs with minor allele frequency (MAF) ≤ 0.05 and a missing genotype rate ≥10%. Finally, the remaining SNPs were imputed with BEAGLE v4.0.



Measurement of Blooming Time-Related Traits

We measured the blooming dates and leafing dates for 235 accessions over 2 years (from December 1, 2016 to March 31, 2017, and from December 1, 2018 to March 31, 2019). To capture the dynamic progression of flowering, blooming time was described as five sub-traits including timing of the first flower (the date when the first flower was observed on the tree), timing of first 10 flowers (the date when more than 10 flowers were observed), timing of 5% flowering (the date when more than 5% of the floral bud was flushed), timing of 25% flowering (the date when more than 25% of the floral bud was flushed), and timing of 75% flowering (the date when more than 75% of the floral bud was flushed). The timing of leafing was recorded as the date when the first leaf expanded from the leaf bud. All dates were converted to Julian days (days elapsed since January 1 of the recording year) and were normalized to be comparable across years (Calle et al., 2020). Moreover, we estimated a pairwise correlation among days to different stages of flowering and leafing with custom R scripts to assess the phenotypic stability across different years. All P. mume accessions were planted in a randomized order in the Mei Germplasm Garden, Wuhan, China, and were maintained by a uniform standard without the application of supplemental irrigation during the observational period.



Population Structure Control

To estimate the hidden population structure, we first removed the SNPs that are in linkage disequilibrium (LD) (r2 ≥ 0.5) with PLINK 1.9, yielding 1,117,100 pruned SNPs (Purcell et al., 2007). We then assessed the population structure with a principal component analysis (PCA) using “prcomp” function in R and the fastSTRUCTURE software (Raj et al., 2014). The fastSTRUCTURE analysis was tested on a different number of subpopulations (K) ranging from 2 to 10. Due to a weak stratification among the samples, we selected K being equal to 10 for the fastSTRUCTURE visualization. Furthermore, we incorporated the scores of leading principal components as covariates (as Q matrix) to adjust for the population structure and estimated kinship matrix (as K matrix) with TASSEL (Bradbury et al., 2007) to account for the familial relatedness. To find the optimal structured association model, we evaluated the fit of models adjusting for cryptic relatedness (K matrix), population substructure (Q matrix), or a combined effect (Q + K) (Zhang et al., 2019). We then chose the optimal model by assessing the Quantile–Quantile plot and selecting the models with genomic inflation factor approximately equal to 1.0 (Supplementary Table 1 and Supplementary Figure 1) (Zhang et al., 2019).



Gene-Based Association Test

The traditional marker-trait GWAS analysis was firstly performed by using the optimal structured model with a mixed-effect linear model (MLM) implemented in TASSEL version 5.2 (Bradbury et al., 2007). The detailed description for the inbuilt MLM model in TASSEL was described by Bradbury et al. (2007). The raw values of p were generated for markers from the association test for each trait and year. We annotated the SNPs with an ANNOtate VARiation (ANNOVAR) pipeline and we considered SNPs with top 0.1% p-values as associated SNPs (Wang et al., 2010). The SNP-wise p-values were visualized with Manhattan plot by using R package “qqman” (Yin et al., 2021). The LD structure within associated regions was visualized with “LDheatmap” R package (Shin et al., 2006). Furthermore, we estimated haplotype blocks for the highly associated regions based on SNPs within 2 Kb upstream or downstream the border genes using the software PLINK 1.7 (Gabriel, 2002). Haplotype blocks were transformed into multiallelic markers by estimating allele frequencies among 235 accessions. We then regressed the days to the first flower to the haplotype allele frequencies and identified a few most strongly associated blocks.

To further distinguish the association signals from background noises, we performed gene-based analyses with Versatile Gene-based Association Study (VEGAS2) pipeline based on the SNP-wise association results (Mishra and Macgregor, 2014). VEGAS is designed to incorporate combined information from a set of markers within a gene and the pairwise correlation among them (Liu et al., 2010; Mishra and Macgregor, 2014). The VEGAS algorithm first constructs the null distribution of gene-wise test statistics by simulating the sum of squared Z-statistics converted from SNP-wise p-values and then tests each gene-wise test statistic against the null distribution (Liu et al., 2010; Chung et al., 2019). In this analysis, we included SNPs located within the range of 2.5 Kb upstream to the downstream 2.5 Kb region of 27,819 genes to compute the gene-wise p-values. We considered genes with top 5% p-values as associated candidates for each trait in 2017 and 2019. The level of overlap among associated SNPs or genes between the traits and across years were tested with a hypergeometric test by using the dhyper function in R. Candidate genes were annotated with the Pfam protein database (http://pfam.xfam.org) and TAIR database (https://www.arabidopsis.org).



Transcriptome Sequencing and Differential Expression Gene Detection

To identify important genes involved in flowering process, floral bud tissues with three biological replicates were harvested from an early flowering P. mume cultivar “Fenhongzhusha” (“FZ”) and a late flowering cultivar “Subaitaige” (“ST”). Both trees were grafted on uniform rootstocks and were grown in Mei Germplasm Garden, Wuhan, China. Bud samples were collected approximately every 3 weeks from December 21, 2018 till both trees reach full bloom in the subsequent year. The total RNA was isolated, and the RNA integrity was assessed with Agilent 2100 bioanalyzer and gel electrophoresis. Briefly, 27 sequencing libraries were constructed by using Illumina UltraTM RNA Library Prep Kit (NEB, USA) and were sequenced by using paired-end (2 ×150 bp) sequencing on Illumnia Hiseq™ 2000 platform in Novogene Bioinformatics Technology Co., Ltd., Beijing, China. A total of 1.2 billion raw reads were generated and were deposited under the NCBI BioProject PRJNA714446 (SRA accession: SRR13961798-SRR13961824).

Raw reads were cleaned and aligned to the P. mume reference genome (http://prunusmumegenome.bjfu.edu.cn) by using HISAT2 v2.05 (Kim et al., 2015). Transcript level was quantified by using the featureCounts tool implemented in Subread (http://subread.sourceforge.net) (Liao et al., 2013) and was converted to fragment per kilo bases per million (FPKM) (Trapnell et al., 2010). PCA was performed based on the FPKM value of all genes by using “prcomp” function in R. Differential expression analysis was performed with the R package “DEseq2” by comparing the gene FPKM between two adjacent individual stages. The p-values were corrected by using Benjamini and Hochberg (1995) false discovery rate (FDR) method. Differentially expressed genes (DEGs) were defined as the genes that were differentially expressed with |log2(Fold Change)| ≥ 1.5 and FDR < 0.05 in at least one comparison for each cultivar. The gene ontology (GO) enrichment analysis of DEGs was performed by using the “clusterProfiler” R package. GO terms with the corrected p-values < 0.05 were considered to be significantly enriched. To validate the accuracy of the RNA-seq analysis, we analyzed the relative expression of a few DEGs with qRT-PCR assays following the protocol listed in the last section “Method.” The primers of selected DEGs for qRT-PCR were provided (Supplementary Table 7).



Gene Co-expression Network Analysis

To infer the co-expressed gene modules related to flower bud flushing, we extracted the FPKM expression matrix of genes with a variance larger than 0.01 in both cultivars and constructed a co-expression network with the weighted gene correlation network analysis (WGCNA) package (Langfelder and Horvath, 2008) separately for each P. mume cultivar. The adjacency matrix was calculated based on Pearson correlations between gene pairs across samples and was converted to a topological overlap matrix (TOM). The corresponding dissimilarity measure (1-TOM) was used for the hieratical clustering of genes with similar expression profiles. We have chosen the soft threshold power β = 9 based on the criterion of approximate scale-free topology with R2 > 0.85. Gene modules were identified by using an automatic network construction function “blockwiseModule” with default parameters (minimum module size = 30; mergeCut Height = 0.25) and were labeled with different colors. Module eigen-gene was referred to as the first principal component based on the standardized expression of genes within each module. The expression pattern of module eigen-genes was compared between the two cultivars to identify gene sets with similar expression patterns in different cultivars during floral bud blooming.



Expression Analysis of Key Candidate Genes Using qRT-PCR

To further validate the candidate gene expression during the blooming progression, we analyzed the expression profile of key candidates among the four P. mume cultivars, two early flowering cultivars “Fentaichuizhi” (“FT”) and “Longyou” (“LY”), and two late flowering cultivars “Fenghou” (“FH”) and “Songchun” (“SC”). Floral buds from these trees were sampled every 2–3 weeks from December 2018 to March 2019 until all trees bloom. Total RNA was isolated by using the E.Z.N.A.® Plant RNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the manufacturer's protocol and was reverse transcribed into cDNA by using the PrimeScript RT Reagent Kit (Takara, Japan). Real-time PCR was performed on PikoReal real-time PCR platform (Thermo Fisher Scientific, Dreieich, Germany) by using the SYBR Premix Ex TaqII (Takara, Dalian, China). Reactions were incubated at temperatures set as: 95°C for 30 s; 40 cycles of 95°C for 5 s, 60°C for 30 s, 60°C for 30 s; ending 20°C. Protein phosphatase 2A (PP2A) was used as an internal reference to calculate the relative expression level of target genes using 2−ΔΔCt approach (Livak and Schmittgen, 2001). The relative expression of candidate genes identified in the integrated analysis was compared across different cultivars and developmental stages. Primers for the selected candidate genes used in the qRT-PCR experiments were listed (Supplementary Table 7).




RESULTS


Phenotypic Variation in Flowering Phenological Traits

The timing of blooming and leaf bud breaking are important spring phenological events for temperate fruit perennials. In this study, we measured five flowering phenological traits, including the date of the first flower appearance, the first 10 flowers, 5% flower blooming, 25% flower blooming, 75% flower blooming, and the timing of leaf flushing for 2 years. We observed a high degree of phenotypic variation among 235 Mei accessions over years (Figure 1A). The blooming periods extended from January to late March, then followed by leaf bud flushing and vegetative growth in April (Figure 1A). All investigated individuals displayed a strong consistency in flowering time-related traits across 2 different years (all correlation coefficients r2 ≥ 0.64; all values of p < 0.001) (Figure 1B; Supplementary Table 2). The timing of leafing showed the least consistency across years with a correlation coefficient r2 = 0.38 (Figure 1B; Supplementary Table 2). A strong pair-wise correlation was also observed among the five flowering time-related sub-traits within each year (2017: correlation coefficients between 0.82 and 0.98; 2019: correlation coefficients between 0.82 and 0.99) (Figure 1B; Supplementary Table 2). However, the timing of leafing showed a weak correlation with the five flowering time-related traits (2017: correlation coefficient: 0.36–0.42; 2019: correlation coefficient: 0.23–0.34) (Figure 1B; Supplementary Table 2). Therefore, we only considered the five flowering time-related traits in the subsequent association analysis. Based on the flower onset time in 2017, we classified 235 cultivars into early flowering, middle flowering, late flowering, and very late flowering cultivars.
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FIGURE 1. The phenotypic analysis of six phenological traits over 2 years. (A) The violin plot of six traits (date of the first flower, date of the first 10 flowers, date of 5% flowering, date of 25% flowering, date of 75% flowering, and date of leaf flushing) collected in 2017 and 2019. (B) Pearson correlation coefficients among traits in 2017 and 2019. The pair-wise correlations were colored according to the scale bar.




Marker-Based Genome-Wide Association Analysis

We obtained a total of 4,046,973 SNP markers with MAF higher than 0.05 covering eight chromosomes for the 235 accessions. PCA on the SNP set revealed no obvious population stratification among early flowering, middle flowering, late flowering, and very late flowering accessions (Figure 2A). The fastSTRUCTURE analysis confirmed that the sampled individuals are highly admixed with a weak substructure (Figure 2B). By accounting for the effect of possible population structure and familial relatedness, we performed SNP-based association tests on the five traits separately and detected a large number of associated SNP for each trait in both years (Table 1; Figures 2C,D; Supplementary Figure 2). By comparing the significant marker-trait associations across years, we detected a few SNPs repeatedly associated with the five phenological traits in 2017 and 2019 (hypergeometric test: the value of p < 1.0 e−6) (Table 1). In total, we identified 108 overlapping SNPs, 46 overlapping SNPs, 85 overlapping SNPs, 27 and 28 overlapping SNPs associated with timing of the first flower in 2017 and 2019, timing of the first 10 flowers, timing of 5% flowering, timing of 25% and 75% flowering, respectively (Table 1). We also observed a significant overlap among the SNPs that are significantly associated with multiple traits in each year (2017: 130 SNPs associated with all five sub-traits; 2019: 113 SNPs associated with all five sub-traits).


Table 1. The number of associated single nucleotide polymorphisms (SNPs) and candidate genes identified from marker- and gene-based association tests and their overlap between 2017 and 2019.
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FIGURE 2. The population structure analysis and single nucleotide polymorphism- (SNP-) based association tests of flowering time-related traits. (A) principal component analysis (PCA) biplot of 235 Prunus mume accessions. (B) fastSTRUCTURE analysis of 235 P. mume accessions based on k = 10. (C,D) Manhattan plot of –log10 (value of p) for SNP-wise associations with timing of the first flower in 2017 (C) and 2019 (D).


By comparing associated markers across all studies, we obtained a total of 496 SNPs displaying significant association signals with blooming dates in 2017 and 2019 (Supplementary Table 3). These include 289 intergenic SNPs, 130 intronic SNPs, and 77 exonic SNPs consisting of 38 non-synonymous and 39 synonymous SNPs (Supplementary Table 3). The shared associated SNPs were scattered on eight chromosomes but were mostly discovered on Chromosome 2. These SNPs were further annotated to 360 candidate genes, which were mainly involved in biological processes such as reproduction (GO:0000003), organ development (GO:0048513), and the regulation of cell size (GO:0008361). Among the associated SNPs, one non-synonymous SNP (Chr2_4811832) was located within the 7th exon of DAM6 (Pm004415) and can cause the amino acid change from 203D to 203G. This SNP was found to be associated with timing of the first flower in 2017 and 2019. We also detected a few nonsynonymous SNPs located within genes such as Pm005060 (UDP-glycosyltransferase superfamily protein), Pm005284 (Unknown protein kinase), and Pm005349 (Cyclin) (Supplementary Table 3). One SNP located upstream of Pm004575 (putative cytokinin-O-glucosyltransferase 2) was associated with timing of the first flower and timing of 10 flowers in 2017 and 2019 (Supplementary Table 3). These genetic variants are promising targets for functional validations.



Gene-Based Association Analysis Identified Blooming Time-Related Genes

Based on the summary statistics of the marker-based test results, we computed the gene-level p-values using VEGAS2 (Mishra and Macgregor, 2014) and selected genes with the top 5% gene-wise p-values as putative candidates (Table 1; Figures 3A,B). Gene-based test has proved to have more power in identifying functional genetic variants and allow a direct comparison across different studies or mapping populations (McCarthy et al., 2011). With a gene-based association analysis, we obtained 1,383, 1,393, 1,383, 1,382, and 1,381 candidate genes associated with timing of the first flower, timing of the first 10 flowers, timing to 5% flowering, timing of 25% flowering, and timing of 75% flowering, respectively, in 2017 (Table 1). Similarly, we identified 1,381 candidate genes associated with days to the first flower, 1,382 with days to the first 10 flowers, 1,381 with days to 5% flowering, 1,395 with 25% flowering, and 1,381 with 75% flowering in 2019 (Table 1). We observed an extensive level of overlap among the candidate genes associated with five flowering traits across 2 years (all hypergeometric test: value of p < 1.9 e−34; Table 1). By summing up all candidates, we detected 1,085 flowering time-related genes in both years and 790 candidate genes associated with all five sub-traits in both years (Figures 3C,D). We also observed 294, 282, 109, 285, and 959 associated genes that were specific to timing of the first flower, timing of the first 10 flowers, timing of 5% flowering, timing of 25% flowering, and timing of 75% flowering, respectively (Figure 3D).
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FIGURE 3. Gene-based association analysis of bloom dates. (A) Manhattan plot of gene-wise associations for days to the first flower in 2017. (B) Manhattan plot of gene-wise associations for days to the first flower in 2019. (C) The Venn diagram comparing flowering time-associated genes detected in 2017 and 2019. (D) The Venn diagram comparing candidate genes associated with the five sub-traits, respectively.


Among the top candidates, several genes were previously reported in other perennial trees (Supplementary Table 4). For example, we identified a putative ortholog of AINTEGUMENTA (ANT; Pm005440) associated with timing of the first flower and timing of the first 10 flowers in 2017 and 2019 (Supplementary Table 4). ANT encodes an AP2-like ethylene-responsive transcription factor required for cell proliferation and regulates the floral organ initiation, growth, and patterning in Arabidopsis (Krizek, 2015). ANT-like 1 was also involved in the short-day-mediated growth cessation in hybrid aspen (Azeez et al., 2014). D-type CYCLINs including CYCLIN D2 (Pm004529), CYCLIN D3 (Pm005326), and a few A-type CYCLINs, such as CYCLIN A3 (Pm005349) and CYCLIN A1 (Pm004741) were found to be associated with multiple traits in both years (Supplementary Table 4). In poplar, ANT-LIKE 1 gene can regulate the cell cycle through CYCLIN D3.1 to control seasonal growth cessation and resumption (Azeez et al., 2014). It is likely that ANT-CYCLIN regulon plays a similar role in the control of floral bud break. We also detected a number of hormonal regulators, for instance, GA20OX5 (GA 20-OXIDASE 5; Pm004371), GA2OX2 (Pm010412), GA3OX1 (Pm004966), and GA20OX3 (Pm004376), which are known to participate in GA biosynthesis and are significantly associated with timing of the first flower and 5% flowering (Supplementary Table 4). Another candidate Pm005288, encoding a bZIP transcription factor ABA RESPONSIVE ELEMENTS-BINDING FACTOR 2 (ABF2), is consisted of significant SNPs associated with timing of the first flower, the first 10 flowers, and 5% flowering in 2017 and timing of the first flower in 2019 (Supplementary Table 4). ABF2 was recognized as a key regulator for bud endodormancy in peach and can interact with TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR 20 (TCP20) during the flower bud dormancy release (Leubner et al., 2020).

On Chromosome 2, we detected a 77.4 Kb region containing a cluster of genes from Pm004414 to Pm004420, which possessed an excessive number of SNPs strongly associated with timing of flowering in both years (Figures 4A,B). Among candidate genes within this region, Pm004415–Pm004420 encoding six tandem duplicated DAM genes, were key dormancy cycling regulators in temperate fruit crops, such as peach, apple, and pear (Bielenberg et al., 2008; Niu et al., 2016; Wu et al., 2017). Among the six DAM genes, DAM5, DAM6, and DAM3 exhibited a stronger phenotypic association than the other DAM homologs (Figure 4; Supplementary Figure 3). To further distinguish functional variants within this region of high LD, we conducted the haplotype block analysis based on 1,984 SNPs spanning from 4.79 to 4.88 Mb region on Chromosome 2 and obtained 250 haplotypes. By associating the haplotypes with days to the first flower, we identified a few haplotypes within DAM6, DAM5, and DAM3 exhibiting a strong correlation (Figure 4B; Supplementary Figure 3). For example, haplotype block 14 consists of two associated SNPs (Chr2:4812697; Chr2:4812732) located within the fourth intron of DAM6 (Figure 4C). We observed that the flower onset time of individuals with haplotype GG/GG in block 14 (located within the fourth intron of DAM6) is much earlier than that of individuals possessing A allele (AA/AA or A-/GG) in the tests of 2017 and 2019 (Figure 4B).
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FIGURE 4. The DORMANCY-ASSOCIATED MADS-BOX (DAM) gene containing a region associated with timing of blooming in 2017 and 2019. (A) Snapshot of SNP-trait associations with timing of the first flower in 2017. (B) Haplotypes within Pm004415 (DAM6) exhibiting a correlation with timing of the first flower in 2017 and 2019. (C) The local linkage structure among SNPs within the 2 Kb upstream/downstream region of Pm004415. Exons of gene Pm004415 were symbolized with orange squares and associated SNPs were labeled with blue stars.


Moreover, we discovered a few candidate genes consisting of significantly associated SNPs that were not previously characterized to regulate the flowering time in tree species. For example, we detected a few ERF/AP2 transcription factors, including Pm004272 [ETHYLENE RESPONSE FACTOR22 (ERF22)], Pm004616 (SHN2, SHINE2), and Pm004870 [DEHYDRATION RESPONSE ELEMENT-BINDING PROTEIN 26 (DREB26)], that were associated with multiple blooming time-related traits in 2017 and 2019 (Supplementary Table 4). In addition to DAM genes, a few MADS-box family genes were also found to be associated with timing of blooming in 2017 and 2019 (Supplementary Table 4). Pm004349 and Pm004350 both encode AGAMOUS-like 16 (AGL16), which form a regulatory module with miR824 to regulate the flowering time in Arabidopsis (Hu et al., 2014). Another floral homeotic gene, Pm006266 (APETALA3) also specifies the identity of petal and stamen by interacting with PISTILLATA in Arabidopsis (Wang et al., 2019). Pm018089, which encoded an ortholog of Arabidopsis SOC1, was shown to be associated with timing of 75% flowering in 2017 and 2019 (Supplementary Table 4).



Transcriptome Analysis and Co-expression Network Construction

To further explore the functional role of trait-associated genes, we sampled the flower buds from an early flowering cultivar “FZ” and a late flowering cultivar “ST” from late December 2018 to March 15, 2019. The phenological stages of floral buds were characterized as the dormancy phase, bud breaking, bud swelling, and full bloom based on morphological characters (Supplementary Figure 4). We performed transcriptome sequencing on 27 samples (12 “FZ” samples and 15 “ST” samples) and generated a total of 1,414,016,106 raw reads (Supplementary Table 5). After filtering low-quality reads, we obtained 42.45–62.59 million clean reads per sample, and a unique mapping rate of clean reads was 86.78% on average across samples (Supplementary Table 5). In the PCA analysis, the first PC dimension, which explained 47.56% of the total variation, distinguishes the floral buds of different sampling stages, while the second PC splits the samples by cultivar (Supplementary Figure 4). With the differential expression analysis, we identified 5,492 DEGs that were differentially expressed between the adjacent stages for the cultivar “FZ” and 7,163 DEGs for the cultivar “ST.” Among them, 3,630 DEGs were common to both cultivars. We validated the expression profiles of six DEGs using qRT-PCR and we observed that the relative expression pattern is consistent with the RNA-seq results of cultivars “FZ” and “ST,” suggesting the reliability of transcriptome data (Supplementary Figure 5).

A weighted gene co-expression network analysis was performed on 19,375 genes separately for two cultivars following the standard WGCNA procedures. We found 16 distinct modules in each network with a module size ranging from 45 (module lightcyan) to 9,157 genes (module turquoise) for the cultivar “FZ” and from 40 (module lightcyan) to 7,086 genes (module turquoise) for the cultivar “ST” (Figures 5A,B). Four (module turquoise, blue, brown, and yellow) of the 16 network modules contained the most blooming time-associated genes in both cultivars, while only module tan in the network of “ST” was significantly enriched for associated candidates (OR = 1.69, Fisher's exact test value of p = 0.0278) (Table 2). To identify functionally conserved gene clusters in two cultivars, we compared the eigen-gene expression and observed a consistent expression trend among genes within module turquoise, yellow, blue, and brown across the two networks (Figure 5C). The turquoise module eigen-genes in both networks showed a constantly decreasing pattern, while the eigen-gene in module blue showed the opposite trend with the highest expression in blooming flower tissues (Figure 5C). Since genes can be either positively or negatively correlated with module eigen-genes, there is an abundant gene overlap between module blue and module turquoise across the two networks (i.e., 2,474 overlapping genes between “FZ” MEturquoise and “ST” MEblue and 1,430 genes shared by “FZ” MEblue and “ST” MEturquoise). The eigen-gene of module yellow was constantly increasing before floral buds fully open in both networks (Figure 5C). Additionally, module brown in the network of “FZ” displayed a similar transcription pattern as that of module blue in network “ST” (Figure 5C). The remaining modules that are highly specific to certain genotypes or samples were neglected.
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FIGURE 5. Weighted co-expression network analysis for P. mume cultivar “Fenhongzhusha” (“FZ”) and “Subaitaige” (“ST”) (A) Gene modules identified for cultivar “FZ,” (B) Gene modules identified for cultivar “ST,” (C) Expression pattern of eigen-genes for 16 modules during flowering progression in two cultivars.



Table 2. The number of genome-wide association study (GWAS) candidates within the modules identified from co-expression network analyses for Prunus mume cultivar “Fenhongzhusha” (“FZ”) and “Subaitaige” (“ST”).
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Combined Analysis of Gene-Based Association Tests and Co-expression Network

To further discriminate blooming time-related genes, we first integrated the associated genes from a gene-based analysis using the DEGs identified from a transcriptome analysis (Figure 6). We obtained a total of 2,355 and 3,375 candidate genes for blooming time-related traits collected in 2017 and 2019, respectively. Among them, 599 genes were differentially expressed in both cultivars “FZ” and “ST” during the flowering process, and 142 of them were within the intersection set of four candidate lists (Figure 6A). As a complementary analysis to the gene-based association test, we used DEGs to intersect the 360 candidate genes identified from the maker-based association analysis and identified 51 associated genes differentially expressed in both cultivars “FZ” and “ST” (Supplementary Figure 6). After summing up all intersecting DEGs using the gene- and SNP-based analysis, we mapped the 617 candidates to the co-expression networks and considered only 191 candidate genes with a consistently expressing pattern during blooming in both cultivars as the most promising candidates (Figure 6B). These include 83 genes from a turquoise module, 26 genes from blue modules, three genes from yellow modules, and 79 intersection genes from the different modules of two networks (Supplementary Table 8). The overall median correlations |r| among the 191 candidate genes were 0.601, and the median correlation among genes within the same module was more than 0.730, indicating that most candidate genes were co-expressed and highly interconnected.
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FIGURE 6. Integration of GWAS analysis with transcriptome sequencing. (A) Venn diagram comparing GWAS-identified candidate genes and differential expression genes (DEGs) detected for cultivar “FZ” and “ST,” (B) Heatmap of 191 candidate genes displaying consistent expression pattern during blooming process in two cultivars. The gene sets were color-labeled corresponding to each module in the network of “FZ” and “ST,” respectively.


Functional enrichment analysis indicated that these candidate genes are mainly involved in the biological process including carboxylic acid metabolic processes (GO:0019752), response to hormone (GO:0009725), and response to stress (GO:0006950) (Supplementary Table 6). Among the hormonal regulators, genes related to an ABA signaling pathway include CBL-INTERACTING PROTEIN KINASE 20 (CIPK20; Pm010242) required for ABA-mediated seed germination (Gong et al., 2002), cytochrome P450 CYP707A (Pm017952) encoding ABA 8′-hydroxylase (Kushiro et al., 2004), ABA-IMPORTING TRANSPORTER 1 (AIT1; Pm006576), and NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 5 (NCED5; Pm010425), a key enzyme in ABA biosynthesis (Frey et al., 2012) (Supplementary Table 8). Genes that are involved in GA signaling include GA20OX1 (GA 20-oxidase; Pm018083) that is required for GA biosynthesis, GRAS family transcription factor (Pm018822), and a GA-regulated GASA family protein (Pm006215). The expression of Pm018083 increased during flowering but decreased rapidly in fully developed flowers, while the level of Pm018822 maintained a constantly decreasing pattern in both cultivars (Supplementary Figure 7). Genes related to cytokinin metabolism include cytokinin-O-glucosyltransferase 2 (Pm004574, Pm004575, and Pm006589), cytokinin-N-glucosyltransferase 1 (Pm018857), and cytokinin oxidase 5 (Pm006287) (Supplementary Table 8). We observed a constant downregulation of Pm018857 and upregulation of Pm004574 during blooming in cultivars “FZ” and “ST” (Supplementary Figure 7). A number of auxin-responsive genes, including auxin response factor 5 (Pm006237), auxin response factor 3 (Pm010363), and auxin-responsive SAUR family genes (Pm021881 and Pm021894), displayed consistent expression patterns in both cultivars (Supplementary Figure 7). We also detected a few epigenetic regulators, such as VARIANT IN METHYLATION 1 (VIM1; Pm007095) that regulates global CpG methylation (Kakutani et al., 2008), regulator of chromosome condensation (RCC1) (Pm006520 and Pm005158), core and linker histone proteins (Pm014341 and Pm000832), and histone deacetylase (Pm004995). Most of these genes (Pm007095, Pm006520, Pm014341, Pm000832, and Pm004995) showed a constantly decreasing expression pattern during the blooming process in cultivars “FZ” and “ST” (Supplementary Figure 7).



Expression Analysis of Key Candidate Genes

To verify the candidate gene expression pattern, we assessed the relative expression level of a few candidates in the four P. mume cultivars of divergent blooming dates (Figure 7). Among the examined genes, the expression of DAM4, DAM5, and DAM6 significantly decreased among all cultivars as floral buds exit dormancy and bloom (Figure 7). Similarly, the level of DAM3 in cultivars “FT” and “LY” decreased significantly during blooming, while it first decreased after floral buds exit dormancy, then increased as floral organ develops and decreased again before blooming in late blooming cultivars “FH” and “SC” (Figure 7). We observed a continual increase in the expression of a few genes including a SAUR-like auxin-responsive gene (Pm021881), a GA oxidase (GA20OX1; Pm018083), and a cold responsive protein INDUCER OF CBF EXPRESSION 1 (ICE1; Pm024587) across all four cultivars (Figure 7). On the other hand, Pm004966, which encoded another GA oxidase GA3OX1, displayed slightly different expression profile. Pm004966 first increased during bud break but then decreased as the bud develops into flowers (Figure 7). We also observed a few genes displaying differential expression pattern between early and late flowering cultivars (Figure 7). For example, Pm004575 (Cytokinin-O-glucosyltransferase 2) and Pm004353 (Cytochrome P450) significantly increased as floral bud exits dormancy, peaked in the bud breaking stage, and then decreased as floral organ continues to develop and bloom in cultivars “FH” and “SC.” However, Pm004575 and Pm004353 were continually downregulated during the blooming process in early flowering cultivars “FT” and “LY,” which is consistent with the advanced phenological stage of floral bud in early blooming cultivars (Figure 7). Similarly, the expression of Pm000923 (alpha/beta-hydrolase superfamily protein) in “FT” and “LY” was first increased during bud break, but then decreased continually until the flowers bloom. In late flowering cultivars “SC” and “FH,” Pm000923 first decreased during dormancy release, then followed the same expression pattern as that in early flowering cultivars (Figure 7). In general, the expression pattern of all investigated genes is highly correlated with the progression of floral bud development and blooming across all cultivars.
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FIGURE 7. The expression profiles of selected gene candidates during flowering process in four P. mume cultivars including “Fentaichuizhi” (“FT”), “Longyou” (“LY”), “Fenghou” (“FH”), and “Songchun” (“SC”).





DISCUSSION

Flowering time is a key adaptive trait for many temperate plant species. Proper timing of reproductive initiation is essential for plants to avoid unfavorable climatic conditions and achieve pollination success (Aitken et al., 2008; Ågren et al., 2017; Zhang et al., 2019). Flowering time is also a major agronomic trait determining grain yield for many cereal crops (Mathan et al., 2016). In temperate trees, flowering occurs only when the floral buds accumulate sufficient chilling in winter to overcome endodormancy, experience warm temperatures, and finally open in spring (Fadón et al., 2015). Global climate change has shown to affect the flowering phenology of tree crops by disrupting the chilling accumulation rate, damaging floral primordium, and impairing pollination as a consequence of elevated winter temperatures and an increased frost risk (Guo et al., 2013; Allard et al., 2016). Thus, knowing the genetic mechanism to control the flowering phenology is crucial for plant breeders and growers to select the adapted varieties and anticipate crop performance under future climate (Fadón et al., 2020b).

Flowering in temperate tree species is a complex biological process consisting of a series of highly coordinated seasonal events, including dormancy release, floral organ growth, sporogenous tissue development, and floral bud burst (Balogh et al., 2019). The blooming time varies significantly among species and cultivars, and is usually determined by the interaction between chilling requirement, heat requirement, and environmental stimuli (Dirlewanger et al., 2012; Fadón et al., 2020b). Due to the polygenic nature of phenological traits, quantitative genetic approaches were used to reveal the molecular basis for blooming time, chilling requirement, and other phenological traits in temperate trees, including Populus (McKown et al., 2018; Zhang et al., 2019), peach (P. persica) (Fan et al., 2010), almond (P. dulcis) (Sánchez-Pérez et al., 2011), apricot (P. armeniaca L.) (Olukolu et al., 2009), sweet cherry (P. avium) (Castède et al., 2014), sour cherry (P. cerasus) (Cai et al., 2018), and apple (Malus domestica) (Celton et al., 2011). With a quantitative trait locus (QTL) analysis, Kitamura et al. (2018) was able to localize the QTLs controlling timing of leaf bud break, chilling and heat requirements of floral bud to a region on linkage group 4 (LG4) that contains DAM6 gene. By examining the transcript level of PmDAM6 in the mapping population, they proposed that DAM6 may act as a repressor for bud break in a dose-dependent manner in P. mume (Kitamura et al., 2018). A similar QTL study on apple identified a major QTL related to timing of bud break on LG9 that contained orthologs of ICE1, FLOWERING LOCUS C (FLC), and PACLOBUTRAZOL RESISTANCE 1 (PRE1) that are possibly involved in mediating bud break in apple trees (Miotto et al., 2019). With the development of next-generation sequencing, genome-wide association mapping has become an alternative for genetic linkage mapping (Jackson et al., 2011). A recent GWAS for chilling requirement in 480 peach accessions revealed seven association peaks, the strongest among which is located on Linkage Group 1 (LG1) co-localizing with the known evg locus (DAM gene cluster) in P. persica (Li et al., 2019). Till now, the molecular basis underlying the flowering phenology in temperate trees still remains unclear.

Prunus mume is one of the earliest spring-flowering tree species in Rosaceae family and possesses an extensive phenotypic variation with respect to bloom time among the germplasm collection (Zhang et al., 2012). We investigated the blooming dates of 235 P. mume accessions for 2 years. We described the flowering time with five sub-traits, namely the date of the first flower, the date of the first 10 flowers, the date of 5% flowering, the date of 25% flowering, and the date of 75% flowering, to capture the dynamic blooming process. We observed a significant within-population variation in flowering time among individuals, and we evaluated the trait stability from year to year. Despite a slight postpone of blooming dates in 2019 comparing with those in 2017, the floral onset dates were highly correlated, indicating a strong consistency in flowering phenology among individuals despite different environmental factors across years. These findings suggested that blooming time is highly inheritable but can be affected by environmental conditions (Calle et al., 2020). We also detected significant intercorrelations among the five sub-traits, which imply the method's reliability in evaluating blooming time variation for P. mume accessions.

Based on the phenotypic traits, we performed GWAS analyses and identified a number of SNP markers associated with blooming time-related traits. Among these loci, some were commonly shared by the five sub-traits and across 2 years in the studied population. GWAS has proven to be a successful approach in identifying the genetic cause of many complex traits in plant species (Tibbs Cortes et al., 2021). However, the traditional GWAS analysis examines marker-based associations and has shown difficulty in assessing rare variants or common variants of small effect size (Eichler et al., 2010). A gene-based GWAS approach was proposed as a complementary strategy by summarizing all SNP associations within a certain gene to estimate the gene-level significance (Liu et al., 2010). Comparing with the traditional GWAS, the gene-based association analysis has increased power in detecting true signals by incorporating both rare and common variants, employing a less stringent significance threshold, and reducing the problem of allelic heterogeneity (Wang et al., 2017). Given these advantages, we undertook gene-based approach to compute the gene-level values of p for each trait and year. By examining the commonly associated SNPs and genes between 2 years, we were able to reduce the false positives generated due to different climatic conditions across years. We identified more shared associated candidates between gene-based association test of 2017 and 2019 than that of traditional SNP-based GWAS of 2017 and 2019. The extensive degree of gene overlap suggested that the gene-based association test has shown more power in identifying the candidate genes that may be possibly missed due to a small effect size or masked by background noise in the marker-based analysis. These results also confirmed a stable genetic effect of these loci across years and suggested the superior performance of a gene-based approach over the traditional GWAS in comparing two independent studies conducted at different years.

We observed scattering-associated signals within the genomic regions dispersed to the eight P. mume chromosomes, which is likely to result from a polygenic basis for quantitative traits. Among all associated candidate genes or genomic regions, some were co-localized with flowering time-related QTLs reported in the previous studies. For example, we identified a 31.5 Kb region on Chromosome 2 containing DAM4 (Pm004417), DAM5 (Pm004416), and DAM6 (Pm004415), which overlaps with major QTLs for the chilling requirement and bloom date detected in P. persica, P. armeniaca, and P. dulcis (Olukolu et al., 2009; Fan et al., 2010; Sánchez-Pérez et al., 2011; Romeu et al., 2014). In a recent QTL study, Kitamura et al. also localized one major QTL controlling chilling requirement, bloom date, and leafing date to the DAM gene region in P. mume (Kitamura et al., 2018). DAM genes have been characterized to promote seasonal dormancy in many temperate tree species, including apple (Porto et al., 2016; Wu et al., 2017), pear (Niu et al., 2016), peach (Li et al., 2009), and sweet cherry (Rothkegel et al., 2017). Among six DAMs, DAM1, 2, 4, 5, and 6 were found to be responsive to a photoperiod change, while DAM5–6 were repressed by chilling temperatures (Li et al., 2009; Jiménez et al., 2010). The ectopic expression of Prunus DAM6 in apple and poplar leads to inhibited growth, early bud set, and delayed bud break (Sasaki et al., 2011; Yang et al., 2019). In a recent study, Zhu et al. reported that DAM1 and DAM3–6 were repressed in dormant floral buds during chilling, which are associated with the increasing level of sRNAs and repressive epigenetic marks such as histone H3 lysine 27 (H3K27me3) and CHH methylation in P. persica (Zhu et al., 2020). In our study, we observed that DAM3, DAM5, and DAM6 contained the most SNPs associated with timing of the first flower and 5% flowering in 2017 and 2019. Among the associated SNPs, one nonsynonymous SNP in DAM6 (Pm004415) is predicted to cause an amino acid change within the C-terminal region of DAM6 protein. MADS-box transcription factors normally contained four functional domains, namely the MADS-box domain for DNA binding, the K-domain important for protein–protein interactions, and the I-domain and C-terminal domain with a relatively low sequence conservation (Smaczniak et al., 2012). Though the amino acid conversion may not be necessarily causal, further analysis is required to investigate the function of this variant by using reverse genetics approaches. Due to the high linkage among SNP markers within the genomic region containing DAMs, we performed a haplotype analysis and discriminated a few blocks segregating among early and late flowering accessions. These associated haplotypes can be used in the marker-assisted breeding for cultivars with desired flowering time in P. mume.

Another blooming time-associated region on Chromosome 2 contained candidate genes including Pm005708, Pm005288, Pm005134, and Pm004913, which are orthologous to the peach genes ppa000228m, ppa006503m, ppa000318m, and ppa013757m within the major QTL for flower date on LG1 in peach (Romeu et al., 2014). These four genes were found to be associated with timing of the first flower, timing of the first 10 flowers, timing of 5% and 25% flowering in 2 years' studies and were located within the genomic region syntenic to the 33.9–37.6 Mb region where major QTLs were located on LG1 (corresponding to peach Chromosome 1). Among these four genes, Pm005708 [PICKLE (PKL)] encodes a SWI (SWItch) nuclear-localized chromatin remodeling factor that can mediate the trimethylation of histone H3 on lysine 4 (H3K4me3) at FT locus and can also interact with CONSTANS to promote flowering in Arabidopsis (Jing et al., 2019). PKL is also involved in ABA-mediated dormancy induction in Populus (Tylewicz et al., 2018). Pm005288 encodes a homolog of ABF2, which was reported to regulate peach bud endodormancy by interacting with TCP20 (Leubner et al., 2020). Pm005134 encodes an ortholog of EMBRYONIC FLOWER 1 (EMF1), which is required to maintain indeterminate growth in Arabidopsis. The alternate expression of EMF1 can lead to transgenic plants with different flowering times (Aubert et al., 2001). Pm004913 encodes protein FLOWERING PROMOTING FACTOR 1 (FPF1), which can interact with the floral organ identity genes to modulate the flowering time in Arabidopsis (Melzer et al., 1999). These candidate genes may play a similar role in the control of reproductive development and flowering time in P. mume.

We also detected a few candidate genes related to GA biosynthesis, including GA20OX3 (Pm004376 and Pm005214), GA20OX5 (Pm004371), and GA20OX1 (Pm018083), that were found to be overlapped with the candidate genes within the QTLs for both flowering date and chilling requirement on LG4 in P. avium (Castède et al., 2014). In Arabidopsis, GAs can activate flowering time promoting genes, such as FT, SOC1, and SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) to promote flowering (Porri et al., 2012). In trees, GA biosynthesis was strongly induced in dormant flower bud or leaf bud during chilling-mediated endodormancy break (Rinne et al., 2011; Barros et al., 2012). These candidate genes may play a role in modulating dormancy release and flowering time through GA signaling in P. mume. Additionally, Pm011391 [Ethylene-responsive element binding factor 4 (ERF4)] and Pm000994 [Auxin response factor 4 (ARF4)] identified in our study co-localized with their peach orthologs located within the bloom time-related QTLs on LG4b and LG6a, respectively (Romeu et al., 2014). These overlapping candidate genes discovered across the studies and among Prunus species suggested a common transcriptional gene network regulating floral bud break and flowering in Prunus species. On the other hand, our study provided a list of novel blooming time-related candidate genes that were mostly involved in flower development, response to abiotic stimulus, and hormonal responses. Whether these genes confer flowering time variation is worthy of further examinations.

To prioritize functionally important associated genes, we performed transcriptome sequencing on floral bud samples of four developmental phases and identified differentially expressed genes between the adjacent stages in the two P. mume cultivars. By intersecting the GWAS candidates with DEGs, we found a total of 1,693 and 2,159 GWAS-identified genes among the DEG set of cultivars “FZ” and “ST,” respectively. Since the developmental phase of floral bud in the cultivar “FZ” generally precedes that of “ST” about 2–3 weeks, we expected the DEGs with a consistently expressing trend across sampling stages may contribute to the flowering time variation among cultivars. Therefore, we employed the WGCNA analysis to cluster genes into co-expressed gene modules and mapped the associated loci to the co-expressed gene modules. Finally, we screened out 191 blooming time-associated genes within modules of a consistently temporal expression pattern during the blooming progression in two cultivars (Supplementary Table 8). A large number of gene candidates indicated that a complex polygenic regulatory mechanism is required to mediate the sequential floral development and blooming time in P. mume (Penso et al., 2020).

Among the list of candidate genes, Pm006237 (ARF5) and Pm010363 (ARF3) were highly expressed in bursting floral bud and were continuously downregulated until the flower blooms. In Arabidopsis, ARF5 was found to be critical in mediating embryo vascular development, and ARF3 has been reported to control the formation of stamens and anther and affect perianth organ number during early flower development (Zheng et al., 2018; Galstyan and Nemhauser, 2019). These two ARFs are putatively involved in the floral organ development and vascular bundle formation in P. mume. Cytokinin-O-glucosyltransferase 2 (Pm004574, Pm004575, and Pm006589) and cytokinin-N-glucosyltransferase 1 (Pm018857) are the two types of enzymes catalyzing the glucosylation of cytokinins to maintain the cytokinin homeostasis. During the flower opening process, the expression of Pm004575, Pm006589, and Pm018857 peaked during bud breaking and then decreased, indicating that the cytokinin metabolism is possibly required for the ovule formation and gametogenesis during floral bud development (Bartrina et al., 2011). GAs are important phytohormones that regulate seed germination, floral development, and dormancy cycling (Hedden and Sponsel, 2015). The level of GAs was downregulated during the dormancy induction but was induced after chilling to promote dormancy release and bud break in many deciduous tree species (Liu and Sherif, 2019). On the other hand, GA can promote flowering and is essential for stamen and petal development in Arabidopsis (Sun, 2008). In our study, the GA biosynthetic gene GA20OX1 (Pm018083) was constantly upregulated, while GA3OX1 (Pm004966) was first induced during bud breaking but was downregulated when flowers continue to expand and bloom. The differential expression pattern of these two genes indicates that they may play divergent roles during flowering in P. mume. On the other hand, ABA is known to antagonize GAs by promoting the dormancy establishment and delaying bud break in woody tree species (Liu and Sherif, 2019). The expression of ABA biosynthesis gene NCED5 (Pm010425) was significantly decreased during bud breaking, suggesting that the reduced endogenous ABA is required for floral bud flush in P. mume (Li et al., 2018). In general, the strong activation of genes responsive to growth-promoting hormones (auxin, cytokinin, and GA) and the repression of ABA biosynthesis may lead to fast cell expansion and organ growth in floral bud after dormancy release, and further leads to the early flower opening in P. mume.

We also identified a number of chromatin remodeling gene candidates (Supplementary Table 8). For example, CHLOROPLAST VESICULATION (Pm004995) encodes a histone deacetylase-like protein that is induced by senescence and abiotic stresses in Arabidopsis (Wang and Blumwald, 2014). Pm000832, a histone H2A.4 protein, and Pm014341 that is annotated to linker histone H1 and H5 family, are both chromatin structural proteins important for chromatin organization and posttranscriptional gene silencing (Wang et al., 2012). All three genes were downregulated after floral bud exits dormancy and develops into flowers, which may imply the decreased level of chromatin remodeling during flowering. Additional epigenetic regulators include VIM1 that encodes a set of SRA domain methylcytosine-binding proteins (Kakutani et al., 2008), and RCC1 family proteins (Pm006520 and Pm005158). Previous studies have provided evidence of epigenetic mechanisms, including DNA methylation and chromatin modification, in the regulation of seasonal dormancy cycling in perennial trees (RÃos et al., 2014). Considering hybrid aspen, for example, putative histone deacetylases and histone lysin methyltransferase were upregulated during dormancy induction suggesting the repression of some unknown target genes by chromatin compaction, while some histone deacetylases were upregulated upon chilling during dormancy release (Karlberg et al., 2010). In our study, we identified a few chromatin modification regulators that were putatively implicated in regulating floral bud break. However, their specific target genes or genomic regions should be investigated in future studies.

To validate the functional relevance of candidate genes with the blooming time variation, we assessed the expression profiles of 12 genes in four P. mume cultivars. Most genes exhibited highly conserved transcriptional pattern across the four developmental stages among cultivars. For example, three DAM genes (DAM4, DAM5, and DAM6) were all significantly repressed for dormancy release and floral bud flushing. The transcript level of DAM5 and DAM6 particularly decreased in a slower manner in late flowering cultivars than early flowering cultivars until reaching the minimum in blooming flowers. This decreasing pattern of DAM4, DAM5, and DAM6 during bud break was also observed among apricot cultivars of different chilling requirements (Yu et al., 2020). Previously, DAM5 and DAM6 are characterized as the main regulators for the chilling requirement in floral bud and leaf bud (Zhu et al., 2020). Therefore, the transcript level of DAM4–DAM6 possibly reflects the progression of the dormancy release toward flowering among different cultivars in Prunus species (Jiménez et al., 2010; Falavigna et al., 2019). Being an early flowering tree species, P. mume can bloom even under low temperatures in spring (Zhang et al., 2012). It is likely that P. mume requires relatively low chilling units to suppress the expression of DAM5 and DAM6, and to promote bud break, which results in its early blooming feature. DAM3 showed a similar decreasing pattern in early flowering cultivars “FT” and “LY.” However, in late flowering cultivars, DAM3 expression level first decreased during bud break, then significantly increased before blooming and dropped again in blooming flowers. One possible reason for the differential expression profile of DAM3 across cultivars could be the missed sampling time points when DAM3 increased in “FT” and “LY” due to a rapid bud development in early blooming cultivars. A previous study on peach revealed that the expression of DAM3 is downregulated after exposure to cold temperatures, and is recovered to a relatively high level in growing seasons (Li et al., 2009). The potential role of DAM3 in regulating floral bud post-dormancy development requires further explorations (Li et al., 2009).

Additionally, the general expression trend of auxin-responsive SAUR family gene Pm021881, ICE1 (Pm024587), and two GA oxidase genes (Pm018083 and Pm004966) was consistent across four cultivars, indicating their conserved functional role in a certain developmental phase. Furthermore, the expression peak of Pm004575 (cytokinin-O-glucosyltransferase 2), Pm000923 (alpha/beta-Hydrolase superfamily protein), and Pm004353 (Cytochrome P450) occurred ~1 month earlier in cultivars “FT” and “LY” than that of late blooming cultivars “FH” and “SC,” suggesting that the expression level and pattern of these candidate genes may reflect the advanced phenological status of floral buds in early flowering cultivars comparing to late blooming cultivars. These results highlighted the possibility that the genetic differences lead to the differential transcriptional state of a few key regulators and eventually cause the variation in flowering time among the P. mume germplasm collection. The molecular mechanism connecting the genetic variation with transcriptional variation is still unclear. On the other hand, we observed that the expression of these genes is highly correlated with the developmental progression and timing of flowering among different P. mume cultivars. However, we could not directly attribute the flowering time variation to the transcription level or pattern of these genes since some of them may function in other biological processes confounded with flowering progression. In future studies, it will be necessary to examine the casual sequence or structural variation of the candidate genes that possibly lead to the transcriptional differentiation and varying flowering time among the mapping individuals and to develop blooming time-related markers for the rapid selection of new cultivars at the seedling stage.



CONCLUSIONS

In this study, we have investigated the blooming time-related traits in 235 accessions of P. mume for 2 years. A significant correlation among traits and across years revealed the stable and consistent flowering phenology among P. mume accessions. With the marker- and gene-based association analysis, we identified 1,445 genes associated with more than one phenological traits in 2017 and 2019. To screen for functionally relevant candidates, we performed transcriptome sequencing floral buds of two P. mume cultivars and obtained 191 candidate genes with consistently expression profiles during blooming by integrating the co-expression network analysis. Furthermore, we validated the expression profile of these candidates using qRT-PCR analysis and confirmed that their expression is highly correlated with the progression of flowering among cultivars. Our findings provide new insights into the genetic architecture underlying blooming time in P. mume and will facilitate marker-assisted breeding for adapted cultivars to the new climate scenarios.
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Endodormancy Release Can Be Modulated by the GA4-GID1c-DELLA2 Module in Peach Leaf Buds
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Gibberellin (GA) plays a key role in the release of bud dormancy and the GA receptor GID1 (GIBBERELLIN INSENSITIVE DWARF1) and DELLA protein are the GA signaling parts, but the molecular mechanism of GA-GID1-DELLA module regulating leaf bud dormancy in peach (Prunus persica) is still not very clear. In this study, we isolated and characterized the GID1 gene PpGID1c from the peach cultivar “Zhong you No.4.” Overexpressing PpGID1c in Arabidopsis promoted seed germination, which indicated that PpGID1c has an important function in dormancy. The expression level of PpGID1c in peach leaf buds during endodormancy release was higher than that during ecodormancy and was positively correlated with GA4 levels. Our study also found that GA4 had the most obvious effect on promoting the bud break, indicating that GA4 may be the key gibberellin to promoting peach leaf bud endodormancy release. Moreover, a quantitative real-time PCR (qRT-PCR) found that GA4 could increase the expression of the gibberellin signaling gene PpDELLA2. A yeast two-hybrid (Y2H) assay suggested that the PpGID1c interaction with the PpDELLA1 protein was not dependent on gibberellin, while the PpGID1c interaction with PpDELLA2 required GA4 or another gibberellin. These findings suggested that the GA4-GID1c-DELLA2 module regulates peach leaf bud endodormancy release, with this finding significantly enhancing our comprehensive understanding of bud endodormancy release and revealing a new mechanism for regulating leaf bud endodormancy release in peach.
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INTRODUCTION

In temperate and boreal regions, perennial plants have seasonal cycles of growth and dormancy to survive during the winter cold (Tylewicz et al., 2018). Accordingly, a study by Lang (1987) divided the stages of bud dormancy into paradormancy, endodormancy, and ecodormancy. This classification has been widely accepted by researchers in the study of bud dormancy. Paradormancy is the dormancy caused by the structure of the plant itself. It is affected by neighboring organs or tissues, which inhibit the growth of the plant. Endodormancy, also known as internal dormancy, is a dormant phenomenon controlled by its own internal factors. In this stage, only when dormant buds meet a certain low-temperature accumulation can they burst under appropriate conditions. Ecodormancy is a phenomenon in which plants cannot grow due to external environmental factors, such as growth stagnation caused by natural environmental stresses like low temperature and drought (Horvath et al., 2003). The bud dormancy associated with winter is generally called endodormancy (Wang et al., 2015). Bud endodormancy is essential for woody plants to resist the cold environment of winter. Recently, deciduous fruit trees have been incompletely flowering due to global warming and higher temperatures, thereby reducing yields and ultimately affecting the economic returns of fruit farmers. Therefore, understanding the regulatory mechanism of bud endodormancy is important for a better grasp of the flowering and fruiting of agricultural production and the improving of the yield and quality of fruits (Tuan et al., 2017).

Gibberellins are believed to play a key role in regulating bud dormancy. Gibberellin content determines the timing of the endodormancy release of pear buds (Yang et al., 2019). During Japanese apricot bud endodormancy, GA4 treatment can promote bud burst (Zhuang et al., 2015). Gibberellic acid (GA) also regulates plant growth and development, including seed germination and bud dormancy (Ogawa et al., 2003; Zheng et al., 2018b). It is believed that GA plays a key role in the release of dormancy in buds, but the molecular mechanism of gibberellin regulation is undefined. Gibberellic acid signaling consists of three important parts, including GA, the GA receptor GID1 (GIBBERELLIN INSENSITIVE DWARF1), and DELLA protein (Fukazawa et al., 2015). Gibberellin signal transduction responds to a series of signals through the GA-GID1-DELLA pathway (Hirano et al., 2008). The GID1 receptor belongs to the Hormone Sensitive Lipase (HSL) family and contains motifs for HGG and GDSSG which can bind to GA (Gazara et al., 2018). Without GA binding, the N-terminal extension (N-Ex) of GID1 has a flexible structure that is highly sensitive to protease treatment. The binding of GA to the thC-terminal domain of GID1 induces a conformational switch of its N-Ex to cover the GA-binding pocket (like closing the lid). This binding also creates hydrophobic surfaces for DELLA binding and changes the N-terminal domain, which promotes binding to DELLA, and thus inhibits GA signaling (Sun, 2010). The identification of GID1 in rice was the first elucidation of a protein responsive to GA signaling (Ueguchi-Tanaka et al., 2005). There are three GID1 (AtGID1a, AtGID1b, and AtGID1c) genes in Arabidopsis as GA receptors (Nakajima et al., 2006), and GID1b also interacts with DELLAs under low GA levels. A rice GID1 suppressor mutant reveals that GA is not always required for the interaction between its receptor, GID1, and DELLA proteins. This suggests that GA-dependent or GA-independent pathways induce GA stimulation in growth and development (Yamamoto et al., 2010).

According to the phenotype of the gibberellin insensitive dwarf1mutant, the GID1 family genes are likely partially redundant in Arabidopsis (Gallego-Giraldo et al., 2014a). Gibberellin insensitive dwarf1 genes generally control fruit set and fruit growth in Arabidopsis (Gallego-Giraldo et al., 2014b), while GID1a primarily regulates growth and GID1b and GID1c play an important role in Arabidopsis seed development (Gallego-Giraldo et al., 2014a). Gibberellin insensitive dwarf1ac and GID1b play distinct roles in Brassicaceae seed germination (Voegele et al., 2011). The rice GID1 mutant exhibits a dwarf phenotype (Ueguchi-Tanaka et al., 2005). In cucumber (Cucumis sativus), CsGID1a is essential for fruit locule formation (Liu et al., 2016). There are two GID1 genes in peach that are similar to GID1b and GID1c in Arabidopsis (Hollender et al., 2016). The silencing of the GID1c gene in peach results in dwarfing (Hollender et al., 2016; Cantín et al., 2018; Cheng et al., 2019). Moreover, a recent study indicated that the GID1 gene might serve a role in the release of peach vegetative bud dormancy (Hollender et al., 2016).

The peach originated in China and has been cultivated for about 3,000 years (Zheng et al., 2014). Today, peaches (Prunus persica) are widely cultivated and recognized as economically important deciduous fruit across the world (Cao et al., 2016). The production of peaches is dependent on the breakage of bud endodormancy, but the mechanism of endodormancy release in peaches is still unclear. Thus, understanding the mechanism of bud endodormancy is of vital importance to control the breaking of buds. In this study, we aimed to characterize the expression patterns of GA-GID1-DELLA genes in peach bud endormancy. Together, this study will better inform how we can use the mechanisms of peach bud endormancy to regulate peach production and management.



MATERIALS AND METHODS


Plant Materials and Dormancy Treatments

Experiments were conducted at the Shandong Agricultural University from 2018 to 2019. The annual branches of the peach buds of 10-year-old trees (P. persica var. nectarina cv. Zhongyou 4) were used as test materials. Peach bud samples were collected every 15 days or so, immediately frozen in liquid nitrogen (LN), and then stored at −80°C. On December 25, 2018, different types of hormones [GA3, GA4, GA5, abscisic acid (ABA), and FLU: ABA synthesis inhibitor] were used to treat peach branches for 48 h. After 25 days, we observed the burst rates of the peach leaf buds. Gibberellins, FLU, and ABA were purchased from Thermo Fisher (Shanghai, China). The use of hydroponics to determine the burst rates is the most common method to define the endodormancy process (Li et al., 2011). First, we selected robust annual peach branches every 15 days, inserted them into the water, and placed them in a light incubator. The culture conditions were 25°C, light for 16 h, and dark for 8 h with a 200-μmol·m−2·s−1 light intensity treatment. Every 2 to 3 days, the base was cut off, and the bud burst rate was measured after 25 days. When the burst rate reached more than 50%, the endodormancy was considered released (Wang et al., 2015).



RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated from 0.5 g of bud tissue using an RNAprep Pure Plant Kit (Tian Gen, Beijing, China) according to the instructions of the manufacturer. A NanoPhotometer P360 (Implen, Munich, Germany) was used to assess the quality and quantity of the RNA. First-strand cDNA was generated using a HiScript Q RT SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing, China) according to the instructions of the manufacturer. The product was used either immediately in the next reaction or stored at −20°C. Quantitative real-time PCR (qRT-PCR) was performed using SYBR Premix Ex Taq (Takara) on a CFX96 real-time PCR detection system (Bio-Rad). The PpUBQ gene was used as the internal control (Supplementary 1). Three biological replicates were used for each analysis. The PCR protocol was as follows: pre-denaturation at 95°C for 2 min, 40 cycles at 95°C for 15 s, 60°C for 30 s, and 72°Cfor 40 s. When the reaction was complete, we proceeded to the dissociation curve reaction. The 2−ΔΔCT method was used to estimate the relative expression level (Livak and Schmittgen, 2001). The Statistical Analysis GraphPad Prism software (GraphPad Software Inc., San Diego, CA, USA) was used to construct charts. The statistical analysis was performed using the IBM SPSS Statistics 19 software (IBM Corporation, New York, USA) to analyze the significance of the differences among data, with a significance level of p < 0.05 under Duncan's test.



Gene Isolation and Bioinformatic Analysis

Based on the previous results, there were two gibberellin insensitive dwarf1 genes identified in the peach genome. Prupe.6G332800 (Ppa018174) was referred to as PpGID1c in peaches, which shared 95.3% similarity with AtGID1c (Hollender et al., 2016). The structure of the PpGID1 genes was analyzed using TBtools (Chen C. et al., 2018). According to previous research reports, GID1 protein sequences from a total of eight species were obtained, and all protein sequences were downloaded from the TAIR (http://arabidopsis.org/), Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html), and RGAP websites (http://rice.plantbiology.msu.edu/index.shtml). The sequence alignment was performed using the DNAMAN software (Lynnon Biosoft, Foster City, CA, USA). The phylogenetic tree was built with MEGA6 by employing the neighbor-joining method (Tamura et al., 2013).



Liquid Chromatography-Tandem Mass Spectrometry

Extraction steps: Grind the peach bud sample in LN until it is crushed, accurately weigh all the samples into a test tube, add 10 ml of acetonitrile solution add 2 μl of internal standard mother liquor, extract overnight at 4°C, centrifuge at 12,000 g for 5 min, and take the supernatant. Then, add five times the volume of acetonitrile solution to the precipitate again, extract two times, and combine the supernatants. Afterward, add 35 mg of C18 filler, shake vigorously for 30 s, centrifuge at 10,000 g for 5 min, and take the supernatant. Blow-dry with N and reconstitute with 200 μl of methanol dissolve, pass through a 0.22-μm organic phase filter membrane, and put it in a refrigerator at −20°C to be tested on the machine.

Liquid phase conditions: column: poroshell 120 SB-C18 reversed-phase chromatography (2.1 × 150, 2.7 um); column temperature: 30°C; mobile phase: A:B = (methanol/0.1% formic acid) (water/0.1% formic acid); injection volume: 2 μl; mass spectrometry parameters: ionization mode: electrospray ionization (ESI) positive and negative ion mode monitoring separately; scan type: multiple reaction monitoring (MRM); curtain gas: 15 psi; spray voltage: +4,500 V, −4,000 V; atomizing gas pressure: 65 psi; auxiliary gas pressure: 70 psi; atomization temperature: 400°C. Selected reaction monitoring conditions for deprotonated GA4 [(M-H)-]: substance name: GA4; parent ion: 331.1 (m/z); product ion: 243.2*/213.1(m/z); declustering voltage: −131 (V); collision energy: −24/−39 (V).



Construction of the PpGID1c Overexpression Vector and Plant Transformation

We cloned the full-length Open Reading Frame sequence of PpGID1c (Supplementary 2). A homologous recombination technique (Puchta, 2002) was used to connect it to the PRI-GFP (35S: GFP) vector. The expression vector was then transformed into Agrobacterium tumefaciens strain GV3101, while selected monoclonal Agrobacterium colonies were used to screen for positive clones by PCR. Transgenic Arabidopsis seeds were obtained by the floral dip method (Clough and Bent, 2010). The harvested seeds were screened with 50 mg·L−1 of kanamycin (Kan). Resistant seedlings grew normally without chlorosis, while we used PCR to screen positive plants. We selected plants with high target gene expression in Arabidopsis as candidates in the T1 generation, while T2 generation seeds were segregated for further selection. Seeds that did not appear to segregate in the T3 generation were selected as homozygous strains; after qRT-PCR identification, at least three high expression homozygous strains were obtained, which were named PpGID1c-ox1, PpGID1c-ox3, and PpGID1c-ox5, and the phenotypes were observed and recorded.



Yeast Two-Hybrid Assay

The CDS (coding sequence) sequences of the PpGID1c, PpDELLA1, and PpDELLA2 genes were ligated to the pGBKT7 and pGADT7 plasmid backbones by homologous recombination technology, respectively, to generate the BD-PpGID1c, AD-PpDELLA1, and AD-PpDELLA2 fusion plasmid vectors (restriction enzyme sites: NdeI and EcoRI). Co-transform Yeast Two-Hybrid yeast competent cells with different combinations were spread on SD/-Leu/-Trp medium (synthetic defined minimal medium without leucine and tryptophan), inverted at 30°C for 2–3 days, had positive clones picked then verified by PCR and diluted to an Optical Density equal to about 0.02, and then inoculated to SD/-Ade/-His/-Leu/-Trp (synthetic defined minimal medium without adenine, histidine, leucine and tryptophan) solid culture plates for interaction detection between PpGID1c and PpDELLA.




RESULTS


Isolation and Characterization of PpGID1

To further explore the function of the peach gibberellin insensitive dwarf1 gene, a BLAST comparison analysis of the GID1 protein sequence in Arabidopsis was performed, which revealed two similar GID1 genes in the peach gene database. Based on the similarity to the GID1 protein sequence in Arabidopsis, we named Prupe.6G332800 and Prupe.8G249800 as PpGID1c and PpGID1b, respectively (Supplementary 3). PpGID1c consists of a 2,698-bp genomic region and encodes 344 amino acids. A gene structure analysis found that both the PpGID1b and PpGID1c genes contain two exons and one intron (Figure 1A). Sequence alignments were carried out with the GID1 genes between peach and Arabidopsis. The PpGID1 protein had high similarity with other Arabidopsis GID1 proteins, and it also has conserved HGG and GDSSG domains. This conserved domain is the key site for gibberellin receptors to sense gibberellin (Figure 1B). MEME (http://meme.nbcr.net/meme/cgi-bin/meme.cgi) and Pfam (http://pfam.sanger.ac.uk/) were used to analyze the conservative structure of PpGID1, which found that PpGID1c and PpGID1b had similar motif gene structures, indicating that the GID1 gene is highly conserved in peaches (Figure 1C). To analyze the phylogenetic relationship among the GID1 genes, we collected GID1 genes from eight species according to a study by Yoshida et al. (2018) (Supplementary 4). Phylogenetic analysis also revealed the evolutionary relationship of GID1 homologs in different species and that the peach GID1c is highly similar to the apple GID1 protein, which all belong to the Rosaceae species (Figure 1D).
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FIGURE 1. Structure and protein sequence analyses of PpGID1b and PpGID1c. (A) PpGID1b and PpGID1c gene structure. The yellow parts indicate exons, the green parts indicate the CDS sequences, and the lines indicate introns. (B) Alignment of the amino acid sequences of PpGID1b and PpGID1c with AtGID1a, AtGID1b, and AtGID1c. The red boxes are marked with HGG and GDSSG domains. (C) Analysis of PpGID1 conserved elements. (D) Phylogenetic tree of gibberellin insensitive dwarf1 (GID1) proteins from different species. Prunus persica: Prupe.8G249800 (PpGID1b), Prupe.6G332800 (PpGID1c). Populus trichocarpa: Potri.005G040600 (PtGID1a-1), Potri.013G028700-(PtGID1a-2), Potri.002G213100 (PtGID1b-1), Potri.014G135900 (PtGID1b-2). Vitis vinifera: GSVIVG01022014001 (VvGID1a), GSVIVG01011037001 (VvGID1b). Arabidopsis thaliana: AT3G05120 (AtGID1a), AT3G63010(AtGID1b), AT5G27320 (AtGID1c). Solanum lycopersicum: Solyc01g098390 (SlGID1a), Solyc06g008870 (SlGID1b-1), Solyc09g074270 (SlGID1b-2). Oryza sativa: LOC_Os05g33730 (OsGID1). Zeamays: GRMZM2G173630_T01 (ZmGID1-1), GRMZM2G016605_T02 (ZmGID1-2). Malusdomestica: MDP0000319301(MdGID1a-1), MDP0000445131 (MdGID1a-2), MDP0000319522 (MdGID1b-1), MDP0000929994(MdGID1b-2). PpGID1b and PpGID1c are marked with red dots.




GA4 Levels and the Expression of PpGID1 During Peach Leaf bud Dormancy

To determine whether the expression of PpGID1 is related to peach leaf bud endodormancy, we first defined the dormancy status of the peach leaf buds from 2018 to 2019 (Supplementary 5). As shown in Figure 2A, from October 15 to December 1, the peach leaf buds did not burst after 25 days of in vitro culture and were in endodormancy. From December 1, the peach leaf buds began to burst. On December 25, the leaf bud burst rate was 25.7%, which was still lower than 50%, indicating that the buds were still in endodormancy. Thus, it was in endodormancy from October 15 to December 1, with the endodormancy transition occurring from December 1 to 25. This transition stage is a critical period for relieving endodormancy. The burst rate of leaf buds exceeded 50% from January 9 to 24 of the following year. The main factor limiting leaf budburst at this stage was the low outer temperature, which was the period of ecodormancy.
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FIGURE 2. Determination of dormancy progress, GA4 levels, and the expression of PpGID1. (A) Bud-break percentage of the Zhongyou 4 variety from October 15, 2018, to January 24, 2019. Annual shoots were collected from peach trees in the field on the dates indicated and placed in water for 25 d before assessment. Shoots with <50% bud-break were considered dormant, and the values are means of 20 shoots. (B) GA4 levels in leaf bud determined by liquid chromatography-tandem mass spectrometry (LC-MS/MS). (C) Relative expression of PpGID1b and PpGID1c during peach leaf bud dormancy. Data are means (± SD) of the three biological replicates, and expression is relative to that of PpUBQ. Different letters indicate significant differences between means as determined by an ANOVA followed by Duncan's multiple range test (P < 0.05).


Next, we determined GA4 levels and the PpGID1 expression pattern during peach leaf bud dormancy (supplementaries 6–8). As shown in Figure 2B, throughout the dormant period, the GA4 content of the peach leaf buds showed the tendency to increase first before decreasing, which reached the highest on December 1st. The GA4 content of the endodormancy release period was significantly higher than that in the ecodormancy period, which was similar to observations in poplar (Karlberg et al., 2010; Rinne et al., 2011). In addition, the expression level of PpGID1b and PpGID1c during ecodormancy was significantly lower than endodormancy. Furthermore, during the period of endodormancy release (December 1st to 25th), the expression of PpGID1c was positively correlated with changes in GA4 levels (Supplementary 9), suggesting that PpGID1c may have a promoting effect on the endodormancy release of peach leaf bud (Figure 2C).



Heterologous Overexpression of PpGID1c in Arabidopsis

Due to the difficulty in obtaining transgenic peach plants, to gain further insight into the function of PpGID1c, the 35S::PpGID1c fusion plasmid was heterologously transformed into Arabidopsis. The transgenic Arabidopsis lines were identified by PCR and qRT-PCR (Figures 3A,B). To elucidate the roles of PpGID1c in endodormancy, the homozygous Arabidopsis seeds were plated on an MS medium and the germination rate of PpGID1c and Col-0 seeds was observed. Compared with Col-0, PpGID1c transgenic seeds showed a higher germination rate on day 1 and all were germinated on day 2 (Figure 3C). When GA biosynthesis inhibitor PAC was added to the MS medium, the Col-0 seeds could not germinate, but PpGID1c transgenic Arabidopsis seeds could relieve this inhibition, which showed the phenomenon of promoting seed germination (Figure 3D). It can be seen that PpGID1c transgenic Arabidopsis can receive a stronger GA signal, which is beneficial to the promotion of seed germination.
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FIGURE 3. PpGID1c transgenic Arabidopsis line overexpression identification. (A) PCR identification of T3 generation positive transgenic lines. (B) Quantitative real-time PCR (qRT-PCR) identification of T3 generation positive transgenic lines. (C) Determination of germination rate of Col-0 and PpGID1c transgenic Arabidopsis in an MS medium. (D) Determination of the germination rates of Col-0 and PpGID1c transgenic Arabidopsis seeds in MS + PAC. (E) Phenotyping of rosette leaves and flowering in Col-0 and PpGID1c transgenic Arabidopsis.


Next, we observed the effect of PpGID1c overexpression on the growth and development of Arabidopsis. As shown in Figure 3E, the PpGID1c-overexpression Arabidopsis rosette leaves became longer and wider, with the growth vigor being obviously stronger than Col-0. As the plant grew, the PpGID1c-overexpression Arabidopsis height became higher compared with Col-0, while the number of inflorescences and branches increased significantly. It also bloomed earlier (Figure 3E).

In summary, the PpGID1c promotes Arabidopsis seed germination and growth, suggesting that the PpGID1c may have the effect of accelerating the release of endodormancy.



Effects of Exogenous Hormones on the Release of Endodormancy in Peach Leaf Buds

Phytohormones play an important role in the dormancy–growth cycle (Horvath et al., 2003; Ruttink et al., 2007). Among them, ABA and GA are the two most important hormones that antagonistically regulate bud endodormancy induction, maintenance, and release (Wang et al., 2015). A high level of endogenous ABA is the primary factor in maintaining bud endodormancy (Zheng et al., 2018a), while GA is responsible for endodormancy release (Zhuang et al., 2013). To analyze the effects of different hormones on peach leaf buds during endodormancy, we used a water treatment as CK, while different types of hormones were used to treat the annual peach branches (Figure 4A). The break rate of the peach leaf buds cultured in water was 25.6%, which was <50%, indicating that it was still in endodormancy. The application of GA could make the break rate reach more than 50%, indicating that GA can promote the release of endodormancy. It also indicated that GA4 treatment had the most obvious effect on promoting the bud break, indicating that GA4 may be the key gibberellin in promoting the release of peach leaf bud endodormancy (Figure 4B). In addition, ABA could significantly inhibit the bud break of peach leaf buds. Under treatment with fluridone, an ABA biosynthesis inhibitor promoted the endodormancy release in peach leaf buds, suggesting that ABA plays a crucial role in endodormancy maintenance, which is consistent with studies on poplar (Azeez et al., 2021).
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FIGURE 4. Effects of different hormone treatments on the burst of peach leaf buds. (A) Effects of different hormone treatments (GA3, GA4, GA5, ABA, and FLU) on the burst of leaf buds. (B) Calculation of peach leaf buds breaks rate. (C) Effects of GA4 and ABA treatments on GA and ABA signaling pathway gene expression.


The dynamic changes in gibberellin and abscisic acid synthesis and decomposition jointly regulate the process of plant dormancy. As the GA4 and ABA treatments had significant effects on peach leaf bud breakage, we further explored the expression of gibberellin signaling- and ABA metabolism pathway-related genes (Supplementary 10). DELLA family proteins play a key role in plant GA signal transmission (Zheng et al., 2015). CYP707A family genes are the coding genes of ABA 8'-hydroxylase, while 9-cis-epoxy carotenoid dioxygenase (NCED) is the key rate-limiting enzyme for ABA biosynthesis in plants; they are the key genes in the process of ABA synthesis and catabolism and have been shown to be involved in peach bud endodormancy (Li et al., 2018). As shown in Figure 4C, the PpDELLAs showed opposite expression patterns during the GA4 and ABA treatment. GA4 treatment promoted the expression of PpDELLAs and PpNCED1. Abscisic acid treatment downregulated the expression of PpDELLAs and upregulated the expression of PpCYP707A1/2. It is worth noting that the PpDELLA1 expression trend was consistent with CK after 48 h of GA4 treatment. However, not only did the expression of PpDELLA2 not decrease but it increased significantly. These results indicate that GA4 mainly affects the expression of PpDELLA2 and then promotes endodormancy release in peach leaf buds, although this is unreported.



The Interaction Between PpGID1c and PpDELLAs

Two DELLA proteins were identified in the peach genome, which all contain the DELLA and GRAS domains. We named them PpDELLA1 and PpDELLA2. Next, we tested whether the PpGID1c interaction with PpDELLA proteins requires gibberellin. We first tested whether there was an autoactivation of PpGID1c. As shown in Figure 5A, PpGID1c-BD and AD empty vectors can grow normally on SD/-L/-T solid medium but cannot grow on SD/-A/-H/-L/-T solid medium, indicating there was no autoactivation of PpGID1c. Then, we performed an interaction detection with different combinations. Regardless of the presence of GA, PpGID1c-BD and PpDELLA1-AD can grow normally on SD/-A/-H/-L/-T solid medium. In contrast, PpGID1c-BD and PpDELLA2-AD cannot grow on SD/-A/-H/-L/-T solid medium without GA. However, when GA3 or GA4 is present, PpGID1c can interact with PpDELLA2 and grow normally. It is worth noting that the SD/-A/-H/-L/-T solid medium added with GA4, the yeast with the combination of PpGID1c-BD and PpDELLA2-AD, had the best growth rate and morphology in the first 48 h (Figure 5B). These results indicate that the GA4-PpGID1c-PpDELLA2 model plays an important role in the endodormancy release period of peach leaf buds.
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FIGURE 5. Interaction between PpGID1c and PpDELLA1/2. (A) The Y2H-Gold yeast strain was co-transformed with the bait and prey to SD/-Leu/-Trp and SD/-Leu/-Trp/-His/-Ade/GA medium. Yeast cells transformed with AD + BD-PpGID1c were included as negative controls. (B) Co-transformed the PpGID1c-BD and PpDELLA2-AD yeast strain in the first 48 h of SD/-Leu/-Trp/-His/-Ade/GA medium.





DISCUSSION

The seasonal dormancy in deciduous fruit trees is a complex physiological state that is regulated by many plant hormones and genes (Cooke et al., 2012). Gibberellic acid is known to be particularly important in controlling dormancy (Zhuang et al., 2013; Wen et al., 2016). A study by debeaujoni (2000) reported that GA-deficient Arabidopsis mutants have increased dormancy and require exogenous GA to germinate, with the removal of the seed coat possibly relieving this need because the seed coat germination barrier and the embryo dormancy caused by ABA need GA to overcome. Gibberellic acid can also improve bud breakage depending on the status of bud dormancy (Zheng et al., 2018a). A previous study in peach found that different GA can promote the breakage of floral bud dormancy (Reinoso et al., 2002). Moreover, GA3 and GA4 play different roles in Populus, as GA4 can induced bud breakage while GA3 cannot (Rinne et al., 2011). In this study, the different GA that we tested all could promoted leaf bud endodormancy release during the treatments. We also found that, compared with other GA treatments, GA3 treatment will cause the severe shedding of peach leaf buds, with the unshed leaf buds becoming <50% (Figure 4). Gibberelic acid4 treatment has a significant effect on promoting the burst of leaf buds in the endodormancy period of peaches. In addition, the GA4 content of peach leaf buds during the endodormancy release period was significantly higher than in the ecodormancy period. The content of GA4 was also positively correlated with the expression of PpGID1c (Supplementary 9), which leads us to believe that GA4 is the key gibberellin to promote the release of endodormancy.

Previous studies have found that PpGID1 may be related to peach bud burst (Hollender et al., 2016) and that the GID1 gene has the function of promoting the release of Arabidopsis seed dormancy (Amber et al., 2015). The ectopic expression of the Pinus tabulaeformis GID1 gene in Arabidopsis can promote the germination of seeds (Du et al., 2017). In rice, the overexpression of OsGID1-enhanced seed germination and plant growth and development; it also exhibited a GA-overdose phenotype (Chen L. et al., 2018). The overexpression of the GID1c of P. salicina can partially compensate for the dwarf phenotype of the Arabidopsis gid1a-gid1c double mutant (El-Sharkawy et al., 2014). The Arabidopsis gid1b-gid1c double mutant seeds show a phenotype of enhanced dormancy or a failure to germinate (Voegele et al., 2011). In this study, we also found that the PpGID1c-overexpression was observed to promote Arabidopsis seed germination (Figure 3C), and can relieve the inhibition of PAC compared with Col-0 seeds (Figure 3D). As the plant grows, PpGID1c-overexpressing promoted Arabidopsis growth and flowering (Figure 3E), suggesting that the GID1c gene might be functionally conserved. Moreover, the expression of PpGID1c was upregulated during endodormancy and lowered during ecodormancy (Figure 2C). Thus, we further analyzed the Pearson correlation between the content of GA4 and the relative expression of PpGID1c during endodormancy, endodormancy release, and ecodormancy (Supplemental 12), which indicated that they all had a consistent trend of change in the corresponding period, showing a significant correlation (p < 0.05). All results indicated that PpGID1c has a pivotal role in the release of endodormancy in peach leaf buds.

A study by Silverstone et al. (1998) reported five DELLA genes (RGA, GAI, RGL1, RGL2, and RGL) in Arabidopsis. The DELLA proteins are master components of GA signaling, are repressors of plant growth, and are degraded after binding to GAs (Sun, 2010). Gibberellin stimulates seed germination, stem elongation, and flowering by negatively regulating the DELLA repressors of GA responses (Hauvermale et al., 2012). The overexpression of PmRGL2 in poplar delayed the onset of bud dormancy and resulted in dwarf plants relative to wild-type trees.

The DELLA-dependent feedback regulation of GA biosynthesis has been verified in many GA-sensitive and -insensitive mutants (McGinnis et al., 2003; Dill et al., 2004). The gid1 mutant in rice and Arabidopsis showed excessive amounts of DELLA proteins and significantly higher concentrations of endogenous GAs compared with wild-type plants (Ueguchi-Tanaka et al., 2005; Griffiths et al., 2006). For example, GA-insensitive Arabidopsis mutants, for example, and the gain-of-function DELLA-mutants such as gai showed impaired germination (Willige et al., 2007). By contrast, loss-of-function DELLA-mutants such as gai-t6 showed enhanced germination (Kucera et al., 2005). In this study, GA4 treatment significantly increased the expression of the GA signaling pathway gene PpDELLA2. The Y2H assay showed that the interaction between PpGID1c and PpDELLA1 does not depend on GA signal, but the interaction between PpGID1c and PpDELLA2 requires a GA4 signal (Figure 5).

Bud endodormancy is a complex physiological process that is indispensable for the survival, growth, and development of deciduous perennial plants. The timely release of endodormancy is essential for the flowering and fruit production of deciduous fruit trees (Yang et al., 2021). It has been shown that GA4 can directly promote the endodormancy release of pear buds (Yang et al., 2019). During endodormancy release, GA4 binds to the GID1 receptor, while DELLA binding further stabilizes the GA4-GID1-DELLA complex. The complex weakens the inhibitory effect of the DELLA protein on plant growth (Du et al., 2017) where there is an accumulation of the GA4-GID1-DELLA complex, which induces the biosynthesis of GA4. When GA4 levels are high, GA4 subsequently mediates the expression of GID1b, GID1c, and DELLA and further regulates the release of endodormancy (Middleton et al., 2012). In short, our research showed that GA4 plays a key role in the endodormancy release of peach leaf buds and also provided new insights into the mechanism of action of the GA4-GID1c-DELLA2 pathway model in peach leaf bud endodormancy (Figure 6). A better understanding of the mechanism of endodormancy will be of great help in the artificial regulation of endodormancy to cope with climate change and in creating new cultivars with different chilling requirements.


[image: Figure 6]
FIGURE 6. A simple model representing the role of GA4-PpGID1c-PpDELLA2 in the regulation of peach leaf bud endodormancy release.
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Aquaporins (AQPs) are essential channel proteins that play a major role in plant growth and development, regulate plant water homeostasis, and transport uncharged solutes across biological membranes. In this study, 33 AQP genes were systematically identified from the kernel-using apricot (Prunus armeniaca L.) genome and divided into five subfamilies based on phylogenetic analyses. A total of 14 collinear blocks containing AQP genes between P. armeniaca and Arabidopsis thaliana were identified by synteny analysis, and 30 collinear blocks were identified between P. armeniaca and P. persica. Gene structure and conserved functional motif analyses indicated that the PaAQPs exhibit a conserved exon-intron pattern and that conserved motifs are present within members of each subfamily. Physiological mechanism prediction based on the aromatic/arginine selectivity filter, Froger’s positions, and three-dimensional (3D) protein model construction revealed marked differences in substrate specificity between the members of the five subfamilies of PaAQPs. Promoter analysis of the PaAQP genes for conserved regulatory elements suggested a greater abundance of cis-elements involved in light, hormone, and stress responses, which may reflect the differences in expression patterns of PaAQPs and their various functions associated with plant development and abiotic stress responses. Gene expression patterns of PaAQPs showed that PaPIP1-3, PaPIP2-1, and PaTIP1-1 were highly expressed in flower buds during the dormancy and sprouting stages of P. armeniaca. A PaAQP coexpression network showed that PaAQPs were coexpressed with 14 cold resistance genes and with 16 cold stress-associated genes. The expression pattern of 70% of the PaAQPs coexpressed with cold stress resistance genes was consistent with the four periods [Physiological dormancy (PD), ecological dormancy (ED), sprouting period (SP), and germination stage (GS)] of flower buds of P. armeniaca. Detection of the transient expression of GFP-tagged PaPIP1-1, PaPIP2-3, PaSIP1-3, PaXIP1-2, PaNIP6-1, and PaTIP1-1 revealed that the fusion proteins localized to the plasma membrane. Predictions of an A. thaliana ortholog-based protein–protein interaction network indicated that PaAQP proteins had complex relationships with the cold tolerance pathway, PaNIP6-1 could interact with WRKY6, PaTIP1-1 could interact with TSPO, and PaPIP2-1 could interact with ATHATPLC1G. Interestingly, overexpression of PaPIP1-3 and PaTIP1-1 increased the cold tolerance of and protein accumulation in yeast. Compared with wild-type plants, PaPIP1-3- and PaTIP1-1-overexpressing (OE) Arabidopsis plants exhibited greater tolerance to cold stress, as evidenced by better growth and greater antioxidative enzyme activities. Overall, our study provides insights into the interaction networks, expression patterns, and functional analysis of PaAQP genes in P. armeniaca L. and contributes to the further functional characterization of PaAQPs.

Keywords: cold resistance, functional analysis, genome-wide analysis, aquaporin gene, kernel-using apricot (P. armeniaca L.)


INTRODUCTION

Aquaporins (AQPs) are involved in water transport and facilitate the passage of other small solutes, such as CO2, boric acid, H2O2, glycerol, urea, and silicic acid, through cell membranes (Maurel et al., 2008, 2009). In plants, AQPs play a central role in maintaining the hydraulic conductivity balance and water homeostasis and are involved in the tolerance of abiotic stresses such as cold, drought, or salt stresses. In addition, the roles of AQPs in various growth processes, such as fruit ripening, petal and stomatal regulation, male fertility, seed germination, petal movement, and guard cell closure, have been documented (Heinen and Chaumont, 2009; Mitani-Ueno et al., 2011).

According to the cluster analysis of gene members, AQPs can be classified into seven subfamilies: small basic intrinsic proteins (SIPs), tonoplast intrinsic proteins (TIPs), plasma membrane intrinsic proteins (PIPs), uncategorized X intrinsic proteins (XIPs), nodulin26-like intrinsic proteins (NIPs), hybrid intrinsic proteins (HIPs), and GlpF-like intrinsic proteins (GIPs) (Chaumont et al., 2001; Kaldenhoff and Fischer, 2006; Maurel et al., 2015). Plant AQPs usually include four subfamilies: TIPs, PIPs, SIPs, and NIPs (Anderberg et al., 2012). Although XIP subfamily members are found in some dicots, such as common bean (Ariani and Gepts, 2015), poplar (Gupta and Sankararamakrishnan, 2009), potato (Venkatesh et al., 2013), and Glycine max (Cheng et al., 2013), they have not been found in monocots or certain dicots, such as Arabidopsis thaliana (Danielson and Johanson, 2008). GIP and HIP subfamily members have been reported in Physcomitrella (Danielson and Johanson, 2008) and Selaginella (Anderberg et al., 2012).

Recent studies have shown that AQP families are composed of a large number of genes in plants. For instance, there are 34 AQPs in Oryza sativa (Nguyen et al., 2013), 53 in Chinese cabbage (Tao et al., 2014), 66 in Glycine max (Zhang et al., 2013), 35 in A. thaliana (Johanson et al., 2001), 41 in common bean (Ariani and Gepts, 2015), 55 in Populus trichocarpa (Gupta and Sankararamakrishnan, 2009), and 31 in Zea mays (Chaumont et al., 2001). The structural features of AQPs are highly conserved and involve an α-helical bundle forming six transmembrane domains (TM1-TM6), which are connected by five loops (LA-LE). Two conserved Asn-Pro-Ala (NPA) motifs are located in loop B (LB) and loop E (LE) and are involved in transport selectivity (Bansal and Sankararamakrishnan, 2007; Kayum et al., 2017). The ar/R selectivity filter is formed by each residue from TM2 (H2), TM5 (H5), and two residues from LE (LE1 and LE2) and determines the substrate specificity (Hove and Bhave, 2011; Mitani-Ueno et al., 2011). Froger positions P1-P5 represent five conserved amino acid residues and discriminate between glycerol-transporting AQPs (aquaglyceroporins, GLPs) and water-conducting AQPs (Froger et al., 1998). NPA motifs, aromatic/arginine (ar/R) selectivity, and Froger’s position are crucial for the physiological functions of AQPs.

Kernel-using apricot (P. armeniaca L., syn. Armeniaca vulgaris Lam., also considered by some researchers to be P. armeniaca L. × P. sibirica L.) is an economically and ecologically important forest tree species in the three northern regions of China (northwestern China, northern China, and northeastern China). Because of its broad adaptability, strong resistance to drought, and easy management, it is one of the pioneer tree species used for ecological construction in mountainous areas and sandy lands, especially in western China. It is one of the six major nut-producing species in the world and is an important species for the production of woody oil and protein beverages. It can also contribute to the economies of poverty-stricken mountainous areas in China. The first high-quality apricot plant (Chuanzhihong) genome has been sequenced and released, laying a foundation for research on the molecular mechanisms underlying important agronomic characteristics of apricot (Jiang et al., 2019). Owing to its short dormancy period and early flowering period, kernel-using apricot (P. armeniaca L.) easily suffers from late frost damage, resulting in yield reduction or even no production. An effective strategy to solve the problem of a low and unstable yield of kernel-using apricot is to mine key genes related to flower bud dormancy and cold resistance, determine gene expression patterns during dormancy and sprouting periods (SPs), elucidate possible functional mechanisms and determine how the flowering period can be artificially manipulated.

Physiological dormancy (PD) (which is generally called endodormancy) is defined as the stage in which buds cannot burst even under optimal environmental conditions, while ecological dormancy (ED) (which is generally called ecodormancy) is the stage in which buds cannot burst because of lacking environmental factors (especially the temperature requirement accumulation for flower buds in ED periods is not enough). Endodormant buds, which cannot burst under preferred conditions due to internal physiological factors (such as embryos that are not mature physiologically, have a hard seed coat with poor permeability, or contain substances inhibiting germination) (Mitrakos and Diamantoglou, 2006; Gao et al., 2020), transition into the ecodormant (ecologically dormant) stage and acquire bud break capacity after exposure to a certain period of low temperature. When external environmental conditions (the temperature requirement accumulation for flower buds in ecologically dormant periods is enough) (Mazzitelli et al., 2007; Rohde and Bhalerao, 2007) are satisfied, the flower buds enter the SP and germination stage (GS), showing growth signs and sprouting, after which they can fully develop.

Cold stress can cause chilling injury in late spring, which obviously limits plant development and influences fruit yield in economic forests. Previous studies have shown that AQP family members play vital roles in different dormancy periods and lead to freezing tolerance and cold acclimation. For example, in A. thaliana, the expression of AtPIP2-5 and AtPIP2-6 is significantly upregulated by cold stress in roots and other parts of the plant (Alexandersson et al., 2010). The expression of rice OsTIP1-1 is downregulated under cold stress conditions (Sakurai et al., 2005) but upregulated in response to water and salinity stress (Liu et al., 1994). Transgenic studies on AQPs have been conducted to examine their responses to abiotic stresses such as cold, drought, and salinity. A. thaliana plants overexpressing AtPIP1;4 or AtPIP2-5 exhibit greater tolerance to cold stress (Afzal et al., 2016). Compared with wild-type tobacco plants, transgenic tobacco plants overexpressing the wheat TaAQP7 (PIP2) gene display improved cold tolerance (Zhou et al., 2012). Overexpression of MusaPIP1-2 in transgenic banana plants enhances tolerance to cold and drought conditions (Shekhawat and Ganapathi, 2013). Although AQPs have been extensively studied in both dicots and monocots through genome-wide and functional analyses (Nguyen et al., 2013), our knowledge of AQPs in P. armeniaca is still limited, and the expression profile of AQP members in flower buds in the different dormancy and sprouting stages is largely unknown in this species.

In this study, the genome sequence of P. armeniaca (Longwangmao) and the sequences of known AQPs from other species (such as A. thaliana and Prunus persica) were used to identify the genes encoding AQP members. The phylogenetic relationships, chromosome distribution, conserved residues and elements, protein–protein interactions, and expression patterns of AQPs were investigated to identify their functions in cold stress in kernel-using apricot. These results provide valuable information for further studies on the molecular mechanism of AQPs, which will facilitate the selection of candidate genes for cold tolerance improvement through genetic engineering in kernel-using apricot.



MATERIALS AND METHODS


Identification of Aquaporin Family Members in P. armeniaca

The predicted peptide sequences of AQP members were acquired from the genome database (unpublished) of kernel-using apricot (P. armeniaca L.), also known as Longwangmao (Chinese Pinyin name), to construct a local protein database. BLASTP searches were performed using AQP protein sequences of A. thaliana and poplar (Table 1) as queries in The Arabidopsis Information Resource (TAIR)1 and the Phytozome database (release version 12.02) as previously described (Gupta and Sankararamakrishnan, 2009; Zhang et al., 2013), with an E-value of 1e–10 and a minimum amino acid identity of 50%. The hidden Markov model (HMM) data of the MIP domain (PF00230) were downloaded from the Sanger database3. The PF00230 sequence information was then used to query the P. armeniaca protein database via HMMER 3.0 software4 with default parameters. Thereafter, the predicted AQP protein sequences were submitted to the National Center for Biotechnology Information (NCBI) Conserved Domain Database (CDD)5 (Marchler-Bauer et al., 2002, 2015) and SMART (Simple Modular Architecture Research Tool6) (Letunic et al., 2012) to confirm the presence and completeness of the MIP domain, with an E-value threshold of 1e–2.


TABLE 1. The PaAQP gene family identified in P. armeniaca.
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Sequence Alignments and Phylogenetic and Synthetic Analyses

The PaAQP sequences were aligned with those of AtAQPs from A. thaliana7 (Johanson et al., 2001) and those of PpeAQPs from P. persica (Deshmukh et al., 2015) via the ClustalW program8 (Thompson et al., 1994). A phylogenetic tree was constructed by Molecular Evolutionary Genetics Analysis (MEGA) software 7.0 (Kumar et al., 2016; Qu et al., 2018) with the maximum likelihood method and 1,000 bootstrap resamplings. PaAQPs were named and confirmed by sequence homology and phylogenetic analyses. The syntenic relationships between the P. armeniaca, A. thaliana, and P. persica genomes were constructed by MCScan (Tang et al., 2008a,b, 2009) following the protocol for the Plant Genome Duplication Database (Lee et al., 2012). To identify the syntenic regions among P. armeniaca, initially, potential homologous gene pairs were detected using the BLASTP algorithm (E < 1e–5, top five matches) between every two genomes. Second, the BLASTP results and the gene location information were input into MCScanX software (Wang et al., 2012b). P. armeniaca whole genome/segmental and tandem duplications were subsequently identified. All syntenic relationship and gene location data were presented using TBtools software (Chen et al., 2018).



Structural Features of Putative PaAQPs

The molecular weight (Mw), isoelectric point (pI), and grand average of hydropathy (GRAVY) values were predicted via the ExPASy database (Swiss Institute of Bioinformatics, Lausanne, Switzerland) and ProtParam tool9 (Gasteiger et al., 2003). Transmembrane helical domains (TMHs) were assessed via TMHMM Sever 2.010 (Kong et al., 2017). The subcellular localization of the proteins was predicted using WoLF PSORT11 (Horton et al., 2007) and PlantmPLoc12 (Chou and Shen, 2010). Functional prediction was performed on the basis of two NPA motifs, the ar/R filter (H2, H5, LE1 and LE2), and Froger’s positions (P1-P5), from the multiple sequence alignment results from ClustalW.



Transient Expression of PaAQPs in A. thaliana Protoplasts

The GFP DNA fragment was amplified by PCR and subcloned into the pBI221 vector (Clontech, Mountain View, CA, United States). The coding regions of PaPIP1-1, PaPIP2-3, and PaSIP1-3 cDNA were amplified and fused in frame to the 5′ end of the GFP DNA sequence. The six PaAQP-GFP constructs and the GFP-only control construct were introduced into A. thaliana protoplasts via a polyethylene glycol-mediated method described previously with some modifications (Sheen, 2001). For plasma membrane localization, the membrane-specific dye FM4-64 was used to stain the transfected protoplasts (Nelson et al., 2007). The fluorescence of FM4-64 and GFP in the cells was analyzed with a 551-nm helium-neon laser and a 488-nm argon laser, respectively, via confocal scanning microscopy (TCS SP8, Leica, Germany; GFP excitation at 488 nm and emission at 505–525 nm; FM4-64 excitation at 551 nm and emission at 498–588 nm).



Exon-Intron Structure, 3D Structure, and Conserved Motif Distribution

The exon-intron organization was assessed via the Gene Structure Display Server13 based on annotated coding sequences and genome sequences. Conserved domains and motifs were analyzed with MEME14. The three-dimensional (3D) structures of the PaAQPs were generated from protein sequences submitted to the Phyre2 server15. The transmembrane helices and topology of the PaAQPs were analyzed via the MEMSAT-SVM prediction method on the Phyre2 server.



In silico Analysis of Promoter Sequences and Protein–Protein Interaction Analysis

The promoter sequences (2.0 kb upstream region from the transcription start site) were extracted from the genomic DNA sequences of the PaAQP genes. Putative cis-acting regulatory elements of the promoter sequences were identified with the program PlantCARE online16. The prediction of interacting networks of proteins was generated from the STRING database17.



cDNA-Library Preparation and Illumina Sequencing for Transcriptome Analysis

Total RNA was extracted from the ED, SP, and GS of the flower buds of two Youyi plants using a Plant RNA Extraction Kit (Autolab, China) following the manufacturer’s protocol. The concentration and quality of each RNA sample were determined using a NanoDrop 2000TM microvolume spectrophotometer (Thermo Scientific, Waltham, MA, United States) and gel electrophoresis. Poly(A) mRNA was isolated from 10 mg of total RNA using magnetic oligo (dT) beads and then divided into short fragments by fragmentation buffer (Ambion, Austin, TX, United States). First-strand cDNA was synthesized with random hexamer primers, and then second-strand cDNA was synthesized using DNA polymerase I (New England Biolabs), RNase H (Invitrogen), buffer, and dNTPs. Short DNA fragments were purified with a QIAquick PCR Purification Kit (Qiagen, Inc., Valencia, CA, United States), subjected to end repair and poly(A) addition and ligated to sequencing adaptors. Suitable fragments (350–450 bp) were purified by agarose gel electrophoresis and gathered by PCR amplification. Six cDNA libraries (ED, SP, and GS of the flower buds of two Youyi plants) were sequenced by using the Illumina HiSeqTM 2000 platform.

To facilitate assembly, the following criteria were used to filter low-quality reads:

1. Filter reads with adapter contamination.

2. Filter reads with unknown nucleotides >5%.

3. Filter reads in which more than 20% of bases showed a Q-value less than 20.

High-quality clean reads was mapped to the reference genome to calculate the expression level in Fragments Per Kilobase of transcript per Million fragments mapped (FPKM).



Yeast Two-Hybrid Assays

Yeast two-hybrid (Y2H) assays were performed using the Matchmaker Gold Yeast Two Hybrid System (Clontech). The coding regions of the PaAQP genes (Supplementary Table 1) and predicted interacting proteins (Supplementary Table 2) were cloned into pGBKT7 and pGADT7 vectors to create different baits and prey, respectively. The different pairs of bait and prey constructs were then cotransformed into yeast strain Gold Y2H, and yeast cells were grown on plates lacking leucine and tryptophan (SD/–Leu/–Trp) for 3 days. Transformed colonies were plated onto quadruple dropout medium (SD/–Leu/–Trp/–His/–Ade) containing 100 μM aureobasidin A and 3 mg mL–1 X-α-Gal at 30°C to test for interactions between PaAQPs and predicted interacting proteins.



Gene Expression Analysis and Quantitative Real-Time-PCR

To study the gene expression profiles of the PaAQPs in three periods of dormancy and germination in P. armeniaca ‘Youyi,’ RNA sequencing (RNA-seq) data were collected from the transcriptome sequencing data from flower buds collected during the ED stage, SP, and GS of the of two Youyi plants grown under the same conditions.

The bud and stem samples at each stage were collected according to Song et al. (2017). Flower buds were checked and did not burst under forced conditions on the sampling day of PD or ED period, and could burst under forced conditions on the sampling day of SP or GS period. When flower buds are in the SP period, flower buds are not covered by scales, and petals are not visible. While flower buds are in the GS period, they are not covered by scales, and petals are visible. The RNA-seq data of P. armeniaca ‘Youyi’ in this study were deposited in the NCBI Sequence Read Archive (SRA) database under number SRS1042411. On the basis of fragments per kilobase of transcript per million mapped reads (FPKM) values, heatmaps and hierarchical clusters were analyzed with HemI 1.018. Quantitative real-time (qRT)-PCR detection was chosen to analyze the expression of PaAQP genes in flower buds and stems of three P. armeniaca plants exhibiting similar growth during the PD stage, ED stage, SP, and GS. Total RNA was extracted from flower buds and stems using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, United States), and reverse transcription reactions were performed using Superscript II reverse transcriptase (Invitrogen, Grand Island, NY, United States) according to the manufacturer’s protocols. The primers used for qRT-PCR were designed using Primer Premier 5.0 software (Premier Biosoft Int., Palo Alto, CA, United States), and the specific primer sequences are listed in Supplementary Table 3. qRT-PCR was performed with an ABI Prism 7500 sequence detector (Applied Biosystems, Foster City, CA, United States) and the SYBR ® Premix Ex TaqTM Kit (TaKaRa, Tokyo, Japan) to measure transcript levels. PaElf was used as a reference gene in qRT-PCR detection. qRT-PCR analyses were performed in triplicate for each biological sample, and quantitative results were analyzed according to the 2–ΔΔCT method (Livak and Schmittgen, 2001).



Coexpression Network Analysis

The coexpression data for PaAQPs were obtained from RNA-Seq data (SRA database number SRS1042411). For P. armeniaca genome-wide coexpression network construction, transcriptome data from the flower buds of two P. armeniaca plants were used. Genes with Pearson correlation coefficients >0.876 were selected, and 1,500 genes were screened preliminarily. Among the 1,500 genes coexpressed with PaAQPs, 14 genes related to cold resistance and 16 genes associated with cold stress were selected to build the coexpression network of PaAQPs. A network diagram was generated according to Cytoscape software (The Cytoscape 1.1 Core was downloaded from19).



Yeast Transformants and Low-Temperature Treatment

The coding DNA sequences (CDSs) of PaPIP1-1, PaPIP1-3, PaPIP2-3, or PaTIP1-1 were inserted into the yeast expression vector pGAPZA. The recombinant vector pGAPZA:PaAQP was introduced into yeast strains. After identifying the positive colonies by PCR, the low-temperature treatment was conducted in solid and liquid Simmons Citrate-Ura (SC-U) media as described previously (Liu et al., 2015). Briefly, colonies of positive clones harboring the PaAQP gene or empty-vector (pGAPZA vector) were shaken and cultured at 200 rpm and 30°C for 24 h to induce PaAQP protein expression. A 1-mL aliquot of yeast culture liquid (containing the pGAPZA empty or pGAPZA:PaAQP recombinant vectors) was added to the strains under the low-temperature treatment (at an OD600 value of 1.0), which was then cultured at −20°C for 24 h. Afterward, the yeast liquid was diluted 1:10, 100, 1,000, and 10,000, followed by the sequential addition of 4 μL of the original yeast liquid and the diluted liquid to solid SC-U media (consisting of 2% galactose). After 48 h of culture at 30°C, the growth rate of the transformed yeast cells was observed and recorded. In addition, 1 mL of the aliquot yeast (containing the pGAPZA empty vector or pGAPZA:PaAQP recombinant vector) liquid at an OD600 value of 1.0 was removed and added to 10 mL of liquid SC-U medium (containing 2% galactose). After 24 h of −20°C treatment and 200 rpm at 30°C, the OD600 value of the transformed yeast cells was measured. A control group that was not stressed was also included.



Plant Transformation and Low-Temperature Resistance Analysis

The PaPIP1-3 and PaTIP1-1 CDSs were cloned into a pBI121 plant expression vector. The pBI121:PaPIP1-3 and pBI121:PaTIP1-1 recombinant plasmids were introduced into Agrobacterium tumefaciens (LBA4404). Transformation into Arabidopsis was carried out via the floral-dip method (Clough and Bent, 2010). To test the effect of cold stress on seedling growth, the seeds were allowed to germinate under normal growth conditions and then transferred to growth chambers at 22, 16, and 16°C 16 h/4°C 8 h. After 10 days of treatment, the physiological indexes of transgenic Arabidopsis and wild type plants were determined. Superoxide dismutase (SOD) activity (Wang et al., 2012a) and malondialdehyde (MDA) and proline levels were measured as previously described (Bates et al., 1973). Each sample comprised at least three individual plants, and all physiological analysis experiments were conducted in triplicate.



Statistical Analyses

The data concerning plant height, gene expression, OD600 values, etc., were assessed by one-way analysis of variance (ANOVA) followed by Tukey’s HSD post hoc analysis. All the tests were conducted in triplicate. In the figures, the lowercase letters indicate statistical significance based on one-way ANOVA (P < 0.05). Statistical analyses were performed with SPSS 16.0 software (SPSS, Inc., Chicago, IL, United States).



RESULTS


Identification, Classification, and Properties of PaAQP Genes in P. armeniaca

Based on an extensive analysis of AQP-homologous sequences, a total of 33 putative full-length cDNA sequences of AQPs were identified from P. armeniaca. To investigate the phylogenetic relationship of AQP proteins among P. armeniaca, A. thaliana, and P. persica, a phylogenetic tree was constructed based on 33 protein sequences of AQP genes obtained from P. armeniaca, 35 sequences from A. thaliana, and 29 sequences from P. persica using the maximum likelihood method. The PaAQPs were classified into five subfamilies: NIPs (10 members), SIPs (4 members), TIPs (10 members), XIPs (2 members), and PIPs (7 members). The NIP subfamily included seven subgroups (one NIP1, one NIP2, two NIP3s, two NIP4s, two NIP5s, one NIP6, and one NIP7). The TIP subfamily was divided into five subgroups (three TIP1s, three TIP2s, two TIP3s, one TIP4, and one TIP5). The SIP subfamily was divided into two subgroups (three SIP1s and one SIP2s). The PIP subfamily was further clustered into three PIP1 and four PIP2 subgroups, and two members (XIP1s) belonged to the XIP subfamily (Figure 1A and Supplementary Table 1). All of these genes were grouped with A. thaliana and P. persica AQPs, confirming that they belonged to the AQP family.
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FIGURE 1. Phylogenetic relationships and microsynteny analyses of AQP genes among the P. armeniaca, A. thaliana, and P. persica genomes. (A) Deduced amino acid sequences were aligned using default parameters in ClustalW, and the phylogenetic tree was constructed via the maximum likely hood method with 1,000 bootstrap replicates with MEGA 7.0 software. Red, green, and blue circles represent the A. thaliana, P. armeniaca, and P. persica AQP gene family members. Yellow, blue, red, orange, and green arches represent the SIP, XIP, NIP, PIP, and TIP AQP gene family subgroups of A. thaliana, P. armeniaca, and P. persica. The scale bar indicates the distance calculated by way of multiple alignment. (B) The chromosome numbers of all three species are specified by different colors: blue, green, and yellow represent the P. armeniaca, A. thaliana, and P. persica chromosomes, respectively. The chromosome number is indicated on the inside with the chromosome sequence lengths in megabases. Gene pairs with syntenic relationships are linked by blue and green lines representing the microsyntenic regions between the P. armeniaca and A. thaliana chromosomes and the P. armeniaca and P. persica chromosomes, respectively.


Synteny analysis was carried out using MCScanX software, and syntenic relationships and whole genome sequences to visualize the locations of orthologous genes were presented using TBtools software. Microsynteny analysis was performed across the P. armeniaca, A. thaliana, and P. persica genomes. Between P. armeniaca and A. thaliana, 14 collinear blocks were identified, while 22 orthologous gene pairs were found (Figure 1B). Between P. armeniaca and P. persica, 30 collinear blocks were identified, with 41 orthologous gene pairs (Figure 1B). These results suggest that P. armeniaca and P. persica are more closely related than P. armeniaca and A. thaliana.

Bioinformatics analysis, CDS and amino acid sequence analysis, and ExPaSy database analysis showed that the Mw of the PaAQPs ranged from 21.94 to 35.37 kDa and that their pIs ranged from 5.32 to 10.00 (Table 1). The SIPs and TIPs were smaller (<28 kDa) than the NIPs, XIPs, and PIPs. The TIPs were acidic (except for PaTIP2-3), while the majority of the other subfamilies were alkaline. Most of the AQPs were predicted to have TMHs, while PaTIP2-2 and PaTIP2-3 had only five, PaNIP3-1 had seven, and PaNIP5-1b had eight TMHs (Table 1). The GRAVY scores of the PaAQP proteins ranged from 0.291 to 0.990, and among the subfamilies, the PIPs presented the lowest average GRAVY value (0.409) (Table 1).



Chromosomal Distribution, Gene Structure, and Microsynteny Analysis

The PaAQPs showed less variation in transcript length (ranging from 657 to 987 bp) than in gene length (ranging from 1075 to 12,213 bp). The number of amino acids in the identified PaAQPs ranged from 219 (PaTIP2-2) to 329 (PaNIP2-1) (Table 1). The 33 identified PaAQPs were unevenly mapped on the eight chromosomes of P. armeniaca. Chromosome 3 contained the largest number (7; 21.21%) of PaAQP genes, followed by chromosomes 5 and 2, which contained six members (18.18%) and five members (15.15%), respectively. Both chromosomes 1 and 7 contained four members (12.12%). Chromosome 8 contained three members (9.09%), and chromosome 4 contained only one member (3.03%) (Supplementary Figure 1).

Gene duplication has long been considered one of the main forces in the evolution and expansion of a gene family (Crow and Wagner, 2006). Therefore, we investigated the different types of gene duplications in the PaAQP gene family. We found that 6 AQP genes clustered in 3 tandem repeat event regions in the P. armeniaca genome (Supplementary Figure 1). There were three pairs of tandem duplicated genes (PaNIP5-1a and PaNIP5-1b, PaTIP2-2 and PaTIP2-3, PaXIP1-1, and PaXIP1-2) within the 1 Mb chromosomal region of chromosomes 3, 5, and 8. In addition, 6 pairs of WGD/segmental duplication genes (PaTIP4-1 and PaTIP2-1, PaTIP1-2 and PaTIP1-3, PaSIP1-1, and PaSIP1-2, triangle WGD/segmental duplication among PaPIP2-1, PaPIP2-2, and PaPIP2-3) were found within the PaAQP family (Supplementary Figure 1). Notably, all the identified segmental duplication gene pairs were distributed on different chromosomes in the P. armeniaca genome. However, the distribution of segmental replication genes on the chromosomes was uneven; there were three genes on chromosome 6, two on chromosomes 2 and 7, and only one on chromosome 1. Moreover, we also found that PaPIP2-1 was the common duplicated gene between PaPIP2-2 and PaPIP2-3. This particular gene replication event involved three genes: PaPIP2-1, which was located on chromosome 2, and PaPIP2-2 and PaPIP2-3 on chromosome 6. Additionally, the analysis revealed one particular WGD/segmental duplication event between chromosomes 2 and 6 involving four genes. PaPIP2-1 combined with PaTIP1-3 was reverse duplicated to PaPIP2-2 combined with PaTIP1-2.

Exon-intron organization plays key roles in phylogenetic relationships and plant evolution (Wang et al., 2014; Jue et al., 2015). As shown in Supplementary Figure 2, the distribution of introns in the PaAQP genes ranged from one to five introns per gene. All PaPIPs presented four exons: PaXIP1-1 had two exons, and PaXIP1-2 had three exons. The majority of PaSIPs exhibited three exons; an exception involved PaSIP1-3, which had only one exon and was therefore intronless. Most PaTIPs had three exons, while PaTIP1-1 had two and PaTIP2-3 had five. A relatively diverse exon-intron pattern was detected for the PaNIP subfamily. The majority of PaNIPs had five exons, with the exceptions of PaNIP3-2, which had six exons, PaNIP5-1a, which had four exons, and PaNIP3-1, which had three exons. Exon-intron organization analysis revealed a conserved pattern of gene structure within the subfamilies of PaAQPs. The conserved exon-intron structure supports the phylogenetic relationships of P. armeniaca (Supplementary Figure 2).



Characterization of Asn-Pro-Ala Motifs, Transmembrane Domains, and Conserved Motifs of PaAQPs

To better understand the possible physiological mechanisms of the PaAQPs, all 33 sequences were aligned, and the conserved residues (NPA motifs, ar/R selectivity filter, and Froger’s position) were analyzed (Figure 2, Table 2, and Supplementary Figures 3–6). The P. armeniaca PaAQPs displayed differences in NPA motifs and residues at the ar/R selectivity filters and Froger’s positions compared with those of other plant species. Most of the AQPs showed dual NPA motifs, with the exception of PaSIP2-1, which was found to harbor a single NPA motif. The majority of members from the PIP and TIP subfamilies contained a typical NPA motif, as observed for the Beta vulgaris counterpart (Kong et al., 2017), with the exception of PaTIP2-3, which showed an alanine (A)-to-serine (S) substitution in the first NPA motif and asparagine (N)-to-A and A-to-lysine (K) substitutions in the secondary NPA motif. The LPK (PaTIP2-3) motifs detected in P. armeniaca have not been reported in any other plant species. These changes may alter the substrate specificity of the AQPs in P. armeniaca. In the NIP subfamily, some members of the NIPs, such as PaNIP5-1a, PaNIP3-2, PaNIP5-1b, and PaNIP6-1, showed replacement of alanine (A) at the third residue of the first NPA motif by serine (S) and replacement of other alanine (A) residues by isoleucine (I) or valine (V). In the XIP subfamily, the first NPA motif showed an N-to-S substitution in PaXIP1-1 and a valine (V)-to-A substitution in PaXIP1-2, while the second NPA motif was conserved. All PIP subfamily members showed conserved ar/R filter residues, with phenylalanine (F) at H2, histidine (H) at H5, threonine (T) at LE1, and arginine (R) at LE2, which is typical of water-transporting AQPs. They also showed Q/E-S-A-F-W residues at Froger’s positions, as observed in species such as flax (Linum usitatissimum) (Shivaraj et al., 2017) and chickpea (Cicer arietinum L.) (Deokar and Bunyamin, 2016). In the TIP subfamily, the H2 position of the ar/R filter contained histidine (H), and the H5 position contained isoleucine (I), except in PaTIP1-1, where this position was occupied by valine (V), and PaTIP2-3, which did not exhibit a residue at this position. The LE1 and LE2 positions were found to be specific to each subgroup of PaTIP. The PaTIP1 subgroup was characterized by alanine (LE1) and valine (LE2) levels. The PaTIP2 subgroup was characterized by glycine (LE1) and arginine (LE2), except for PaTIP2-2, which contained glycine (LE2), and PaTIP2-3, which contained alanine (LE1) and leucine (LE2). The PaTIP3 and PaTIP4 subgroups were characterized by alanine (LE1) and arginine (LE2), with the exception of PaTIP3-1, which contained glycine (LE1) and cystine (LE2). PaTIP5 was also characterized by glycine (LE1) and cystine (LE2) and showed a conserved relationship with chickpea (Deokar and Bunyamin, 2016) and flax (Shivaraj et al., 2017). Among the NIPs, the ar/R selectivity filter and Froger’s positions presented multiple types. PaNIP1-1, PaNIP3-1, PaNIP4-1, and PaNIP4-2 showed W-R-A-F/V/I in the ar/R selectivity filter and F/L-S-A-Y-I/T/F residues at Froger’s positions, and PaNIP5-1a and PaNIP5-1b showed S-R/Q-G-V in the ar/R selectivity filter and F-T-A-Y-L residues at Froger’s positions. PaNIP2-1, PaNIP3-2, PaNIP6-1, and PaNIP7-1 showed G/A/T-R-G/A-F/I in the ar/R selectivity filter. The SIP family members showed A-V-P-N residues in the ar/R selectivity filter and M-A-A-Y-W at Froger’s positions, with the exception of PaSIP1-3, which contained isoleucine (H2), and PaSIP2-1, which showed T/H/G/S in the ar/R selectivity filter and F-V-A-Y-W at Froger’s positions. The ar/R selectivity filter of PaXIP1-1 and PaXIP1-2 was I/V/V/R, and Froger’s positions consisted of V-C-A-F-W, showing a conserved relationship with flax (Shivaraj et al., 2017).
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FIGURE 2. Multiple sequence alignment of the deduced amino acid sequences of PaPIPs. Amino acids at NPA domains, ar/R selectivity filters, and Froger’s residues were identified in seven PIP family members (3 PIP1s and 4 PIP2s) in P. armeniaca.



TABLE 2. Amino acid composition of the NPA motifs, ar/R selectivity filter, and Froger’s residues of PaAQP.
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To further analyze the conservation, diversity, and relationship in each subfamily, motif scan analysis was conducted via the MEME program. Seventeen conserved motifs were identified in the PaAQP family, and most of the members in the same subfamily shared a similar number of motifs (Supplementary Figure 7). For example, all the members of PaPIPs had thirteen motifs, except for PaPIP1-2. All the members of PaTIP1s had eleven motifs, all the members of PaSIP1s had nine motifs, and all the members of PaNIP4s had eleven motifs. The results also showed that PaAQPs had similar functional motifs (motif 2) consisting of highly conserved regions (channel proteins of the major intrinsic protein (MIP) superfamily) with motif 4 from B. vulgaris BvAQP proteins. These results implied that PaAQPs may have a similar function to AQPs from other plants.



Promoter Cis-Element Analysis

Promoter sequence analysis indicated that the PaAQP genes contained several development-related, stress-, and hormone-responsive cis-acting regulatory elements, including low-temperature-responsive elements (LTEs), light-responsive elements (GT1s, MREs, TCT-motifs and G-boxes), auxin-responsive elements (TGAs and AuxRR-cores), abscisic acid (ABA)-response elements (ABREs), dehydration-responsive elements (MBS), endosperm expression elements (AACA motifs and GCN4 motifs), and wound-responsive elements (WUN motifs) (Supplementary Figure 8 and Supplementary Table 4). Among the stress-related cis-acting elements, all PaAQPs (33 genes) exhibited AREs (essential for anaerobic induction). There were 17 low temperature-responsive (LTR) and 16 MBS (drought inducible) elements within 14 and 12 PaAQP promoters, respectively. This finding indicated that AQP proteins may play an important functional role in the stress response and tolerance in P. armeniaca. Among the hormone-related cis-acting elements, 76 ABREs (ABA responsive), 38 CGTCA motifs (methyl jasmonate (MeJA) responsive), and 37 TGACG motifs (MeJA responsive) were identified in the promoters of 23, 22, and 21 PaAQPs, respectively. Furthermore, large numbers of elements related to light responsiveness, zein metabolism regulation (O2 sites), meristem expression (CAT-boxes) and some elements related to flavonoid biosynthesis (MBSIs) and endosperm expression were detected, implying that PaAQPs might participate in developmental processes in P. armeniaca.



Molecular Modeling of PaAQP

3D proteins of plant AQPs can be effectively used for understanding the substrate specificity and solute permeation rate of AQP genes, which will help to improve the understanding of the cold resistance of PaAQPs (Groot and Grubmüller, 2005). The structural properties of all 33 PaAQPs were displayed in homology-based tertiary (3D) protein models, which were predicted via the Phyre2 server display, and the results are shown in Supplementary Table 5. All 3D protein models were constructed with 100% confidence, and the residue coverage varied from 68 to 98%. The PaAQP 3D protein model contained a conserved hourglass-like structure consisting of an a-helical bundle forming five to eight TM helices (H1 to H8) and two short helices (HE and HB). Loops HE and HB were located close to each in the center of the membrane. These predicted 3D models showed the boron (B) and silicon (Si) substrate selectivity of the PaAQPs and provided an important basis for the protein functional analysis of the AQP genes of P. armeniaca (Deshmukh et al., 2013; Tombuloglu et al., 2016).



Protein–Protein Interaction Network of PaAQPs

To further reveal the function of PaAQPs during the interaction with other proteins, PaTIP1-1, PaPIP1-3, PaSIP1-3, and PaNIP6-1, which showed high expression in each subfamily (Figure 3), were used to construct a protein-protein interaction network. As shown in Figures 4A–D and Supplementary Table 6, none of these tested PaAQPs shared the same interacting proteins. In addition, various proteins specifically interacted with TIP separately, such as zinc finger proteins, calcium-dependent protein kinases, and NAC domain-containing proteins. In particular, the interacting zinc finger proteins and NAC transcription factors can enhance cold tolerance in transgenic plants (Jung et al., 2013). Interestingly, TIP2 could interact with TIP and form homodimers. The proteins that interact with PIP include AGD2-like defense response protein, methylenetetrahydrofolate reductase family proteins, and Delta 1-pyrroline 1–5-carboxylate reductase. Specifically, SIP and NIP members could interact with each other. For example, NIP6-1 specifically interacted with SIP1-3, SIP2-1, and SIP1A, while four NIP members (NIP1-2, NIP2-1, NIP4-1, and NIP6-1) and three PIP members (PIP1B, PIP1B, and PIP2-5) could interact with SIP1A. Notably, NIP6-1 specifically interacted with WRKY6, which plays important roles in cold resistance, stress tolerance, growth and development (Wang et al., 2014). Y2H assays showed that yeast cells cotransformed with constructs PaNIP6-1-pGBKT7 and WRKY6-pGADT7, PaTIP1-1-pGBKT7 and TSPO-pGADT7, and PaPIP2-1-pGBKT7 and ATHATPLC1G-pGADT7 could support growth in the selection medium and b-galactosidase staining (Figure 4E). Thus, Y2H assays revealed the protein interaction between PaNIP6-1 and WRKY6, PaTIP1-1 and TSPO, and PaPIP2-1 and ATHATPLC1G. In particular, the A. thaliana gene encoding a phosphatidylinositol-specific phospholipase C AtPLC1 (ATHATPLC1G) was induced by low-temperature, dehydration, and salt stress, which might contribute to the adaptation of the plant to cold stresses (Hirayama et al., 1995).
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FIGURE 3. Expression profiles of PaAQPs at different developmental stages based on RNA-seq data. ED, SP, and GS indicate that the tested materials were collected during ecological dormancy, the sprouting period, and germination stage of P. armeniaca, respectively. The number in the middle of each box represents the FPKM.



[image: image]

FIGURE 4. Prediction of the interaction network of PaAQP proteins based on the interactions of their orthologs in A. thaliana. (A) The interaction network of TIP. (B) The interaction network of PIP. (C) The interaction network of SIP. (D) The interaction network of NIP. (E) Y2H assays showing the protein interaction between PaNIP6-1 and WRKY6, PaTIP1-1 and TSPO, and PaPIP2-1 and ATHATPLC1G. The networks were generated from the STRING database. The red circles represent the queried protein, while the other circles are the interacting proteins. The annotation of the predicted interacting protein was derived from UniProtKB (https://www.uniprot.org/). The line thickness indicates the strength of the data support.




Expression Profiling of PaAQPs in the Dormancy and Sprouting Stages of P. armeniaca

To gain more information about the potential role of PaAQP proteins in P. armeniaca, we analyzed the expression of PaAQPs in the ED, SP, and GS by transcriptome sequencing. The RNA-seq data can be found in the NCBI SRA database under number SRS1042411. The expression levels of 33 PaAQP genes were clustered in a heatmap (Figure 3). We observed the expression of 30 PaAQPs (90.90%) in at least one of the developmental stages, and all of these PaAQPs showed differential expression in three stages of dormancy and sprouting periods. Among these genes, 23 PaAQP genes (75%) were expressed in all three periods of dormancy and germination, among which PaPIP2-1, PaPIP1-3, and PaTIP1-1 exhibited the greatest expression levels in different periods. In addition, PaTIP1-2 showed greater expression in the ED period than in the SP and GS periods, which may suggest that the P. armeniaca plant was in the ED period. Similarly, PaNIP7-1 showed greater expression in the SP period than in the ED and GS periods and may be useful as a marker gene of entry into the SP. PaTIP1-3 and PaNIP2-1 exhibited greater expression levels in the GS than in the ED and SP, so these two genes might be useful for suggesting that the P. armeniaca plant is entering the GS. Interestingly, PaNIP5-1b, PaTIP2-3, and PaTIP2-2 were not expressed in any of the three periods of dormancy and germination. In addition to these three genes, PaNIP3-1, PaNIP4-1, PaNIP4-2, PaNIP5-1a, PaTIP3-1, and PaTIP5-1 were not expressed in the ED period of flower buds; and PaNIP5-1a, PaNIP4-1, and PaTIP3-1 were not expressed in the SP of flower buds.

The heatmap demonstrated the clustering of four main clades. The PaAQP genes from clade 1 corresponded to 2 TIP members (PaTIP1-1 and PaTIP2-1) and 4 PIP members (PaPIP2-1, PaPIP1-3, PaPIP1-2, and PaPIP2-4) displaying the greatest expression in three periods of dormancy and germination. The genes from clade 2 included 2 PIP members (PaPIP1-1 and PaPIP2-2) and 1 SIP member (PaSIP1-3) that exhibited relatively high expression in these three periods, while those from clade 3 included 3 NIP members (PaNIP1-1, PaNIP2-1, and PaNIP6-1), 3 TIP members (PaTIP1-2, PaTIP1-3, and PaTIP4-1), 2 SIP members (PaSIP1-1 and PaSIP2-1), 1 PIP member (PaPIP2-3), and 1 XIP member (PaXIP1-2) showing an intermediate level of expression, and clade 4 included 7 NIP members (PaNIP3-1, PaNIP3-2, PaNIP4-1, PaNIP4-2, PaNIP5-1a, PaNIP5-1b, and PaNIP7-1), 5 TIP members (PaTIP2-2, PaTIP2-3, PaTIP3-1, PaTIP3-2, and PaTIP5-1), 1 SIP member (PaSIP1-2), and 1 XIP member (PaXIP1-1) displaying the lowest expression in three developmental periods of flower buds.



Expression Patterns of PaAQP Genes in Different Tissues During the Dormancy and Sprouting Stages of P. armeniaca

To gain insight into potential functions, qRT-PCR was employed to determine the expression patterns of PaAQP genes in two tissues: flower buds and stems (Figure 5 and Supplementary Figure 9). All 20 key PaAQP genes were expressed in two tested tissues with different expression patterns. Nine genes (PaPIP2-3, PaSIP1-1, PaSIP1-3, PaSIP2-1, PaTIP1-2, PaNIP1-1, PaNIP3-2, PaXIP1-2, and PaTIP4-1) with stable expression patterns in all stages of dormancy and germination, five genes (PaPIP1-1, PaPIP2-2, PaNIP2-1, PaNIP6-1, and PaTIP1-3) with differential expression patterns, three highly expressed genes (PaTIP1-1, PaTIP2-1, and PaPIP2-4), and three genes with low expression (PaNIP3-1, PaTIP5-1, and PaSIP1-2) were selected for qRT-PCR analysis. The qPCR results for the 20 selected PaAQPs were generally consistent with the transcript-level changes determined by RNA-seq analysis in the dormancy and sprouting stages of flower buds, suggesting that the transcriptomic profiling data were likely reliable. However, moderate discrepancies in the transcript levels were detected in two PaAQPs compared with the RNA-seq data: PaPIP2-3 and PaSIP1-3 (Figure 5). The expression of PaPIP2-3 and PaSIP1-3 in the stems showed almost the same trends as in the flower buds in the four examined stages of P. armeniaca. PaPIP1-1, PaPIP2-2, PaPIP2-3, and PaSIP1-1 showed the greatest expression during PD in the stem, and PaPIP2-4, PaSIP2-1, PaXIP1-2, PaNIP1-1, PaNIP2-1, PaNIP3-1, PaTIP1-1, PaTIP1-3, PaTIP4-1, and PaTIP5-1 showed the greatest expression in the GS in the flower buds (Figure 5). These results suggested that the differential expression of PaAQP members during the dormancy and sprouting stages in different tissues could predict the different biological functions of these genes.
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FIGURE 5. Changes in the transcript levels of 20 selected genes in different tissues during the dormancy and sprouting stages of P. armeniaca. The stem and flower buds were collected during the PD stage, ED stage, SP stage, and GS stage of P. armeniaca plants. All expression levels of PaAQP genes were normalized to the expression levels of PaElf (elongation factor-1α). The 2–ΔΔCT method was used to analyze the relative gene expression. The data are means of three replicates ± SDs. The lowercase letters indicate statistical significance based on one-way ANOVA with Tukey’s HSD post hoc analysis.




Coexpression Network of PaAQPs in P. armeniaca

To elucidate the molecular mechanism of PaAQPs in the dormancy and sprouting stages of P. armeniaca, a PaAQP coexpression network was constructed (Figure 6A and Supplementary Table 7). A total of 1,500 genes were identified as coexpressed with PaAQPs. Among these, 14 genes (0.93%) were associated with cold resistance. For example, C3HC4-type RING zinc finger proteins are involved in cold stress (Jung et al., 2013). MYB transgenic rice enhances tolerance to chilling stress and mediates ectopic expression of stress genes (Ma et al., 2009). bZIP transcription factors regulate freezing tolerance in Arabidopsis (Yao et al., 2020). Additionally, overexpression of the NAC transcription factor enhances the cold tolerance of Medicago truncatula (Qu et al., 2016). Serine/threonine protein kinases are involved in the cold stress response in the cyanobacterium Synechocystis (Zorina et al., 2014). In our research, zinc finger proteins, MYBs, bZIPs, NACs, and serine/threonine protein kinases, among others, were highly coexpressed with PaAQPs in different tissues during the dormancy and sprouting stages of P. armeniaca and may be involved in cold resistance in P. armeniaca.
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FIGURE 6. PaAQP coexpression network. (A) Among the 1,500 genes coexpressed with PaAQPs, 14 (green nodes) are involved in cold resistance based on previous research. In addition, the anticold ability of 16 genes (pink nodes) is not very clear. The red node is the PaAQP genes. Cyan lines represent PaAQPs coexpressed with 14 cold resistance genes, and red lines represent PaAQPs coexpressed with 16 cold stress-associated genes. (B) Transcript levels of 14 genes involved in cold resistance in stem and flower buds during the PD stage, ED stage, SP stage, and GS stage of P. armeniaca. All expression levels of the PaAQP genes were normalized to those of PaElf. Each bar represents the mean ± SD of three technical replicates. The different letters represent significant differences at P < 0.05 (one-way ANOVA).


To validate the network constructed by the core PaAQPs, changes in the expression of the 14 genes related to cold resistance in the PaAQP coexpression network were detected in the PD, ED, SP, and GS of flower buds and stems of P. armeniaca plants (Figure 6B). Among the 14 pairs of coexpressed genes, the expression trends of PaSIP1-1 and PaZFC3HC4, PaSIP1-1 and PaEREBP were consistent in the four periods (PD, ED, SP, and GS) of flower buds of P. armeniaca, whereas those of PaTIP4-1 and PaSGBP were rarely consistent. Similarly, the expression was similar between PaNIP6-1 and PaUbI and between PaNIP6-1 and PaWRKY. Additionally, three pairs exhibited no differences in expression patterns: PaXIP1-2 and PaMYB, PaTIP1-3 and PaPRE, PaPIP2-4 and PaLEA.



Subcellular Localization of PaPIP1-1, PaPIP2-3, PaSIP1-3, PaXIP1-2, PaNIP6-1, and PaTIP1-1 Proteins

WoLF PSORT and Plant-mPLoc prediction were used to predict the subcellular localization of the PaAQPs. Almost all members of the PaPIP subfamilies were localized to the plasma membrane according to WoLF PSORT and Plant-mPLoc prediction (Table 1). However, the subcellular localizations predicted by Plant-mPLoc indicated that PaPIP2-2 was localized to the cell wall. The PaTIPs were predicted to localize to the vacuoles, and PaNIPs (except for PaNIP5-1a),PaSIPs, and PaXIPs were predicted to localize to the plasma membrane according to Plant-mPLoc prediction. However, the results predicted by WoLF PSORT were diverse and included localization to the nucleus, Golgi, cytosol, mitochondrion, chloroplast, and endoplasmic reticulum (Table 1). Genes with high expression in different periods of low temperature may play important roles in cold resistance during the dormancy and sprouting stages of P. armeniaca. To identify and gain insight into the subcellular localization of these highly expressed PaAQP genes in plant cells, chimeric EGFP-PaPIP1-1, EGFP-PaPIP2-3, EGFP-PaSIP1-3, EGFP-PaXIP1-2, EGFP-PaNIP6-1, and EGFP-PaTIP1-1 cDNAs (representing genes with the greatest expression in each subgroup in flower buds in the dormancy and germination of P. armeniaca) were constructed and inserted downstream of the CaMV35S promoter. Transient expression analyses were performed using A. thaliana leaf mesophyll cells.

Analyses of fusion protein localization by confocal microscopy showed that the green fluorescence of these proteins was confined to the plasma membrane (Figure 7). This membrane localization of the PaPIP1-1, PaPIP2-3, and PaSIP1-3 proteins was consistent with the location of PIP and SIP gene expression in other plants (Zou et al., 2015; Deokar and Bunyamin, 2016).
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FIGURE 7. Localization of PaPIP1-1, PaPIP2-3, PaSIP1-3, PaXIP1-2, PaNIP6-1, and PaTIP1-1 in the cell plasma membrane. Bright, Bright-field images. DAPI, nuclei counterstained with 4′,6-diamidino-2-phenylindole (DAPI), a nuclear marker; FM4-64FX, FM4-64FX dye images, a plasma membrane-specific vital dye. Merge, overlap of GFP (green) and FM4-64FX (red) fluorescence. Row 1 shows the protoplasts expressing GFP alone, which was used as a control. Row 2 shows protoplasts expressing the PaPIP1-1:GFP fusion protein with FM4-64 fluorescence. Row 3 shows the protoplasts expressing the PaPIP2-3:GFP fusion protein with FM4-64 dye. Row 4 shows protoplasts expressing the PaSIP1-3:GFP fusion protein with FM4-64 fluorescence. Row 5 shows the protoplasts expressing the PaXIP1-2:GFP fusion protein with FM4-64 dye. Row 6 shows the protoplasts expressing the PaNIP6-1:GFP fusion protein with FM4-64 dye. Row 7 shows protoplasts expressing the PaTIP1-1:GFP fusion protein with FM4-64 dye. FM4-64FX shows a plasma membrane-specific dye. Bars = 5 μm.




The PaPIP1-3 and PaTIP1-1 Genes Conferred Low-Temperature Resistance to Yeast

To analyze the function of PaAQP genes involved in low-temperature tolerance, four genes that showed high expression in flower buds and stems during the dormancy and sprouting stages of P. armeniaca were expressed in yeast strain GS115 to check their low-temperature stress resistance. The yeast strains transformed with the pGAPZA empty vector or various pGAPZA:PaAQP recombinant expression vectors were incubated in solid and liquid SC-U medium (2% galactose) for low-temperature stress treatment. The growth of yeast cells transformed with pGAPZA:PaPIP1-3 and pGAPZA:PaTIP1-1 on solid SC-U media consisting of 2 M sorbitol after −20°C low-temperature treatment grew much more than did the cells transformed with empty vector. Moreover, the colonies of yeast cells harboring the PaPIP1-3 and PaTIP1-1 genes were larger than those harboring empty vectors strains (Figure 8A). In 2 M liquid SC-U sorbitol media, the mean OD value of the empty-vector strains was 2.33, whereas the positive strains harboring PaPIP1-3 and PaTIP1-1 had OD values of 2.73 and 2.55, respectively. After the −20°C low-temperature treatment, the mean OD values were 1.99 vs. 2.54 and 2.48 (Figure 8B). These results suggested that the PaPIP1-3 and PaTIP1-1 genes improved the low-temperature stress resistance of yeast cells.
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FIGURE 8. Overexpression of PaPIP1-3 and PaTIP1-1 increases cold tolerance and accumulation in yeast. (A) Growth of the GS115 yeast strain transformed with the empty vector pGAPZA or with pGAPZA harboring PaPIP1-1, PaPIP1-3, PaPIP2-3, or PaTIP1-1. (B) OD600 value of yeast transformants in response to low-temperature stress. The data are the means ± SDs of three replications. n.s. means not significant. The different lowercase letters indicate significant differences at P < 0.05 by ANOVA.




Ectopic Expression of PaPIP1-3 and PaTIP1-1 in A. thaliana Conferred Cold Tolerance

To study the function of the PaAQP genes in cold stress, two genes (PaPIP1-3 and PaTIP1-1) exhibiting cold stress resistance in yeast were introduced individually into A. thaliana plants. Normally growing wild-type Arabidopsis and PaPIP1-3 or PaTIP1-1 gene-carrying Arabidopsis were transferred to growth chambers at 22, 16, or 16°C 16 h/4°C 8 h. After 10 days of treatment, the wild-type plants showed significantly high sensitivity to cold stress with yellow leaves. The growth of PaPIP1-3- or PaTIP1-1-overexpressing (OE) Arabidopsis lines (PIPOE-1, PIPOE-2, TIPOE-1, and TIPOE-2) was better than that of the wild-type plants, demonstrating good cold resistance (Figure 9A). After low temperature treatment, two independent PaPIP1-3 transgenic lines (PIPOE-1 and PIPOE-2) and two independent PaTIP1-1 transgenic lines (TIPOE-1 and TIPOE-2), which with higher relative expression level than untreated transgenic lines, were identified by qRT-PCR (Figure 9B). We further examined the activities of SOD, the major ROS antioxidant enzyme in plants. The PIPOE-1 and PIPOE-2 lines and the TIPOE-1 and TIPOE-2 lines had significantly greater SOD activity than the wild-type line (Figure 9C). The superior performance of the PaPIP1-3- and PaTIP1-1-transformed plants was further validated by analyzing the proline and MDA contents subsequent to cold stress. The proline level was significantly greater in the transgenic leaves than in the wild-type leaves under the stress conditions, indicating superior biochemical capabilities of the transgenic plants (Figure 9D). Similarly, the MDA content was greatest in wild-type leaves of cold-stressed plants, showing that the greatest membrane damage had occurred in untransformed plants (Figure 9E). This research indicated that the target genes PaPIP1-3 or PaTIP1-1 were directly related to cold resistance, and the increase in PaPIP1-3 or PaTIP1-1 expression in PaPIP1-3- or PaTIP1-1-transformed plants could improve the physiological condition and cold resistance of transgenic plants.
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FIGURE 9. Cold tolerance analysis of wild-type and PaPIP1-3- or PaTIP1-1-OE plants. (A) Image of the wild-type and transgenic plants in growth chambers at 22, 16, and 16°C for 16 h/4°C 8 h. Two independent PaPIP1-3 transgenic lines (PIPOE-1and PIPOE-2) and two independent PaTIP1-1 transgenic lines (TIPOE-1and TIPOE-2), were identified by qRT-PCR. (B). After 10 days of treatment, the SOD activity (C), proline content (D), and MDA content (E) of PaPIP1-3 or PaTIP1-1 transgenic Arabidopsis and wild-type Arabidopsis were determined. PIPOE- 1-, PIPOE- 2-, and PaPIP1-3-OE transgenic lines; TIPOE- 1-, TIPOE- 2-, and PaTIP1-1-OE transgenic lines. Actin was used as a control gene. The error bars represent the SEs of three replicates. n.s. means not significant. The different letters represent significant differences at P < 0.05 (one-way ANOVA).




DISCUSSION

Aquaporins are varied and are widely distributed and functionally diverse in plant genomes. These proteins play important roles in the transport of water and substrates in plants, in regulating plant development and growth, and in responses to drought, cold, or salt stresses (Prado and Maurel, 2013; Kong et al., 2017). A majority of the genome-wide analyses and functional studies of AQP genes conducted to date have focused on model plants such as Z. mays, A. thaliana, O. sativa, N. tabacum, and Populus (Chaumont et al., 2001; Gupta and Sankararamakrishnan, 2009; Nguyen et al., 2013). Very little is known about the AQPs of economic forest species such as P. armeniaca. To determine the evolutionary relationships and functional mechanisms of PaAQPs, a phylogenetic tree was built using AQPs from A. thaliana (in which a full set of AtAQP genes is well known) and Prunus persica (Deshmukh et al., 2015), which are closely related species of P. armeniaca. The number of AQPs identified in this study was the same as that reported in Brachypodium distachyon (Deshmukh et al., 2015), being slightly greater than the 30 AQP genes reported in Elaeis guineensis (Deshmukh et al., 2015) and Vitis vinifera (Deshmukh et al., 2015) and lower than the 33 genes found in rice (Sakurai et al., 2005), 35 genes found in A. thaliana (Zhang et al., 2013), and 37 genes found in Ricinus communis (Deshmukh et al., 2015). The number of P. armeniaca AQPs in the five subfamilies was also similar to their distribution in Cajanus cajan (Deshmukh et al., 2015). However, the numbers of PIPs and TIPs varied in the two genomes compared with those of the other subfamilies. Twelve and thirteen members of PIPs and TIPs have been reported in C. cajan (Deshmukh et al., 2015), while seven SIPs and ten TIPs have been detected in P. armeniaca. PaTIPs are divided into five subgroups, TIP1, TIP2, TIP3, TIP4, and TIP5, and this classification is consistent with those previously reported in species such as barley, sugar beet, rice, and maize (Tombuloglu et al., 2016; Kong et al., 2017).

The GRAVY score is an important property of AQPs that facilitates high water permeability (Murata et al., 2000), and the GRAVY scores of the PaAQP proteins can reflect their hydrophobic nature. The lowest average GRAVY value was found in the PIP subfamily, indicating good hydrophilicity of PaPIPs toward water molecules. Topological analysis predicted that almost all PaAQPs had six transmembrane helical domains (Table 2), which is consistent with the structure identified in other plants, such as flax (L. usitatissimum) (Shivaraj et al., 2017), Hevea brasiliensis (Zhi et al., 2016), and B. vulgaris (Kong et al., 2017). However, PaTIP2-2 and PaTIP2-3 showed a partial loss of TM6, and the effect of the missing protein domains on protein functions must be confirmed. The absence of the TM6 domain may affect the protein folding, transport activity, and subcellular localization of PaTIPs (Hu et al., 2012). Almost all PaTIPs were located in vacuoles, while PaTIP2-3 was localized in the plasma membrane based on Plant-mPLoc prediction.

An unrooted phylogenetic tree was constructed to analyze the evolutionary relationships based on the protein sequences of the PaAQPs, in which one PaSIP (PaSIP1-3), three PaNIPs (PaNIP3-2, PaNIP5-1a, and PaNIP5-1b), and one PaXIP (PaXIP1-2) aroused our attention and caused confusion in the classification and cluster analysis. SIP1-3 and NIP3-2 were not found in A. thaliana; PaSIP1-3 shared the greatest similarity of 61.41% with PtSIP1-3 (Supplementary Table 8), while for PaNIP3-2 and PaXIP1-2, the closest homolog of PaNIP3-2 was PpeNIP3-2 (Figure 1A), and PaXIP1-2 clustered closer to PpeXIP1-2 of P. persica. PaNIP5-1a and PaNIP5-1b are tandemly duplicated genes located at the same site on chromosome 3.

The number of PaAQP genes (33) in the P. armeniaca genome is lower than that in A. thaliana (35) and greater than that in P. persica (29). However, while the genome size of P. armeniaca (222 Mb) is slightly smaller than that of P. persica (226 Mb) (Verde et al., 2013), it is larger than that of A. thaliana (164 Mb). The 33 PaAQP proteins were categorized into five clades. We further observed that most of the PaAQP genes were closely related to the AQP genes in P. persica, consistent with the finding that P. armeniaca and P. persica diverged from a recent common ancestor. It is well known that gene duplication mechanisms (WGD/segmental duplication, tandem duplication) have a significant role in biological evolution (Panchy et al., 2016). In the present study, we observed that orthologous genes developed through segmental duplication and tandem duplication. Both styles of duplication have played a significant role in the expansion of P. armeniaca AQP family genes. The identification of orthologous PaAQP genes will further benefit the evolutionary history of this gene family.

Asn-Pro-Ala motifs, the ar/R selectivity filter, and Froger’s positions are considered to participate in transport activity and substrate selection. PaAQP functions can be speculated based on the amino acid residues of the proteins compared with the AQPs of other plants. The PaPIPs showed typical NPA motifs, F-H-T-R residues in the ar/R selectivity filter, and Q/E-S-A-F-W at Froger’s positions, which are highly conserved in the PIPs of other plants, such as flax (L. usitatissimum) (Shivaraj et al., 2017), chickpea (C. arietinum L.) (Deokar and Bunyamin, 2016) and H. brasiliensis (Murata et al., 2000). This composition of PIPs is considered to play a vital role in facilitating CO2 diffusion, regulating leaf and root hydraulics, and influencing plant photosynthesis (Gupta and Sankararamakrishnan, 2009). Therefore, the homologous PIPs of P. armeniaca may play similar roles in regulating plant growth and development, such as in photosynthetic physiology, plant hydraulics, and water and solute transport. Plant TIPs have been suggested to function as water transporters as efficiently as PIPs (Murata et al., 2000). For example, PaTIP1-1, BvTIP1-2, and BvTIP1-3 contain dual conserved NPA motifs, H-I/V-A-V at the ar/R selectivity filter and T-S-A-Y-W at Froger’s positions, which is the same composition observed for the Citrus sinensis AQPs CsTIP1s and CsTIP3s. Additionally, these proteins are predicted to function in the transport of urea and H2O2 (Hove and Bhave, 2011). Compared with other TIPs, PaTIP1-2, PaTIP1-3, and PaTIP2-1 showed H-I-A-V or H-I-G-R at the ar/R selectivity filter and at Froger’s positions and harbored T-S-A-Y-W residues at the P1-P5 positions; this structure type is considered to transport substances such as NH4, urea, and H2O2 (Hove and Bhave, 2011). These analyses suggest that PaTIPs play an important role in the transport of a wide range of molecules.

WoLF PSORT predicted that all the PaPIP members were localized in the plasma membrane, and plant-mPLoc prediction indicated that the PaNIPs (except for PaNIP5-1a) were also localized in the plasma membranes. These results were consistent with experimental findings for PIPs and NIPs of banana, flax, and other plant species (Maurel et al., 2008; Shivaraj et al., 2017). However, some tobacco NtPIP members show dual localization in the plasma membrane and inner chloroplast membrane (Uehlein and Kaldenhoff, 2008), and different localizations of a maize PIP gene (ZmPIP1-2) have been found in the endoplasmic reticulum and plasma membrane (Chaumont et al., 2000). NIPs also exhibit different subcellular localizations in the peribacteroid membrane, endoplasmic reticulum, or plasma membrane in other plants (Takano et al., 2006; Deokar and Bunyamin, 2016). According to our predictions, both PaNIP1-1 and PaNIP4-2 were localized to the plasma membrane and vacuoles. The reasons for the different localizations of these genes are not clear. The majority of SIPs have been shown to localize to the vacuoles and plasma membrane; however, grapevine and A. thaliana SIPs are predicted to be localized to the endoplasmic reticulum (Ishikawa et al., 2005; Noronha et al., 2014; Kong et al., 2017). In addition to differences between species and protein sequences, many experiments have shown that external environmental conditions such as drought and salinity, but not cold, influence the characteristics of the subcellular localization of PaAQPs (Boursiac et al., 2008; Deokar and Bunyamin, 2016). These results indicate that the subcellular localization of plant AQPs is complex and regulated by environmental conditions.

Aquaporin genes are expressed in different plant tissues and organs, and their spatiotemporally specific expression is highly correlated with different developmental stages (Alexandersson et al., 2005; Giorgio et al., 2016). The expression patterns of AQPs in various tissues as well as under different stresses may provide an efficient basis for identifying their molecular functions. qRT-PCR results showed that PaAQPs were expressed in all tissues tested, but their transcript levels largely differed in various organs (Figure 5), suggesting that the functions of PaAQPs might vary. For example, the expression levels during the endodormancy stage (PaPIP2-3, PaPIP2-2, and PaSIP1-3 are high) indicated that the effects of growth inhibition were controlled by other internal factors resulting from insufficient low-temperature accumulation. High expression levels during the ecodormancy stage (PaTIP1-2 and PaTIP2-1) could reflect the activation of growth through release from endogenous inhibitors but maintained suppression due to unsuitable conditions (insufficient high temperature accumulation). Expression during SP (PaSIP1-2, PaNIP3-2, and PaNIP6-1 are high) and GS (PaPIP1-1, PaPIP2-4, PaSIP1-1, PaSIP2-1, PaXIP1-2, PaNIP2-1, PaNIP1-1, PaNIP3-1, PaTIP1-1, PaTIP1-3, and PaTIP4-1 are high) showed morphological growth resumption, not (endo)dormancy release. Moreover, PaPIP1-1, PaPIP2-2, PaPIP2-3, and PaSIP1-1 were highly expressed in stems, where they may contribute to the storage of energy and materials needed for growth, development, and germination.

In the PaAQP coexpression network, similar expression patterns of gene pairs (such as PaSIP1-1 and PaZFC3HC4, PaSIP1-1 and PaEREBP, PaNIP6-1 and PaUbI and PaNIP6-1 and PaWRKY) during the dormancy and sprouting stages suggested that PaAQPs cooperated with various vital cold stress- or flower bud dormancy/germination-related genes to regulate cold tolerance, bud dormancy, and bud break. For example, a novel zinc-finger protein (homologous gene of PaZFC3HC4) mediates ABA-regulated seed dormancy in Arabidopsis (He and Gan, 2004), and an ubiquitin-conjugating enzyme (homologous gene of PaUbI) has been found to be involved in tuber dormancy breaking (Liu et al., 2012). A total of 68 AP2/ERF genes were first identified in dormant Chinese cherry flower buds. Some PpcAP2/ERF TFs (homologous genes of PaEREBP) participate in and influence the dormancy transition through their responses to low temperature (Zhu et al., 2021). Chen et al. (2016) found that the expression levels of six WRKY genes increased during endodormancy and decreased during ecodormancy, indicating that these six WRKY genes may play a role in dormancy in peach. However, several coexpression pairs, such as PaSIP1-3 and PabZIP and PaTIP2-1 and PaNAC, exhibited different expression regularities, implying that these gene pairs may have different roles and functions in different periods during the dormancy and sprouting stages of P. armeniaca.

Aquaporins regulate long-distance water transport between cells and can mediate the osmotic pressure of the cytoplasm to appropriately regulate plant growth and development, responses to environmental stress, and stomatal movement, among others. PaTIPs can mediate rapid water transport between cells, remove accumulated H2O2, and improve water transport activity, which is necessary to end dormancy (Erez et al., 1998; Yooyongwech et al., 2008). In our study, several PaTIPs, such as PaTIP1-1, PaTIP1-2, and PaTIP4-1, showed greater transcript levels in all four dormancy and sprouting stages of P. armeniaca. PaTIP1-2 showed greater expression in the ED period than SP and GS, which may represent a response to cold stress to aid in the removal of the accumulated induced H2O2, thereby promoting the end of dormancy. In particular, overexpression of PaTIP1-1 increased cold tolerance and accumulation in yeast (Figure 8), which may help to improve water transport activity and promote normal growth under low-temperature stress. Previous research has indicated that AtPIP2-5 and AtPIP2-6 are upregulated by cold stress in A. thaliana plants (Alexandersson et al., 2005). Transgenic banana plants overexpressing MusaPIP1-2 show a high tolerance to cold conditions (Shekhawat and Ganapathi, 2013). A. thaliana plants overexpressing AtPIP1-4 or AtPIP2-5 display greater cold tolerance than wild-type plants (Afzal et al., 2016). In our study, PaPIP1-2 and PaPIP2-4 exhibited high expression in the dormancy and sprouting stages in the flower buds of P. armeniaca. Interestingly, yeast cells expressing PaPIP1-3 and PaTIP1-1 exhibited markedly enhanced growth compared with that of yeast cells transformed with the empty vector on SG-U medium with low-temperature treatment (Figure 8), and PaPIP1-3 or PaTIP1-1 overexpressed in Arabidopsis showed enhanced cold tolerance by improving antioxidative enzyme activities (Figure 9). These results may suggest that PaPIPs present stronger cold resistance and play a vital role in the maintenance of normal growth and development under cold conditions.



CONCLUSION

Overall, this work presents the first genome-wide study of the P. armeniaca AQP gene family, in which 33 non-redundant PaAQP genes were identified in the P. armeniaca genome and phylogenetically clustered into five distinct subfamilies. Synteny analysis identified 14 collinear blocks containing AQP genes between P. armeniaca and A. thaliana and 30 collinear blocks between P. armeniaca and P. persica. The chromosome localization, gene structure, protein characteristics, conserved functional motifs, and homology-based 3D models of the PaAQP genes were further examined. Cis-motif analysis of the 2.0-kb sequences upstream of the AQP genes indicated the existence of several light-, hormone-, and stress-responsive and developmental stage-specific elements in the PaAQPs. The subcellular localization of PaPIP1-1, PaPIP2-3, PaSIP1-3, PaXIP1-2, PaNIP6-1, and PaTIP1-1 was examined, and the green fluorescence of the recombinant proteins was observed in the plasma membrane of isolated protoplasts. In silico analysis of protein-protein interactions suggested the association of PaAQP proteins with specific cold tolerance and development pathways. Gene expression profiling of PaAQP showed that PaPIP1-3, PaPIP2-1, and PaTIP1-1 were highly expressed in flower buds during the dormancy and sprouting stages of P. armeniaca. Significantly, PaPIP1-3 and PaTIP1-1 conferred low-temperature stress resistance in a yeast expression system. Overexpression of PaPIP1-3 and PaTIP1-1 in Arabidopsis plants increased antioxidative enzyme activities and improved transgenic plant tolerance to cold stress. This study provides an important resource for the future functional analysis of PaAQPs and a theoretical basis for the breeding of new varieties via the genetic engineering of P. armeniaca.
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Transcriptomic Analysis Reveals the Positive Role of Abscisic Acid in Endodormancy Maintenance of Leaf Buds of Magnolia wufengensis
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Magnolia wufengensis (Magnoliaceae) is a deciduous landscape species, known for its ornamental value with uniquely shaped and coloured tepals. The species has been introduced to many cities in south China, but low temperatures limit the expansion of this species in cold regions. Bud dormancy is critical for plants to survive in cold environments during the winter. In this study, we performed transcriptomic analysis of leaf buds using RNA sequencing and compared their gene expression during endodormancy, endodormancy release, and ecodormancy. A total of 187,406 unigenes were generated with an average length of 621.82 bp (N50 = 895 bp). In the transcriptomic analysis, differentially expressed genes involved in metabolism and signal transduction of hormones especially abscisic acid (ABA) were substantially annotated during dormancy transition. Our results showed that ABA at a concentration of 100 μM promoted dormancy maintenance in buds of M. wufengensis. Furthermore, the expression of genes related to ABA biosynthesis, catabolism, and signalling pathway was analysed by qPCR. We found that the expression of MwCYP707A-1-2 was consistent with ABA content and the dormancy transition phase, indicating that MwCYP707A-1-2 played a role in endodormancy release. In addition, the upregulation of MwCBF1 during dormancy release highlighted the enhancement of cold resistance. This study provides new insights into the cold tolerance of M. wufengensis in the winter from bud dormancy based on RNA-sequencing and offers fundamental data for further research on breeding improvement of M. wufengensis.
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INTRODUCTION

Owing to the instability in global climate, many perennial plants have suffered from abnormal weather conditions, including extreme temperatures in winter. Bud dormancy is the temporary suspension of visible growth in plant buds and represents a protective strategy for perennial plants to survive unfavourable climatic changes during winter (Rohde and Bhalerao, 2007). Bud dormancy is traditionally categorised into three phases: paradormancy (PD), inhabited by substances generated from another part of the plant; endodormancy (ED), controlled by internal factors; and ecodormancy (ECD), regulated by the external environment (Lang et al., 1987; Considine and Considine, 2016). Plants cannot resume growth in a favourable environment until ED release (Rohde and Bhalerao, 2007). To break ED, plants need to fulfil chilling requirements (CRs) after accumulating sufficient chilling hours (Arora et al., 2003), as insufficient cold accumulation may delay dormancy release, influence flower morphology, and even impair growth and production (Atkinson et al., 2013). Therefore, it is necessary to evaluate bud dormancy status and assess CRs in perennial trees. Three models are mainly used to calculate CRs in woody perennials: 0–7.2°C model (Weinberger, 1950), Utah model (Richardson, 1974), and dynamic model (Fishman et al., 1987a, b).

Temperature and photoperiod are important environmental signals controlling the seasonal dormancy cycle in perennials (Anderson et al., 2010; Maurya and Bhalerao, 2017). Short photoperiods induce bud formation, bud dormancy induction and apical meristem cessation of shoots (Weiser, 1970; Singh et al., 2017). Moreover, dormancy release requires sufficient chilling accumulation in winter as low temperature mostly regulate dormancy release and bud break (Heide, 2008; Yamane et al., 2011). According to the two different dormancy-related environmental factors, plants can be classified into three types: temperature-sensitive, photoperiod-sensitive, and temperature- and photoperiod-sensitive (Bai et al., 2016).

Phytohormones are a crucial factor influencing bud dormancy in perennials, and endogenous hormones and their balance regulate the induction of and release from dormancy (Sonnewald and Sonnewald, 2014; Liu and Sherif, 2019). Some conventional hormones such as gibberellin (GA), abscisic acid (ABA), and auxin (IAA) participate in the dormancy cycle (Horvath et al., 2003; Vimont et al., 2021). In general, an increase in the ABA content accompanied by a decrease in the GA3 and IAA content is observed during the dormant induction phase, whereas the opposite trend is observed during dormancy release in plants (Liu and Sherif, 2019). High levels of IAA and GA3 accelerate dormancy release (Rinne et al., 2011; Zhuang et al., 2013) whereas ABA maintains dormancy (Li et al., 2018; Tylewicz et al., 2018). In addition, exogenous ABA application results in a delay in bud break in, for example, Pyrus pyrifolia (pear) (Li et al., 2018), Vitis vinifera (grape) (Zheng et al., 2015), and Betula pendula (birch) (Rinne et al., 1994).

The role of ABA in dormancy has been widely studied at physiological and molecular levels and evidence has indicated that ABA biosynthesis, catabolism, and signalling pathway are involved in the regulation of bud dormancy (Zheng et al., 2018). A rate-limiting enzyme involved in ABA biosynthesis, 9-cis-epoxycarotenoid dioxygenase (NCED), has been indicated to control dormancy at the transcriptional level (Zheng et al., 2015; Li et al., 2018). During catabolism, ABA is degraded by ABA 8’-hydroxylase, which is encoded by cytochrome P450 CYP707A, and the relationship between CYP707A and ABA content has been widely investigated (Cutler and Krochko, 1999; Saito et al., 2004). The ABA signalling pathway consists of two groups of ABA regulators: Protein Phosphatase 2c (PP2Cs) and SNF1-Related Protein Kinase 2 (SnRK2s). Besides, the ABA receptors were identified as Pyrabactin Resistance (PYRs), Pyrabactin Resistance-Like (PYLs), and Regulatory Component of ABA Receptor (RCARs) (Hubbard et al., 2010). ABA binds to PYR/PYL/RCARs and forms PP2C complexes, which inhibit the activity of PP2Cs. PP2Cs can suppress SNF1-related protein kinase 2 (SnRK2s) function via dephosphorylation, which negatively affects ABA signalling, allowing SnRK2s to activate the downstream ABRE-binding factor (AREB/ABF) transcription factors (TFs) (Umezawa et al., 2009; Soon et al., 2011). Several studies have shown that genes related to ABA signalling are involved in dormancy regulation (Yang et al., 2020). In Hybrid Aspen, short days induce high levels of ABA which suppresses PICKLE (PKL) to induce the expression of SVP-like (SVL), which is an orthologue of short vegetative phase (SVP) and then SVL induces callose synthase 1 (CALS1) expression to promote the establishment of dormancy (Tylewicz et al., 2018; Singh et al., 2019).

Bud dormancy is an important overwintering process, and many studies have shown that bud dormancy is associated with winter cold resistance at the molecular level. C-repeat binding factor (CBF) belongs to the APETALA2/-ETHYLENE RESPONSE FACTOR (AP2/ERF) gene family, regulates many genes related to cold response and tolerance and can be induced by inducer of CBF expression (ICE) (Chinnusamy et al., 2007; Guo et al., 2018). Dormancy-associated MADS-box (DAM)/SVP/SVL genes are known to control bud dormancy in many species (Singh et al., 2018; Yang et al., 2018; Gao et al., 2021). Therefore, the relationship between DAM and CBF links between bud dormancy and cold resistance. PmCBFs are known to bind to the promoter of PmDAM6 and activate the expression of PmCBFs in P. mume (Zhao et al., 2018a, b). In P. pyrifolia, the expression of PpDAMs is directly induced by the accumulation of CBF by binding to CRT/DRE motifs (Niu et al., 2015; Saito et al., 2015). Li et al. (2019) reported that low temperature induces PpCBF1-PpDAM2 regulon to function during ED transition (Li et al., 2019). Thus, bud dormancy may be associated with cold tolerance during the winter.

Magnoliaceae plants have high ornamental value and are widely cultivated globally. Magnolia denudata, as a common species in north China, has been widely cultivated for its prominent cold tolerance (Yang et al., 2015). Magnolia wufengensis (Supplementary Figure 1), a new species of Magnoliaceae, was discovered growing in Wufeng County, Hubei Province, People’s Republic of China (Ma et al., 2006). As a deciduous landscape species with uniquely shaped and colours of the tepals, M. wufengensis has been introduced to many cities in south China for its rich biological characteristics and will have a place in global horticultural plants (Shi et al., 2021). However, this is difficult in north China where temperatures can be extremely low, because M. wufengensis is more sensitive to the cold and with a deeper dormancy level than other Magnoliaceae species such as M. denudata (Yang et al., 2015; Deng et al., 2019; Duan et al., 2019). Bud dormancy is an important biological process that helps plants survive cold temperature in winter. RNA sequencing (RNA-seq) has been recently used to study bud dormancy in many species such as pear (P. pyrifolia) (Bai et al., 2013), tea (Camellia sinensis) (Hao et al., 2017), sweet cherry (Prunus avium L.) (Vimont et al., 2019), and wintersweet (Chimonanthus praecox) (Li et al., 2020). In this study, using RNA-seq, we aimed to explore: (i) the cycle period between ED and ECD and the effects of different meteorological factors on dormancy release of M. wufengensis, (ii) which key genes and pathways were involved in regulation of different dormancy phases, (iii) the role that hormones, especially ABA, play in endodormancy maintenance, and (iv) the relationship between cold tolerance and different phases of dormancy. This study will provide a foundation for improving cold resistance and thus allowing normal growth in winter and expanding the northern boundary of M. wufengensis cultivation.



MATERIALS AND METHODS


Plant Materials

Eight-year-old M. wufengensis and M. denudata were cultivated in Jiufeng National Forest Park (Beijing, China; 40°3′25″N, 116°6′39″E). The trees were not clipped or chemically treated before sampling. In 2019–2020, one-year shoots with one apical bud were collected from M. wufengensis on 2 November (19N1), 23 November (19N2), 6 December (19D1), 14 December (19D2), 21 December (19D3), 30 December (19D4), 12 January (20J1), 18 January (20J2), and 19 February (20F1). In 2020–2021, M. wufengensis and M. denudata shoots and buds were collected on 5 October (20O1), 20 October (20O2), 5 November (20N1), 20 November (20N2), 5 December (20D1), 20 December (20D2), 5 January (21J1), and 20 January (21J2). 12 trees were divided into three replicates, and all samples were collected from the same 4 trees at each stage. All leaf bud samples of M. wufengensis were stored in liquid nitrogen immediately after collection and then at –80°C until RNA extraction.



Evaluation of Bud Dormancy Status

The bud dormancy status of leaf buds was evaluated as previously described (Liu et al., 2012) with some modifications. In 2019–2020 and 2020–2021, 1-year-old shoots with one apical bud about 10 cm long (n = 7) were sampled and inserted in wet flower mud in a box full of water and allowed to grow in the climate chamber at 25 ± 1.0°C during the day and 22 ± 1.0°C during the night, with a photoperiod of 14 h light/10 h dark and 60% relative humidity. Twenty-one leaf buds grown in three boxes of flower mud were divided into three biological replicates. The water was changed and the base of the shoots was cut every 3–4 days. Dormancy status was determined by the bud break percentage (BBP) after 32 days. We defined the beginning of bud break when the as green leaf tips were enclosing visible leaves. If the buds were at more than 50% bud break after 32 days, then the buds were considered to be released from ED (Yooyongwech et al., 2009).



Acquisition of Meteorological Data and Chilling Units in Magnolia wufengensis and Magnolia denudata During Dormancy

Maximum (Tmax), minimum (Tmin), and average temperatures (Tavg) were recorded every 15 min using the weather station (WeatherHawk, Campbell Scientific, UT, United States) located in Jiufeng National Forest Park.

Chilling units (CUs) of M. wufengensis and M. denudata leaf buds were calculated based on 0–7.2°C (Weinberger, 1950) and Utah models (Richardson, 1974).



Measurements of Phytohormones Contents

The extraction, purification, and determination of endogenous abscisic acid and gibberellin (GA1, GA3 and GA4) were performed using an enzyme-linked immunosorbent assay (ELISA) according to manufacturer’s instructions. The fresh samples (1 g bud) were homogenised in liquid nitrogen and extracted in pre-cold 80% (v/v) methanol with butylated hydroxytoluene (BHT) (1 mmol/L) and kept at 4°C overnight. The samples were centrifuged for 15 min at 5,000 rpm (4°C). Afterward, the extracts were passed through a C18 Sep-Pak Cartridge (Waters, Milford, MA, United States) and dried with N2. Then the residues were dissolved in 0.01 mol L–1 PBS (pH 7.4) to determine the levels of ABA and GAs content. Calculations of plant hormones by ELISA followed the protocol described in Zhao et al. (2006). The ELISA kits used for the assay were purchased from Saipei Biotechnology Co., Ltd. (Wuhan, China). Each experiment contained three biological and technical replicates.



RNA Isolation, cDNA Library Construction, and Sequencing

RNA for RNA-seq was isolated separately from the 19N1, 19D1, and 19D2 samples using Plant RNA Purification Reagent for plant tissue according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, United States) and genomic DNA was removed using DNase I (Takara Bio, Shiga, Japan). Then, RNA quality was determined using the 2100 Bioanalyzer Instrument (Agilent Technologies, Santa Clara, CA, United States) and quantified using NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, United States). Only high-quality RNA samples (optical density (OD)260/280 = ∼1.8–2.2, OD260/230 ≥ 2.0, RNA integrity number ≥ 6.5, 28S:18S ≥ 1.0, quantity > 1 μg) were used to construct the sequencing library.

RNA purification, reverse transcription, library construction, and sequencing were performed at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China) according to the manufacturer’s instructions (Illumina, San Diego, CA, United States). The RNA-seq transcriptome libraries of M. wufengensis were prepared using TruSeq RNA Sample Prep Kit (Illumina). Poly(A) mRNA was purified from total RNA using oligo-dT-attached magnetic beads (Invitrogen) and then fragmented using the fragmentation buffer. Using these short fragments as templates, double-stranded complementary DNA (cDNA) was synthesised using SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen) with random hexamer primers (Illumina). Subsequently, the synthesised cDNA was subjected to end-repair, phosphorylation, and “A” base addition according to Illumina’s library construction protocol. Libraries were selected for size using cDNA target fragments of 200–300 bp on 2% Low Range Ultra Agarose (Bio-Rad) followed by PCR amplification using Phusion DNA polymerase (New England Biolabs, Boston, MA, United States) for 15 PCR cycles. After quantification using TBS380, two RNA-seq libraries were sequenced in a single lane on NovaSeq 6000 Sequencing System (Illumina) for 2 × 150 bp paired-end reads. Each experiment included three biological replicates.



De novo Assembly and Sequence Annotation

The raw paired-end reads were trimmed and quality controlled using SeqPrep1 and Sickle2 with default parameters. Subsequently, clean data from M. wufengensis were used to perform de novo assembly with Trinity3 (Grabherr et al., 2011). All the assembled transcripts were searched against the National Center for Biotechnology Information protein non-redundant (NR), Clusters of Orthologous Genes (COG), and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases using BLASTX to identify the proteins that had the highest sequence similarity with the given transcripts to retrieve their function annotations and typical cut-off E-values were set as less than 1.0 × 10––5. Blast2GO4 (Conesa et al., 2005) programme was used to obtain gene ontology (GO) annotations of uniquely assembled transcripts for describing their biological processes, molecular functions, and cellular components. Metabolic pathway analysis was performed using KEGG5 (Ogata et al., 1999).



Differential Expression Analysis and Functional Enrichment

To identify differentially expressed genes (DEGs) between two different samples, the expression level of each transcript was calculated according to the transcripts per million reads method. RSEM6 (Li and Dewey, 2011) was used to quantify gene abundance. DEG analysis was performed using DESeq2 (Love et al., 2014) and EdgeR (Robinson et al., 2009) with DEGs |log2FC| > 1 and Q value ≤ 0.05 (DESeq2 or EdgeR) considered to be significant. In addition, functional enrichment analysis using GO and KEGG were performed to identify which DEGs were significantly enriched in GO terms and metabolic pathways with a Bonferroni-corrected p value ≤ 0.05 compared to the whole-transcriptome background. GO functional enrichment and KEGG pathway analyses were carried out using Goatools7 and KOBAS8 (Xie et al., 2011).

Venn diagrams were drawn and trend analysis was performed using Venny 2.19 and Short Time-series Expression Miner software (STEM) (Ernst and Bar-Joseph, 2006), respectively.



Exogenous Abscisic Acid Treatment

For ABA treatment, nine shoots of M. wufengensis were collected from the 12 trees from November 2020 to January 2021 and sprayed with 100, 200, or 300 μM ABA (Aidlab, Beijing, China) and 0.2% ethanol (mock treatment) at approximately 13:00 for three consecutive days. Each treatment was executed with three biological and technical replicates. Buds were collected at 7, 14, 21, and 28 days after ABA treatment and stored immediately in liquid nitrogen and then at –80°C. Other shoots that grew in the chamber environment mentioned above for 32 days were used to measure BBP.



Identification and Validation of Cold-Related Genes by Cold Acclimation

To ensure DEGs identified by RNA-seq involve in cold tolerance of M. wufengensis, a cold acclimation experiment was conducted to valid their functions. Three apical buds were selected randomly and used for experiments during the whole cold acclimation treatment in September 2017 (autumn). The experiment included three temperatures for analysis. A room temperature of 22°C in a low-temperature incubator (3M, United States) served as the control. The samples in other groups of M. wufengensis buds were treated for seven days sequentially in low-temperatures incubators at the following two different experimental temperatures: low temperature of 12 and 4°C. Two days were left for cooling slowly in temperatures incubator between two groups (Supplementary Figure 2).



Quantitative PCR Analysis of Gene Expression

RNA of M. wufengensis buds for quantitative PCR (qPCR) was extracted using the HiPure HP Plant RNA Mini Kit (Magen, Shanghai, China) according to the manufacturer’s instructions and genomic DNA was removed using DNase I. cDNA used for qPCR was reverse transcribed from 2 μg of purified RNA in a 20 μL reaction volume based on the manufacturer’s instructions (G592, Applied Biological Materials, Richmond, BC, Canada). The qPCR primers were designed using Beacon Designer 7 (PREMIER Biosoft International, Palo Alto, CA, United States) and passed the specificity test. qPCR was carried out on a StepOnePlus Real-Time PCR System (Applied Biosystems, United States) with a final reaction volume of 10 μL containing 5 μL TB Green Premix Ex Taq (Tli RNaseH Plus; Takara Bio) (2X), 0.2 μL each of ROX Reference Dye (50X) (Takara Bio), upstream primer, and downstream primer, 1.0 μL cDNA, and 3.4 μL double-distilled water. MwACTIN was used for a reference gene for analysis. The primer sequences used in qPCR are listed in Supplementary Table 1. Each sample included three biological and technical replicates.



Statistical Analysis

The study was conducted with a completely randomised design. The data were analysed using one-way analysis of variance followed by least significant difference test and p value <0.05 was considered significant. Graphs were constructed using SigmaPlot version 10 (Systat Software, San Jose, CA, United States) and R Project (R Foundation for Statistical Computing, Vienna, Austria). All data were analysed using SPSS Statistics version 20 (IBM, Armonk, NY, United States).




RESULTS


Dormancy Status and Chilling Requirement of Buds in Magnolia wufengensis and Magnolia denudata During Natural Overwintering

To study the relationships between bud dormancy and cold tolerance, it is imperative to define the status of bud dormancy. As is shown in Figure 1A, no bud breaking was observed in M. wufengensis and M. denudata on 20O2; however, BBP increased with progress in chilling accumulation mainly in November and December. In M. wufengensis, the apical leaf buds were determined in the ED phase before 20N2 and ED release between 20N2 and 20D1, when the number of CUs reached 62–214 CUs and 480–548 CUs based on the 0–7.2°C and Utah models, respectively. In addition, the ED release occurred between 5 December and 20 December in M. denudata, which was later than that in M. wufengensis with CUs reaching 214–294 CUs and 548–589.5 CUs based on the 0–7.2°C and Utah models, respectively (Figure 1B).
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FIGURE 1. Bud break percentage and chilling units of Magnolia wufengensis and Magnolia denudata during 2020–2021 dormancy phase under natural conditions. (A) Bud break percentage of Magnolia wufengensis and Magnolia denudata was assessed after 32 days in 2020–2021. (B) Chilling units were calculated based on 0–7.2°C and Utah models beginning on 14 November and 29 September 2020, respectively. Each experiment was performed with three biological replicates. Different letters above bars indicate a significant difference among bud break percentage according to ANOVA and LSD test (p < 0.05).




Phytohormone Concentration During Bud Dormancy of Magnolia wufengensis

GA3 content was low before 21J1 and peaked at 21J2, and a small peak appeared at 20N2 (before ED release) (Figure 2A) and a similar result was observed regarding the content of GA1 (Figure 2B). In addition, the content of GA4 decreased during ED release phase and a peak at 20D2 was observed (Figure 2B). Moreover, before ED release, the concentration of ABA kept increasing until at 20O2 and then decreased rapidly to the lowest level at 20N2 with dormancy release, with a slight increase at 20D1 and considerable reduction immediately at 20D2. After ED release, ABA levels sharply increased after 20D2 and increased further at 21J2 (Figure 2C). In addition, the ratio of content of ABA/GA3 increased before ED release and experienced a sharp decrease after ED release (Figure 2D).
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FIGURE 2. Concentration of phytohormones [(A) gibberellin 3 (GA3), (B) gibberellin 1 (GA1) and gibberellin 4 (GA4), (C) abscisic acid (ABA), (D) ABA/GA3 ratio] in Magnolia wufengensis during the season transition in 2020–2021. Each experiment was performed with three biological replicates. Different letters above bars indicate a significant difference among hormones according to ANOVA and LSD test (p < 0.05).




Transcriptome Sequencing, de novo Assembly, and Annotation of Magnolia wufengensis Unigenes During Bud Dormancy

Three libraries 19N1 (ED, control, BBP = 0%), 19D1 (ED release phase, 0% < BBP < 50%), and 19D2 (ECD, BBP > 50%) (Supplementary Figure 3) were constructed from cDNA obtained from more than three apical buds and sequenced on the NovaSeq 6000 platform. Approximately 59.75 GB of clean reads was obtained after quality control, and Q30 percentage and guanine and cytosine content (GC) percentage were more than 92.14 and 46.92% in the nine samples, respectively (Table 1). The de novo assembly using Trinity yielded 187,406 unigenes ranging from 201 bp to 14,669 bp with an average length of 621.82 bp, and N50 of 895 bp (Table 2). In general, the number of unigenes decreased with the increase in gene length, and the largest proportion of unigenes was between 200 bp and 500 bp (123,562, 66%), followed by 501 bp to 1,000 bp (35,770, 19%), and 1,001 bp to 1,500 bp (11,895, 6%) (Supplementary Figure 4A).


TABLE 1. Sequencing the Magnolia wufengensis transcriptome from nine apical leaf samples from plants from endodormancy (ED; 19N1_1, 19N1_2, 19N1_3), before ED release (19D1_1, 19D1_2, 19D1_3), and ecodormancy (ECD; 19D2_1, 19D2_2, 19D2_3).
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TABLE 2. Statistical results of transcriptome unigenes.
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The assembled unigenes were compared against NR, Swiss-Prot, Pfam, COG, GO, and KEGG databases using BLASTX (E-value < 1e–5). Simultaneously, we found that the number of unigenes successfully annotated to the NR database was the highest (78,142; 41.7%), followed by COG (71,437; 38.1%), KEGG (61,840; 33.0%), Pfam (55,774; 29.8%), Swiss-Prot (55,692; 29.7%), and GO (43,500; 23.2%) (Supplementary Figure 4B). With respect to species, the unigene sequences were most similar to genes from Quercus suber (29,500), Cinnamomum micranthum (11,576), Carpinus fangiana (5,871), Nelumbo nucifera (3,592), and V. vinifera (3,052) using BLASTX matches (Supplementary Figure 4C).

KEGG analysis revealed 61,840 unigenes to be significantly mapped to 139 KEGG pathways and classified into six categories: Metabolism, Genetic Information Processing, Environmental Information Processing, Cellular Processes, Organismal Systems, and Human Diseases. The highest unigenes representation pathways in “Metabolism” were carbohydrate metabolism (4,090) and amino acid metabolism (2,911), those in “Genetic Information Processing” were translation (4,895) and folding, sorting, and degradation (3,342). Signal transduction (823), transport and catabolism (2,138), environmental adaptation (852), and endocrine and metabolic disease (116) were most associated with “Environmental Information Processing,” “Cellular Processes,” “Organismal Systems,” and “Human Diseases,” respectively (Supplementary Figure 4D).

Based on GO analysis, 43,500 unigenes were classified into three main categories: biological process, cellular component, and molecular function. Biological process was mainly comprised of proteins involved in cellular process (29,572), metabolic process (27,167), and biological regulation (8,340). The most represented cellular components were cell part (29,063), membrane part (22,285), and organelle (16,681). In addition, we found a high number of unigenes involved in binding (36,757), catalytic activity (35,199), and transporter activity (5,244) in molecular function (Supplementary Figure 4E).



Changes in Gene Expression, Gene Expression Patterns, and Enrichment Analysis of Differentially Expressed Genes During Bud Dormancy

Unigenes with p value < 0.05 or |log2FC| ≥ 1 were defined as DEGs. Among the DEGs, 8,565 and 30,321 were upregulated and 7,675 and 13,672 genes were downregulated at 19D1 and 19D2, respectively. Moreover, 28,849 upregulated and 9,715 downregulated unigenes were identified between 19D2 and 19D1. The number of DEGs of 19D2 versus 19N1 were the highest, followed by 19D2 versus 19D1 and 19D1 versus 19N1 (Figure 3A). To further explore DEGs related to dormancy release under natural conditions, a Venn diagram was drawn between 19D1 versus 19N1, 19D2 versus 19N1, and 19D2 versus 19D1, and 4,286 DEGs were found to intersect all three groups (Figure 3B). To distinguish the changing patterns in gene expression, gene expression profile clustering was performed. From this, 4,286 genes were assigned to 16 different profiles by STEM and six profiles that were significantly enriched from 19N1 to 19D2 were identified (Figure 3C).
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FIGURE 3. Expression patterns of differentially expressed genes (DEGs) during different dormancy phases in Magnolia wufengensis. (A) Changes in gene expression profile during different dormancy phases. (B) Venn diagram of DEGs between 19D1 versus 19N1, 19D2 versus 19N1, and 19D2 versus 19D1. (C) Trend analysis of 4,286 intersecting DEGs in panel (B).


Compared to 19N1, GO analysis of DEGs at 19D1 demonstrated that genes related to membrane structure and transcription were overexpressed. Biological process, cellular component, and molecular function, “single-organism transport,” “cellular component,” and “oxidoreductase activity” were the most enriched GO categories. At 19D2, in biological process, the major subcategories were “metabolic process” and “single-organism process.” In cellular component, “cellular component,” “cell part,” and “intracellular part” were the most representative subcategories, and “oxidoreductase activity,” “transporter activity,” and “RNA binding” were the top three subcategories compared to 19N1.

Compared to 19N1, KEGG pathway enrichment analysis for DEGs indicated that four pathways – “ribosome (map03010),” “oxidative phosphorylation (map00190),” “plant-pathogen interaction (map04626)” and “plant hormone signal transduction (map04075)” were significantly enriched at 19D1. At 19D2 versus 19N1, “spliceosome (map03040)” followed by “oxidative phosphorylation (map00190),” and “plant hormone signal transduction (map04075)” were significantly enriched. Compared with D1, “ribosome (map03010),” “oxidative phosphorylation (map00190),” and “spliceosome (map03040),” were significantly enriched at 19D2 (Supplementary Table 2).



Hormone Signal Transduction Related Genes Were Expressed During Bud Dormancy Transition

Based on KEGG annotation, DEGs related to phytohormones play an important role in dormancy transition. A total of 51 DEGs related to plant hormone signal transduction (Supplementary Table 3) divided into three main gene clusters as shown in Figure 4. Cluster A (13 genes) was highly expressed at the 19N1 (ED) stage, and showed low expression levels during dormancy release, which indicated that the genes in this cluster may be involved in breaking ED. Among the DEGs in cluster A, two genes involved in ABA signalling, PP2C and ABF, and five auxin-related genes, including three IAA, and one each of GH3 and AUX, were found, which indicates that ABA and auxin signalling were activated during dormancy release. Cluster B contained 14 genes that showed low expression level at N1, and sharply increased at 19D1before decreasing to a relatively low level at 19D2. Among them, DEGs associated with auxin (IAA, SAUR, ARF, and T1R1), ethylene (EBF and ETR), and brassinosteroid (TCH4) regulation were most abundant in this expression profile cluster. Cluster C, with the largest number of DEGs (24 genes), exhibited a low expression level at 19N1, which gradually increased at 19D1 and part of 19D2. Among them, DEGs that responded to jasmonic acid (COI1, JAZ, and JAR1), cytokinin (ARR-A), auxin (SAUR, ARF, IAA and AUX1), and brassinosteroid (TCH4 and BZR1) exhibited a similar expression pattern to that in cluster C.
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FIGURE 4. Heatmap of differentially expressed genes (DEGs) involved in plant hormone signal transduction (map04075) during different dormancy phases at 2019–2020 in Magnolia wufengensis.




Transcription Factors Were Active During Endodormancy Release

A total of 1,001 TF genes (552 upregulated and 449 downregulated) that were active during dormancy transition were identified. These TFs were mainly concentrated in MYB_superfamily, C2H2, C2C2, bHLH, bZIP, AP2/ERF, NAC, and WRKY. Among all the evaluated genes, the number of genes of the MYB_superfamily was the highest with 131 genes (59 upregulated and 72 downregulated), followed by C2H2 with 103 genes (90 upregulated and 13 downregulated), C2C2 with 93 genes (56 upregulated and 37 downregulated), bHLH with 86 genes (45 upregulated and 41 downregulated), bZIP with 80 genes (64 upregulated and 16 downregulated), AP2/ERF with 66 genes (35 upregulated and 31 downregulated), NAC with 55 genes (25 upregulated and 30 downregulated), and WRKY with 48 genes (26 upregulated and 22 downregulated) (Supplementary Table 4).



Validation of RNA-Seq Results Using Quantitative PCR

Ten DEGs were randomly selected to demonstrate the reliability of RNA-seq using qPCR. The trends of genes during different dormancy phases using qPCR were consistent with the RNA-seq results, indicating favourable reliability of RNA-seq (Supplementary Figure 5).



Abscisic Acid at a Concentration of 100 μM Promoted Endodormancy Maintenance in Magnolia wufengensis

Based on the transcriptional analysis, we analysed and inferred that hormone metabolism, signal transduction, and especially ABA may play important roles in dormancy transition. Therefore, to further figure out the function of ABA with respect to ED release, three different exogenous concentrations of ABA (100, 200, and 300 μM) were applied to apical buds on 20N1, 20N2, 20D1, 20D2, 21J1, and 21J2 in M. wufengensis, and their BBP with exogenous ABA and mock treatments (0.2% ethanol) was compared after 32 days. Based on the evaluated dormancy status, 20N1 and 20N2 were in ED and ready to release from ED, and 20D1, 20D2, 21J1, and 21J2 were in ECD. BBP on 20N1 and 20D1 significantly decreased after treatment with 100 μM ABA (Figure 5), whereas ABA at concentration had almost no effect on the germination rate in ECD (20D2, 21J1 and 21J2). This implies that during ED or the ED release phase, ABA at a concentration of 100 μM played a positive role in ED maintenance and was therefore selected for further investigation.
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FIGURE 5. Bud break percentage after abscisic acid (ABA) treatment during endodormancy (ED) to ecodormancy (ECD) during 2020–2021 in Magnolia wufengensis. Each experiment was performed with three biological replicates. Different letters above bars indicate a significant difference among bud break percentage under different concentration of ABA according to ANOVA and LSD test (p < 0.05).




Identification and Expression of Abscisic Acid-Related Genes During Dormancy Transition Under Natural Environment

To further study the molecular mechanism of action of ABA on ED release, one NCED, three CYP707A, two PYL, five PP2C, one SNRK2, and three ABI DEGs related to ABA synthesis, metabolism, and signalling were identified using RNA-seq. Among these genes, the expression of MwNCED-3 was downregulated and showed a low expression before dormancy release, and then increased during dormancy release (Figure 6A). The expression of MwCYP707A-1-2 declined toward ED release and steadily increased after ED release, which is consistent with the content of ABA, whereas almost no expression of MwCYP707A-1-1 and MwCYP707A-2 was observed during the entire dormancy release phase (Figure 6B). Moreover, the expression patterns of genes related to ABA signalling were also determined. The expression levels of MwPYL-1/3 genes decreased before dormancy release and increased rapidly during dormancy release, and then decreased steadily at ECD. The same expression pattern was observed in MwPP2C-6. On the contrary, MwSNRK2-10 slowly increased before dormancy release, peaked on 20N2, decreased rapidly during dormancy release, and increased thereafter at ECD. In addition, MwPP2C-24 and MwABI-5 increased before dormancy release and dropped with ECD development (Figure 6C).
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FIGURE 6. Relative gene expression levels of differentially expressed genes (DEGs) involved in abscisic acid (ABA) biosynthesis (A), metabolism (B), and signal transduction (C) under natural condition during 2020–2021 in Magnolia wufengensis. Each experiment was performed with three biological replicates. Each bar represents the mean ± SEM of three biological replicates.




Expression of C-Repeat Binding Factor and Inducer of C-Repeat Binding Factor Expression Genes During Dormancy Transition Under Natural Conditions

To understand the relationship between dormancy transition and cold tolerance in winter, we identified one CBF1 and two ICE1 genes in our transcriptome data and measured their expression patterns during the natural ED process in M. wufengensis. To confirm their functions on cold resistance, we conducted an experiment under cold acclimation and found that MwCBF-1 and MwICE-1-1 were induced under cold stress, indicating that the two genes were associated with cold tolerance (Supplementary Figure 6). Among these genes, the expression of MwCBF-1 was upregulated to 20N2 and showed a high expression before dormancy release, and then decreased but still kept a high expression after ED release. The expression of MwICE-1-1 decreased to N1 and then increased slowly at ECD. The expression level of MwICE-1-2 showed a high expression at 20D2 but maintained a relatively low expression at other phases (Figure 7).
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FIGURE 7. Relative gene expression levels of differentially expressed genes (DEGs) involved in cold resistance under natural condition during 2020–2021 in Magnolia wufengensis. Each experiment was performed with three biological replicates. Each bar represents the mean ± SEM of three biological replicates.




Expression Analysis of Genes Related to Abscisic Acid and Cold Tolerance in Response to Exogenous Abscisic Acid Treatment

The significantly decreased BBP indicated that ABA promoted ED maintenance. To further determine the function of ABA in the maintenance of ED, the responses of buds collected at 20D1 were compared between mock and ABA treatment group. Genes related to dormancy transition under natural conditions were focussed on (Figure 8). The expression of MwCBF-1 induced by ABA was considerably upregulated compared to that in the mock treatment and a similar increase was observed in MwPYL-1 and MwABI-5. Fluctuations were observed in the expression of MwNCED-3 and MwPYL-3 during the whole treatment time. In addition, a slight decreasing trend can be seen in the expression of the two PP2C genes in the previous 21 days, while there was a significant increase in MwPP2C-6 on the 28th day after treatment which was the opposite to the trend observed for MwSnRK-2-10. The expression of MwCYP707A-1-2 was similar to that of MwPP2C-6, showing a high expression at the 7th and 28th days and maintaining a relatively low expression at the 14th and 21st days after ABA treatment.
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FIGURE 8. Relative gene expression levels of specific differentially expressed genes (DEGs) involved in abscisic acid (ABA) (A) and cold resistance (B) under ABA treatment during 2020–2021 in Magnolia wufengensis. Each experiment was performed with three biological replicates. Each bar represents the mean ± SEM of three biological replicates.




Expression Analysis of Genes Related to Bud Dormancy in Response to Exogenous Abscisic Acid Treatment

In addition to analysing the expression pattern of ABA and cold-related genes, several genes such as D-type cyclin (CYCD), PKL and CALS1 involving in bud dormancy have also been identified. Among the genes, one CYCD3, one PKL and two CALS1 genes were differently expressed during dormancy transition. To further study whether a similar model induced by ABA exists in M. wufengensis, we measured the expression of the dormancy-related genes under ABA treatment (Figure 9). The expression of MwCYCD-3 increased in the previous 21 days and was considerably promoted by ABA and a similar trend exists in MwCALS-1-1 in the first 21 days. In addition, the expression of MwPKL was depressed by ABA throughout the treatment time except the 21st day. During dormancy release, the expression MwCYCD3 and MwCALS-1-1/2 were promoted by ABA, but MwPKL expression was depressed by ABA.
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FIGURE 9. Relative gene expression levels of specific differentially expressed genes (DEGs) involved in bud dormancy under ABA treatment during 2020–2021 in Magnolia wufengensis. Each experiment was performed with three biological replicates. Each bar represents the mean ± SEM of three biological replicates.





DISCUSSION


Chilling Requirement and Environmental Factors Affected Bud Dormancy

The 0–7.2°C and Utah models are widely used to assess CRs in perennial trees (Yang et al., 2021). As shown in Figure 1B, temperature steadily dropped to 7.2°C relatively late, so no CUs were accumulated before 20N1 under the 0–7.2°C model. The Utah model is often used for cold regions such as north China, as it takes into consideration the accumulation effect of different temperatures (Erez et al., 1990). Our results were thus consistent with those of previous studies. Based on the Utah model, M. wufengensis underwent lesser CR to break dormancy than M. denudata. In addition, we found that the lower the temperature, the higher the BBP. Based on our results, the buds accumulated enough CUs to break ED before 20D1.



Transcriptome Data Revealed Phytohormones Involved in Bud Dormancy Release

Bud dormancy is associated with phytohormones in many species (Cooke et al., 2012). GA and ABA regulate dormancy induction and release (Yue et al., 2018; Yang et al., 2019). In general, ABA levels increase with the establishment of dormancy (PD to ED) and decrease during dormancy release (ED to ECD) while GA3 exhibits opposite trends during dormancy transition. For example, in wintersweet, the content of ABA increases with the chilling accumulation from PD to ED and then decreases after dormancy release, and that of GA3 decreases with the length of dormancy (Li et al., 2020). Similar results have been observed in many other perennial species such as pear (P. pyrifolia) (Tuan et al., 2017; Ito et al., 2021), peach (Prunus persica) (Wang et al., 2016), grape (V. vinifera) (Zheng et al., 2015), and leafy spurge (Euphorbia esula) (Chao et al., 2017). In addition, besides changes of GAs content, we also found that the content of GA3 was higher than the other two GAs, indicating an important role GA3 plays in dormancy transition of M. wufengensis.

Many DEGs were significantly annotated to hormones during dormancy transition based on KEGG annotation. Therefore, the effect of hormones on dormancy was focussed on. In M. wufengensis, the ABA content decreased during dormancy release but increased rapidly from 20D2 and 21J2, and GA3 content steadily increased after dormancy release, similar those observed in other species, which suggests a relationship between content of ABA and GA3 and the depth of ED. Based on our records, the average temperature during this stage was –4.4°C. Therefore, we hypothesised that a protective strategy to cope with low temperatures may exist in M. wufengensis. In addition, a homeostatic network of various hormones is thought to be at the centre of dormancy transition (Shu et al., 2013; Zhang et al., 2018). In C. praecox, the ratio of ABA/GA3 increases with dormancy breaking (induced by chilling) and decreases during dormancy release in P. mume (Wen et al., 2016; Li et al., 2020). Thus, these results are consistent with those of other studies.

Studies of exogenous hormone application have shown that exogenous ABA application can effectively promote dormancy establishment and maintain ED (Zheng et al., 2015; Li and Dami, 2016). Based on previous studies, inhibitory effect of exogenous ABA does not always work all the time and depends on status of buds. In pear (Pyrus fauriei), ABA inhibitory effect on bud break could be affected by chilling accumulation (Tamura et al., 2002) and in grape (V. vinifera), ABA application to buds which are released from dormancy did not reduce BBP (Zheng et al., 2015). Similar results were found in the present study as 100 μM ABA delayed dormancy release before ECD, whereas 200 and 300 μM ABA could not effectively inhibit BBP. On the one hand, inhibition was not dependent on concentration, which is not consistent with the results observed in grape whose BBP is more efficiently inhibited by high concentration of ABA (Zheng et al., 2015). On the other hand, high concentration of ABA could not suppress bud break in M. wufengensis during dormancy release, which is different from results in pear whose BBP with 100, 200, and 300 μM ABA was similar (Li et al., 2018). Compared to 100 μM whose concentration is relatively low, we infer that 200 or 300 μM ABA may damage and then stimulus the defence system of buds in M. wufengensis, so higher concentration of ABA treatment has not depressed bud break percentage. These results suggest that a non-ABA-regulated controlling mechanism of dormancy may exist in M. wufengensis, and the mechanism needs further study. However, as our experiment was conducted in a climate chamber after buds were cut from trees, whether similar results can be observed in field experiments remains to be investigated.

In addition to physiological data about hormones, we further analysed the data at the molecular level. The content of ABA in plants is not dominated by a single factor but by a balance of biosynthesis and metabolism, and function through various signalling pathways. Therefore, we further analysed the changes in ABA content during dormancy by evaluating ABA biosynthesis, metabolism, and signalling. NCED and CYP707A are two of the main genes involved in ABA biosynthesis and metabolism, respectively. Overexpression of NCED promotes seed dormancy and delays germination in tobacco (Nicotiana plumbaginifolia) (Qin and Zeevaart, 2002). Li et al. (2018) found that PpNCED-2 and PpNCED-3 are highly expressed during ED and decrease rapidly during dormancy release. In this transcriptome data, we identified one NCED DEG and named the gene MwNCED-3. The expression pattern was similar to PpNCED-3 and consistent with the decrease in ABA content during ED released.

Furthermore, CYP707A is known to be highly expressed during dormancy release in peach and pear (Wang et al., 2016; Tuan et al., 2017). Recent studies have shown that CYP707A is involved in dormancy release regulation. In potato, ABA content changes are correlated with NCED and CYP707A gene families and associated with dormancy release in tubers (Destefano-Beltrán et al., 2006). In the present study, the expression of MwCYP707A-1-2 was downregulated during dormancy release and immediately upregulated during ECD (Figure 6B). This result is not consistent with those of the abovementioned research in peach or pear. Based on these results, we infer that MwCYP707A-1-2 may be a key gene involved in ED release, and the role of MwCYP707A-1-2 in bud dormancy of M. wufengensis needs to be further studied.

ABA signal transduction is also involved in dormancy regulation and bud dormancy. In pear, Bai et al. (2013) found that PpPP2Cs were upregulated while PpSNRK2s were downregulated after dormancy release. Similar results were observed by Li et al. (2018) who found the expression of PpPYLs, PpSNRK2s, and PpABIs to be upregulated from PD to ED, but the expression of PpPP2Cs was low during ED and increased with the decrease of ABA content during dormancy release. The expression of VvPP2Cs higher at PD than at ED (Tuan et al., 2017). From our results, genes associated with ABA signalling showed different expression patterns during dormancy transition. MwPP2C-6/8/51, MwPYL-1/3, and MwSNRK2-10 showed a relatively high expression in ED and ED release, while the expression of MwPP2C-16/24 and MwABI-5/2-2 in ECD was higher than that in ED. However, the consistency between the trends of their expression and dormancy transition was not significant and their functions need to be further studied.

In addition, ABA could not only influence the expression of ABA-related genes, but also involve in regulation of many dormancy-related genes. In the present study, these dormancy-related genes such as CYCD, PKL and CALS1 were differentially affected by ABA: MwCYCD-3 and MwCALS-1-1/2 were promoted by ABA and MwPKL was depressed by ABA which indicated that a similar ABA-centred model of H. Aspen exists in dormancy release M. wufengensis. In addition, functions of the dormancy-related genes need to be further study.



Cold Tolerance and Bud Dormancy in Winter

Bud dormancy, an important biological process for plants to survive the winter, is strongly related to cold hardiness enhancement in winter. Li et al. (2003) found that cold tolerance is enhanced before dormancy development in silver birch (B. pendula). In the winter, perennial plants tend to enhance cold tolerance through natural cold acclimation to survive under long-term cold conditions (Uemura et al., 1995; Lee and Thomashow, 2012). The CBF-dependent signalling pathway is an important cold signalling pathway in plants. CBFs/DREBs bind to cis-elements of cold resistance genes and activate their expression, thus improving cold resistance in plants (Park et al., 2015; Ding et al., 2020). ICE1, a positive regulator of cold response, can activate the expression of CBF (Chinnusamy, 2003; Lee et al., 2005). DAM/SVP can regulate the bud dormancy cycle in perennial trees (Falavigna et al., 2019). Recently, the relationship between CBF and DAM co-regulating dormancy has been widely studied in many species (Yang et al., 2021). In P. mume, PmDAM6 and PmCBFs mainly respond to chilling temperature (below 20°C) and freezing cold (0°C), respectively. Additionally, eight PmCBFs were upregulated under the stimulus of a cold signal, which then induced the expression of all six DAM genes during dormancy development (Zhang et al., 2018; Zhao et al., 2018a). In the Populus hybrid, PtCBF1 and PtDAM1 induction was found to be related to ED development (Boldizsár et al., 2021). In pear, Niu et al. (2015) found that PpCBF can induce the expression of PpDAM and PpDAM and subsequently inhibit PpFT, which then stimulates growth cessation and promote dormancy maintenance. In the present study, we identified one DREB1B/CBF1 gene (TRINITY_DN8378_c0_g1) and two ICE1 genes (TRINITY_DN20323_c1_g1 and TRINITY_DN20323_c0_g2). MwCBF-1 was highly expressed during overwintering, so we suspected that MwCBF-1 was a positive regulator for cold resistance in M. wufengensis. Before dormancy release, MwCBF-1 achieved a peak at 20N2, while the temperature was still above 0°C (Supplementary Figure 7). In the coldest two months, which included D1, D2, J1, and J2, MwCBF-1 decreased but maintained a high expression to cope with cold stress when dormancy was released (Figure 8). Furthermore, the expression of MwCBF-1 can be efficiently induced by exogenous ABA application. We suspected that M. wufengensis can efficiently enhance cold resistance during the dormancy release phase to survive the winter, so it is important to maintain ED and extend the time of the dormancy release phase. Above all, a hypothesis of molecular model for ABA and its biosynthesis, metabolism and signalling pathway; cold tolerance and acclimation; and dormancy during overwintering was proposed (Figure 10). In addition, the role that ECD plays in cold tolerance enhancement during overwintering needs to be further study.
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FIGURE 10. A hypothesis of molecular regulation model between bud dormancy and cold acclimation during winter in Magnolia wufengensis.





CONCLUSION

Overall, this study provides fundamental insights into the bud dormancy cycle and CR in two Magnoliaceae plants and we hypothesised that M. wufengensis and M. denudata are both sensitive to low temperature and short day based on meteorological data. The content of ABA and GA3, and the ABA/GA3 ratio significantly changed during dormancy release and ECD. A M. wufengensis dataset containing 187,406 unigenes was constructed to observe the dynamic changes in gene expression under different dormancy phases using RNA-seq. Comparison with ED led to the identification of 16,240 and 43,993 DEGs during ED release (19D1) and ECD (19D2), respectively. Among the DEGs, many key genes and metabolic pathways, especially those of plant hormones, were identified using KEGG and GO analyses. Based on heatmap analysis of plant hormone transduction, we found that auxin- and ABA-related genes showed high expression in ED. Thus, auxin and ABA may regulate dormancy transition in M. wufengensis. Application of 100 μM of exogenous ABA before dormancy release could effectively maintain dormancy. Seventeen DEGs involved in ABA biosynthesis, metabolism, and signal transduction were identified based on RNA-seq data. We conducted qPCR on the 17 ABA-related DEGs and found that MwCYP707A-1-2 may be involved in dormancy regulation. Besides, MwCBF-1 was highly expressed during dormancy release, suggesting a relationship between cold tolerance and bud dormancy. Thus, our findings shed light on the mechanism underlying dormancy release and further our understanding of overwintering from bud dormancy in M. wufengensis.
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Endodormancy in temperate fruit trees like Prunus is a protector state that allows the trees to survive in the adverse conditions of autumn and winter. During this process, plants accumulate chill hours. Flower buds require a certain number of chill hours to release from endodormancy, known as chilling requirements. This step is crucial for proper flowering and fruit set, since incomplete fulfillment of the chilling requirements produces asynchronous flowering, resulting in low quality flowers, and fruits. In recent decades, global warming has endangered this chill accumulation. Because of this fact, many agrochemicals have been used to promote endodormancy release. One of the first and most efficient agrochemicals used for this purpose was hydrogen cyanamide. The application of this agrochemical has been found to advance endodormancy release and synchronize flowering time, compressing the flowering period and increasing production in many species, including apple, grapevine, kiwi, and peach. However, some studies have pointed to the toxicity of this agrochemical. Therefore, other non-toxic agrochemicals have been used in recent years. Among them, Erger® + Activ Erger® and Syncron® + NitroActive® have been the most popular alternatives. These two treatments have been shown to efficiently advance endodormancy release in most of the species in which they have been applied. In addition, other less popular agrochemicals have also been applied, but their efficiency is still unclear. In recent years, several studies have focused on the biochemical and genetic variation produced by these treatments, and significant variations have been observed in reactive oxygen species, abscisic acid (ABA), and gibberellin (GA) levels and in the genes responsible for their biosynthesis. Given the importance of this topic, future studies should focus on the discovery and development of new environmentally friendly agrochemicals for improving the modulation of endodormancy release and look more deeply into the effects of these treatments in plants.

Keywords: agrochemical, chill, endodormancy, hydrogen cyanamide, temperate fruit trees


INTRODUCTION

Endodormancy in perennial trees, like Prunus, is an essential step for plant survival in the unfavorable conditions of autumn and winter (Beauvieux et al., 2018). The dormancy cycle is divided into three different stages: endodormancy, ecodormancy, and paradormancy (Lang et al., 1987; Fadón et al., 2020; Figure 1). Endodormancy is controlled by the bud itself and is characterized by slow metabolism and suspended growth in roots, stems, leaves, and flowers (Martínez-Gómez et al., 2017). Throughout this stage, chill is gathered by the plant; the flower and vegetative buds will only be able to release from endodormancy once the chilling requirements (CR) have been fulfilled (Prudencio et al., 2018). The CR are characteristic of each cultivar, and incomplete fulfillment might provoke imperfections in flowering and production, which translate into great losses for farmers (Fennell, 1999). Once endodormancy has released, the resumption of growth is still inhibited by unfavorable external conditions, rather than internal cues. Once the adverse environmental conditions of winter end, the warm temperatures of spring trigger the development of the future flowers as well as tree growth. This stage between endodormancy release and flowering is known as ecodormancy (Szalay et al., 2010; Liu and Sherif, 2019). The last stage of the cycle is paradormancy, which takes place throughout summer and ends in the final summer weeks. In this stage, lateral growth is inhibited by apical dominance as well as auxins (Champagnat, 1983).


[image: image]

FIGURE 1. Dormancy cycle and plant growth. Events that take place in the different stages of dormancy cycle and plant growth.


Temperature and photoperiod are probably the main cues that trigger the stages of the dormancy cycle, including endodormancy release and flowering (Walsh et al., 2002; Liu and Sherif, 2019). As a result, global warming has placed a huge amount of pressure on perennial trees. Unusually high temperatures during winter do not provide the necessary chill requirements, causing imperfect, asynchronous and deficient flowering, which results in a drop in production and fruit quality (Blanke and Kunz, 2009; Martínez-Gómez et al., 2017).

Thus, with the aim of neutralizing the effects of climate change, breeding programs are releasing low-CR cultivars (early flowering) in species like peach (Prunus persica L. Batsch), sweet cherry [Prunus avium (L.) L.], plum (Prunus domestica L.), and apricot (Prunus armeniaca L.). The new genotypes will be able to fulfill their CR even under increased temperatures caused by global warming (Martínez-Calvo et al., 2009). Nevertheless, breeding programs are costly and time-consuming—it takes an average of 10–15 years to register a new cultivar (Dicenta et al., 2009).

Different products are therefore applied to crops to promote endodormancy release (Rodrigo et al., 2017). These products—called agrochemicals, plant growth regulators or biostimulants—are organic compounds used for advancing endodormancy release and flowering, synchronizing, and compressing the latter. They usually consist of high concentrations of nitrogen from distinct sources (Table 1). However, other agrochemicals with different bases have been tested, obtaining different results in terms of endodormancy release, and flowering advance (Hopping, 1977; Erez et al., 2008; Botelho et al., 2016; Bound and Miller, 2016).


TABLE 1. Composition of the different agrochemicals used for advancing endodormancy release and species in which they have been tested.
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EFFECTS OF AGROCHEMICALS ON ENDODORMANCY RELEASE

In recent years, many agrochemical treatments have been performed in warm areas in order to shorten endodormancy and advance flowering time (Ardiles and Ayala, 2017; Rodrigo et al., 2017; Ferreira et al., 2019). This practice presents significant problems, however, owing to a lack of knowledge about the efficiency of the treatments and the optimal concentrations and application times for distinct species and cultivars (Ionescu et al., 2017a; Rodrigo et al., 2017; Pasa et al., 2018). In order to assist the promotion of endodormancy release in these treatments, other agrochemicals like Armobreak® or mineral oil have been used to prevent evaporation and help ensure that the treatments penetrate the plant (Küden et al., 1995; Sagredo et al., 2005; López Alcolea, 2018). Several works in kiwi, pistachio (Pistacia vera L.), apple and Prunus spp. have indicated that the optimal concentration of agrochemicals like Armobreak™ and mineral oil is 3% (Erez and Zur, 1981; Küden et al., 1995; Sagredo et al., 2005; Erez et al., 2008; Petri et al., 2014; Botelho et al., 2016; Hernández and Craig, 2016). Nevertheless, these products have not solved the problems linked to the promotion of endodormancy release. Recent works have therefore focused on the effects and the application parameters (application time, concentration, species, phytotoxicity, and so on) of these agrochemicals in many crops (Hawerroth et al., 2010; Rademacher, 2015; Segantini et al., 2015; Petri et al., 2016; Pasa et al., 2018).


Hydrogen Cyanamide: The First Agrochemical Used to Promote Endodormancy Release

Hydrogen cyanamide, mostly sold as Dormex® (520 g/l hydrogen cyanamide, AlzChem, Germany) (Table 1), has been widely used for assisting chill accumulation and synchronizing flowering time in many species, including apple (Malus domestica Borkh.), grapevine (Vitis vinifera L.), blackberry (Rubus spp.), sweet cherry, almond, and peach (Jackson and Bepete, 1995; Segantini et al., 2015; Ionescu et al., 2017a; Shi et al., 2018).

In apple, endodormancy release and flowering time were significantly earlier than in control trees when different hydrogen cyanamide solutions (1.5–4%) were applied (Jackson and Bepete, 1995). These differences were even more pronounced in cultivars with high CR, in which flowering occurred more than 7 days earlier in treated trees than in control trees (Jackson and Bepete, 1995; Đmrak et al., 2016). Under warm winter conditions, the differences in flowering time were even greater (Đmrak et al., 2016). In other species like grapevine, buds treated with a hydrogen cyanamide solution (5%) exhibited a higher flower bud break ratio than the control buds (Ophir et al., 2009). Other crops, such as peach, have displayed the same behavior as apple and grapevine after treatment with a hydrogen cyanamide solution (1–2%). In these studies, the flower bud break ratio was between 27 and 57% higher in treated than in control trees (Dozier et al., 1990; Yooyongwech et al., 2012).

However, despite all of these promising results, it must be said that hydrogen cyanamide is poisonous for humans—it can produce a disulfiram-like syndrome, in which acetaldehyde accumulates in the blood, producing headaches, low blood pressure, palpitations, nausea, and chest pain (Mergenhagen et al., 2020). Its use has therefore been banned in many countries worldwide (Sheshadri et al., 2011), including European Union countries, New Zealand, and more.



Alternatives to Hydrogen Cyanamide Based on Nitrogen Compounds

Due to the toxicity of hydrogen cyanamide, numerous agrochemicals for promoting endodormancy release have been tested and brought out (Sheshadri et al., 2011; Ardiles and Ayala, 2017; Rodrigo et al., 2017). Most of these agrochemicals contain high concentrations of nitrogen from nitrite salts and amino acids (Table 1). Among these agrochemicals, the most popular are Erger® + Activ Erger® and Syncron® + NitroActive® (Rodrigo et al., 2017; Ferreira et al., 2019). However, new agrochemicals with similar formulas have also been used to a lesser extent, such as Bluprins® + Bluact®, Kiplant HB15® + Kiplant Inducer®, Siberio® + Siberion® and W-Uniformity Superplus® (Tavares et al., 2018; Table 1).

Trees treated with these compounds suffer from aggressive oxidative stress in bud cells, which results in metabolic rearrangements. At the same time, the ATP anabolism is increased by glycolysis and fermentation, promoting endodormancy release (Pérez et al., 2009; Segantini et al., 2015).

Erger® + Activ Erger® have been widely applied in many different species like apple, grapevine, kiwi [Actinidia deliciosa (A.Chev.) C.F.Liang & A.R.Ferguson], blackberry, sweet cherry and peach to promote endodormancy release, and flowering (Segantini et al., 2015; Ardiles and Ayala, 2017; Pasa et al., 2018; Ferreira et al., 2019; Fowler et al., 2020).

In apple, treatment with Erger® + Activ Erger® (3–7%) and Syncron® + NitroActive® (1–2%) has been found to advance endodormancy release and flowering in several cultivars under cold and warm winter conditions (Hawerroth et al., 2010; Petri et al., 2016; Đmrak et al., 2016; Abreu et al., 2018) compared to positive control trees treated with a hydrogen cyanamide solution. In cold winters, the Erger® + Activ Erger® combination was more efficient than hydrogen cyanamide, whereas in warm winters, no differences were found between the treatments. Nevertheless, even in warm winters, both treatments produced an earlier endodormancy release than the untreated control (Hawerroth et al., 2010).

Also in apple, Syncron® + NitroActive® produced the same effects as hydrogen cyanamide, independently of the weather conditions (Petri et al., 2016). On the contrary, a 3-year study with warm and cold years showed an earlier full bloom in control trees than in trees treated with either Erger® (2–6%) or hydrogen cyanamide (0.34%) solutions (Pasa et al., 2018). However, it must be said that trees treated with the highest Erger® concentrations showed higher production levels than the control trees, as previously shown (Đmrak et al., 2016).

In agreement with these results, it has been observed in grapevine that, under subtropical conditions, plants sprayed with an Erger® solution, and plants treated with hydrogen cyanamide (3.5–4.5%) solutions present similar vegetative bud break rates (Fowler et al., 2020). Even so, both Erger® and hydrogen cyanamide treatments exhibited a higher budburst (10–15%) than the control treatment (Fowler et al., 2020; Rosa et al., 2020).

The same results were observed in blackberry when plants were treated with hydrogen cyanamide (2–8%) or Erger® (2–8%) solutions. All plants treated with either of these solutions had an earlier endodormancy release and flowering and harvest time than control trees (Segantini et al., 2015). These findings support the viability of Erger® as an alternative endodormancy release promotor. Nevertheless, they still need to be validated in further studies, using more species and cultivars in years with different levels of chill accumulation.

Erger® has also been used to promote endodormancy release in kiwi. Under cold winter conditions, kiwi trees treated with an Erger® (6%) solution presented a higher flower bud break rate than those treated with a hydrogen cyanamide solution (5%) (Hernández and Craig, 2016). In contrast to Erger®, the Syncron® + NitroActive® treatment has not yet been found to produce an earlier endodormancy release in this species. This might be due to deficient chill accumulation, since less than 40% of the CR were fulfilled in this study (Tavares et al., 2018).

Other less popular agrochemicals have also been used to advance endodormancy release, including Bluprins® (Biolchim, Italy) + Bluact® (Biolchim, Italy), Kiplant HB15® (Asfertglobal, Portugal) + Kiplant Inducer® (Asfertglobal, Portugal), Siberio® (Green Hass, Italy) + Siberion® (Green Has, Italy), and W-Uniformity Superplus® (Agroserna S.L., Spain) (Table 1). To date, kiwi is the only species in which these treatments have been applied (Tavares et al., 2018). The first two treatments produced a significant increase in flower bud break percentage compared to the control trees, whereas the rest of the treatments did not present any differences. Nevertheless, in all of the treatments, the sprayed trees showed lower production levels than the control trees (Tavares et al., 2018).

As in other species, the use of Erger® (6%) or Syncron® (2%) + NitroActive® (20%) has been found to advance endodormancy release in sweet cherry compared to control trees (Ardiles and Ayala, 2017; Rodrigo et al., 2017). Moreover, when trees were treated with an Erger (6%) solution, they flowered 1 week earlier than trees treated with a hydrogen cyanamide solution (2%).



Agrochemicals With Alternative Chemical Bases

In recent years, several new agrochemicals have been released based on either carbon, potassium and boron [Organihum Plus® (Econatur, Spain) + Organihum B-Plus® (Econatur, Spain)]; nitrogen and sulfur (thiourea); vegetable oils [Waiken™ (SST Australia Pty Ltd, Australia) and Natur’oleo® (Stoller, United States)]; or more complex compounds like cytokinins [DROPP® (Bayer, Germany) and Sitofex® (BASF, Spain)] (Table 1). Waiken™ is an emulsion of methyl esters of fatty acids that has been tested in species like apple and sweet cherry (Bound and Miller, 2006, 2016). The principal effect of this agrochemical when applied in early endodormancy is homogenous flowering. However, results in terms of promoting endodormancy release and flowering have varied greatly from year to year, and advances in both only occurred in the years the treatment was applied in the early stages of endodormancy (Bound and Miller, 2006). Thioureas are compounds with high concentrations of nitrogen and sulfur that produce some advances in endodormancy release in grapevine. This effect is even greater when high concentrations of thioureas are used (Hopping, 1977). Another two agrochemicals, DROPP® and Sitofex®, are phenylurea-derivatives, mixed with different cytokinins like thidiazuron and forchlorfenuron, respectively. DROPP® has been useful in advancing endodormancy release and flowering in some Prunus species (Erez et al., 2008). However, no studies in flower buds have been published to date using Sitofex® as an endodormancy release promoter.




EFFECTS OF THE DIFFERENT AGROCHEMICALS ON PRODUCTION

Many studies performed in different species have revealed that these agrochemicals mentioned above have a great impact on fruit tree production (Đmrak et al., 2016; Tavares et al., 2018). In apple, high concentrations of hydrogen cyanamide or Erger® significantly increased production, resulting in a greater number of fruits with a similar weight than in control trees (Jackson and Bepete, 1995; Seif El-Yazal and Rady, 2012; Đmrak et al., 2016). In kiwi, hydrogen cyanamide and Erger® also boosted production, resulting in bigger fruits and also a more uniform fruit size than in control trees (Ardiles and Ayala, 2017). Furthermore, alternative treatments in grapevine using the vegetable oil Natur’oleo® + mineral oil or thioureas have been found to increase the annual yield compared to untreated plants (Botelho et al., 2016). In contrast to these results, kiwi trees treated with Syncron® + NitroActive® and the less popular agrochemicals that promote endodormancy release (Bluprins® + Bluact®, Kiplant HB15® + Kiplant Inducer®, Siberio® + Siberion®, W-Uniformity Superplus®, and Organihum Plus® + Organihum B-Plus®) showed a decrease in production compared to the control trees (Tavares et al., 2018).

In Prunus spp., several studies have confirmed that hydrogen cyanamide can also increase fruit production and quality. For instance, a study in peach showed that the application of a hydrogen cyanamide solution (3%) had a great impact on fruit quality, increasing the fruit set and the fruit weight by over 30%, and decreasing fruit drop by 50% (Singh and Banyal, 2020). Similar results have also been observed in apricot and plum, in which the application of a hydrogen cyanamide solution (3%) increased the fruit set of the treated trees in both species (Son and Kuden, 2005; Kelany et al., 2009).

Furthermore, sweet cherry trees were studied in two different locations under warm and cold winter conditions. In warm winter areas, some trees were treated with a 2% hydrogen cyanamide solution to test its effects on flower organ development. Organ damage was mostly observed in the ovule and embryo sac of the control trees, and 84% of flowers were not sufficiently developed for fertilization versus 48% on the treated trees. In cold winter areas, the percentage of undeveloped flowers was around 50% on treated and control trees. These results confirm the usefulness of hydrogen cyanamide for correcting flower development in warm winter areas, where chill accumulation is not sufficient to ensure proper flowering and production (Wang et al., 2016).



AGROCHEMICAL APPLICATION TIME AND CONCENTRATION

A study performed using endodormancy release promoters indicated two crucial factors for successful treatment: the application time and the concentration used (Jackson and Bepete, 1995).

Regarding the application time, a 6% Erger® solution was applied in kiwi at three different time points. Under cold winter conditions, the most effective application time was 30 days before flower bud break. On the contrary, under warm winter conditions, the most effective application time was 61 days before flower bud break (Hoeberichts et al., 2017). This dissimilarity might be due to the distinct levels of accumulated chill in each winter, since an incomplete fulfillment of CR produces abnormal bud break, flowering, and production (Fennell, 1999).

These results agree with a work in sweet cherry, in which trees from two cultivars were treated with a 2% Syncron® + 20% NitroActive® solution at two application times for 2 years. In the cultivar with the latest flowering time, the later application in the endodormancy period produced a greater advance in flowering than the earlier one under both cold and warm winter conditions, whereas it was only effective in the earliest flowering cultivar under warm winter conditions (Rodrigo et al., 2017). As in the case of kiwi, this difference may be due to the different levels of chill accumulated in each winter. Under cold winter conditions, the CR of the earliest cultivar might have already been fulfilled when the agrochemical was applied, thus producing no variation in flowering time.

In addition, there is significant controversy about the optimal application date. Several studies in peach and apple have indicated the necessity of a certain amount of chill accumulation prior to agrochemical application (Siller-Cepeda et al., 1992; Bound and Jones, 2004). However, the best way to measure this chill accumulation prior to application remains unclear. Some works have suggested applying the treatment at a certain number of weeks before the average endodormancy release date (Bound and Jones, 2004). In our opinion, this is not a valid way to determine the application time, since the chill accumulation during these weeks is totally dependent on the year and location. On the other hand, recent studies in grapevine, sweet cherry, and apricot have stated that the treatment should be applied when two-thirds of the CR have been fulfilled (Ben Mohamed et al., 2012; Ionescu et al., 2017a,b; López Alcolea, 2018). Nevertheless, this still needs to be validated in more species and cultivars, since huge differences in CR may affect the optimal application time.

The concentration, as we mentioned before, is the second crucial factor in successfully advancing endodormancy release. In apricot, a comparison of 1, 2, and 3% hydrogen cyanamide solutions showed that 3% produced the highest fruit set (Kelany et al., 2009). This fact agrees with other results in peach and plum, in which trees treated with a 2% solution exhibited a higher flower bud break rate than trees treated with a 1% solution (Dozier et al., 1990; Son and Kuden, 2005).

This trend was also observed in other assays using Erger® instead of hydrogen cyanamide (Hawerroth et al., 2010). Different works in apple demonstrated that high concentrations of Erger® (5, 6, and 7%) were more efficient in advancing flowering time and increasing production (Hawerroth et al., 2010; Pasa et al., 2018). On the other hand, studies in grapevine and blackberry found no differences between low and high concentrations of Erger® solutions in terms of flowering time, fruit ripening or production (Segantini et al., 2015; Rosa et al., 2020). Similarly, in apple, no dissimilarities were observed between trees treated with 1 and 2% Syncron® solutions (Petri et al., 2016). Nevertheless, this lack of differences might be due to the low concentration applied, given that the optimal concentration of other agrochemicals with a similar composition is around 6% for apple, for example (Hawerroth et al., 2010; Pasa et al., 2018). All of these results confirm that stone fruits and apple trees need a high concentration of agrochemicals to obtain maximum performance (Dozier et al., 1990; Son and Kuden, 2005; Kelany et al., 2009; Hawerroth et al., 2010; Pasa et al., 2018). This is indeed problematic as it has been demonstrated that treatments with a high agrochemical concentration or an incorrect application time may cause bud toxicity, producing bud fall and huge production losses (Wang et al., 2016). Works in apple and peach have proven that high concentrations or late applications of aggressive agrochemicals like hydrogen cyanamide produce phytotoxicity, decreasing the total yield of that year due to destruction of the flower buds (Shulman et al., 1986; Dozier et al., 1990; Siller-Cepeda et al., 1992; Finetto, 1993; Fallahi et al., 1997; Bound and Jones, 2004). Therefore, these agrochemicals should always be applied according to the manufacturer’s indications.



BIOCHEMICAL AND GENETIC VARIATIONS AFTER AGROCHEMICAL APPLICATION

In recent years, several studies have focused on the biochemical and genetic variations produced by the application of agrochemicals for promoting endodormancy release (Pérez et al., 2008; Kaufmann and Blanke, 2017). In apple, the application of a hydrogen cyanamide (4%) solution produced a significant increase in soluble nitrogen and polyamines in the flower buds (Seif El-Yazal and Rady, 2012). These results were—to some extent—expected, since hydrogen cyanamide is a nitrogen compound, which increases oxidative stress in plants (Segantini et al., 2015; Đmrak et al., 2016).

Studies in grapevine have revealed that plants treated with hydrogen cyanamide suffer changes in reactive oxygen species (ROS) levels and in the expression of some genes like α-amylase genes (Pérez et al., 2008; Vergara et al., 2012; Yooyongwech et al., 2012; Rubio et al., 2014; Zheng et al., 2015; Sudawan et al., 2016). Furthermore, the up- and downregulation of genes related to hypoxia and the biosynthesis of ABA and GA was detected in treated plants (Ophir et al., 2009). These results agree with other studies in almond and grapevine, which found that ABA, ROS, and GA play a crucial role in the endodormancy release process (Pérez et al., 2008; Guillamón et al., 2020). Overall, these results confirm that hydrogen cyanamide simulates hypoxia conditions in treated plants, increasing the expression of different groups of genes, such as hypoxic responsive genes, genes involved in the GA biosynthesis, and α-amylase genes, among others (Ophir et al., 2009; Vergara et al., 2012; Rubio et al., 2014).

Another study in peach showed that hydrogen cyanamide may enhance an influx of water to the dormant buds, causing the accumulation of water in the basal part of the peach flower (Yooyongwech et al., 2012). In sweet cherry, an accumulation of water during endodormancy release has been observed. Such water storage in buds right before, during and after endodormancy release could be due to a high concentration of carbohydrates, which would act as an osmotic factor in flower buds, producing water accumulation (Kaufmann and Blanke, 2017).

A recent study in sweet cherry focused on the metabolite and transcriptome variations that occur in flower buds after treatment with hydrogen cyanamide (Ionescu et al., 2017a). In this work, the metabolites from flower buds were extracted and analyzed by LC-MS. The results of these analyses pointed to prunasin and the phytohormone jasmonic acid as two principal actors in endodormancy release due to their significant variation during this process (Ionescu et al., 2017a). Prunasin variation was also observed in almond throughout the transition from endodormancy to ecodormancy (Del Cueto et al., 2017; Guillamón et al., 2020).

Regarding Erger®, only one study has investigated the differential expression of genes after its application (Hoeberichts et al., 2017). In this research, kiwi flower buds were analyzed by RNAseq. The results showed that genes responsible for seed germination, drought, and biotic stress exhibited significant downregulation. This fact agrees with other studies in grapevine and rice in which genes involved in the biosynthesis of ABA were downregulated during endodormancy and seed dormancy release, respectively (Ophir et al., 2009; Ye et al., 2012). On the other hand, genes related to the cell wall and sugar and nitrogen metabolism were upregulated (Hoeberichts et al., 2017). This is in line with previous studies explaining that cell wall rearrangements for permeability to water and other small molecules in cell-to-cell communication are necessary for endodormancy release (van der Schoot and Rinne, 2011). In the kiwi study, when Erger® was applied, more than 30 MADS-box sequences were found in the transcriptome assembly (Hoeberichts et al., 2017). These transcription factors have been widely described as being implicated in the regulation of endodormancy and flowering time in various species, such as peach, almond and kiwi (Li et al., 2009; Varkonyi-Gasic et al., 2011; Prudencio et al., 2020). In addition, in red-rice seeds, processes to obtain energy, like glycolysis, were upregulated during endodormancy release (Gianinetti et al., 2018). This also agrees with other rearrangements in carbohydrate metabolism that have been observed in some perennial crops like grapevine and almond (Davies and Böttcher, 2009; Guillamón et al., 2020).



CONCLUSION

Production in temperate fruit trees like Prunus species depends on successful flowering, which can only occur after successful endodormancy release. In recent years, global warming has endangered this process, producing problems in flowering, and production. To palliate this issue, different agrochemicals have been released. Nevertheless, the most effective agrochemical released to date, hydrogen cyanamide, has proven to be toxic. New environmentally friendly agrochemicals have therefore been released as alternatives to hydrogen cyanamide. Among them, Erger® has shown the most effectiveness in advancing endodormancy release. Moreover, recent advances in transcriptomics and metabolomics have indicated certain genes and metabolites that are key factors in endodormancy release. These recent discoveries may be the first step in developing new environmentally friendly agrochemicals focused on the variations observed in metabolism during endodormancy release. Finally, it must be said that more assays with more species, cultivars and agrochemicals in different weather conditions should be performed in order to obtain more valuable and useful data with the aim of releasing new efficient green agrochemicals.
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Winter dormancy – a period of low metabolic activity and no visible growth – appears as an adaptation to harsh winter conditions and can be divided into different phases. It is tightly controlled by environmental cues, with ambient temperature playing a major role. During endodormancy, a cultivar-specific amount of cold needs to be perceived, and during ecodormancy, heat hours accumulate before bud burst and anthesis in spring. Expression analysis, performed in several key fruit tree species, proved to be very useful in elucidating the molecular control of onset and release of dormancy. However, the time resolution of these experiments has been limited. Therefore, in this study, dense time-series expression analysis was conducted for 40 candidate genes involved in dormancy control, under the cool-temperate climate conditions in Dresden. Samples were taken from the cultivars ‘Pinova’ and ‘Gala,’ which differ in flowering time. The set of candidate genes included well-established dormancy genes such as DAM genes, MdFLC-like, MdICE1, MdPRE 1, and MdPIF4. Furthermore, we tested genes from dormancy-associated pathways including the brassinosteroid, gibberellic acid, abscisic acid (ABA), cytokinin response, and respiratory stress pathways. The expression patterns of well-established dormancy genes were confirmed and could be associated with specific dormancy phases. In addition, less well-known transcription factors and genes of the ABA signaling pathway showed associations with dormancy progression. The three ABA signaling genes HAB1_chr15, HAI3, and ABF2 showed a local minimum of gene expression in proximity of the endodormancy to ecodormancy transition. The number of sampling points allowed us to correlate expression values with temperature data, which revealed significant correlations of ambient temperature with the expression of the Malus domestica genes MdICE1, MdPIF4, MdFLC-like, HAB1chr15, and the type-B cytokinin response regulator BRR9. Interestingly, the slope of the linear correlation of temperature with the expression of MdPIF4 differed between cultivars. Whether the strength of inducibility of MdPIF4 expression by low temperature differs between the ‘Pinova’ and ‘Gala’ alleles needs to be tested further.

Keywords: apple, dormancy, temperature, DAM genes, endodormancy, ecodormancy


INTRODUCTION

In deciduous fruit trees such as apple (Malus × domestica Borkh.), phases of high metabolic activity, growth, and reproduction alternate with phases of no growth and low levels of activity, called dormancy. During dormancy, all vulnerable tissues are either removed or protected by very robust bud scales, which allows surviving harsh winter conditions. The cycles of activity and dormancy need to be synchronized well with environmental conditions in order to maximize survival during winter, optimize the timing of reproduction and yield, and maximize the length of growing seasons (Cooke et al., 2012). Which environmental cues regulate onset, progression, and release of dormancy in deciduous fruit trees is not entirely resolved, but ambient temperature and photoperiod appear to play major roles (Heide, 2008; Cooke et al., 2012; Maurya and Bhalerao, 2017). In contrast to most fruit tree species, M. × domestica is not sensitive to photoperiod and thus uses ambient temperature as a major environmental cue to control the timing of dormancy (Heide and Prestrud, 2005; Tanino et al., 2010; Cooke et al., 2012; Singh et al., 2017). Whether light quality serves as an additional cue needs to be determined.

Winter dormancy consists of three distinct phases, namely, paradormancy, endodormancy, and ecodormancy (Lang, 1987). During paradormancy, the termination of shoot growth is induced by other parts of the growing plant (Singh et al., 2017). However, dormant buds are still competent to leaf out, when disconnected from internal inhibitory signals from the tree and when grown under suitable conditions (Saure, 1985). During endodormancy, internal conditions prevent buds from leafing out, even if disconnected from the tree and placed under suitable growth conditions. In order to transit from endodormancy to ecodormancy, a genotype-specific amount of cold needs to be perceived, which is called chilling requirement (CR) (Coville, 1920). Freezing tolerance is highest during endodormancy, where water is bound and unfreeze (Erez et al., 1990; Faust et al., 1991). After the transition to ecodormancy, bud behavior is controlled predominantly by external conditions. If temperature accumulation is sufficiently high, buds will leaf out. For the phase transition from ecodormancy to bud break, it is heated, which needs to accumulate (heat requirement, HR). Several temperature-based models have been developed to measure the amounts of cold and heat that are required to progress through dormancy and allow to forecast the timing of bud break (Fadon et al., 2020). The most commonly used models are the chilling hours/Weinberger-Eggert model (Weinberger, 1950), the Utah model (Richardson et al., 1974), and the dynamic model (Fishman et al., 1987a,b; Erez et al., 1990). Model comparisons suggest that the goodness of performance of each model depends on the climatic region and the plant species it is applied to Luedeling et al. (2009); Chmielewski et al. (2012). The most commonly used model for heat quantification is the growing degree hour (GDH) model by Anderson et al. (1986). How chill and heat units are perceived and how their accumulation is resolved molecularly are still open questions.

In regions of the mild climate, chilling accumulates very slowly, leading to a prolonged phase of endodormancy, which may overlap with ecodormancy (Saure, 1985; Malagi et al., 2015). In temperate climate zones, there is sufficient chilling, and the phase transition to ecodormancy occurs at winter times when low temperature alone is sufficient to inhibit further growth. Global warming poses significant challenges to the progression of dormancy that are not universal but rather specific to the perceived environmental conditions. In mild climates, not enough chill units accumulate, which leads to irregular budburst and to lower crop yield (Erez, 2000). In the temperate zone, warm springs cause a shift to earlier bud break, with the consequence of the high risk of flower damage by early spring frost (Chmielewski et al., 2004; Estrella et al., 2007). Therefore, it is of high interest to unravel the molecular mechanisms of winter dormancy, which will allow developing tools for breeding apple cultivars, which are resilient to climate change.

In recent years, progress has been made on resolving the molecular mechanisms of dormancy control (Falavigna et al., 2019). Dormancy-Associated MADS-Box (DAM) genes were the first genes identified from the evergrowing mutant in peach (Bielenberg et al., 2008), and later also in other fruit-bearing species of the Rosaceae, such as plum, cherry, Japanese apricot, apple, and pear (Mimida et al., 2015; Rothkegel et al., 2017; Zhao et al., 2018; Vimont et al., 2019; Quesada-Traver et al., 2020).

Short Vegetative Phase (SVP) genes are structurally similar to DAM genes and are also important for dormancy control. Lines with transgenically downregulated levels of MdDAM and MdSVP genes are not able to get into the dormant state (Wu et al., 2017, 2021; Moser et al., 2020). Interestingly, MdDAM, MdSVP, and Md Flowering Locus C-like (MdFLC-like) genes form multimeric complexes that bind to specific DNA regions (Falavigna et al., 2021).

Since functional verification by transgenic lines is difficult, gene expression analysis has been very important to get insight into genes and pathways involved in dormancy control. Several RNAseq studies have been conducted in apple, peach, cherry, and apricot (Falavigna et al., 2014; Takeuchi et al., 2018; Artlip et al., 2019; Vimont et al., 2019; Moser et al., 2020; Yu et al., 2020; Zhu et al., 2020). The strict filtering strategy of Takeuchi et al. (2018) revealed a small set of genes being involved in endodormancy phase transition and showed expression correlation with ambient temperature under laboratory conditions. Among them were MdFLC-like and PHYTOCHROME-INTERACTING FACTOR 4 (MdPIF4), both have been associated with a temperature-sensitive expression before. In Arabidopsis thaliana, PIFs interact with light receptors and mediate growth responses by modifying the chromatin organization (Kumar et al., 2012; Willige et al., 2021). MdFLC-like in apple has been shown to be upregulated on cold treatment and may confer a growth-inhibiting effect (Porto et al., 2015; Nishiyama et al., 2021).

Although whole-genome expression analysis has revealed important insight, the time resolution of sampling dates is very limited due to the long time span that needs to be covered. A common strategy has been to sample once a month or to sample after plants have perceived a defined amount of chill hours (CH), which results in a total of four to eight sampling dates across winter (Moser et al., 2020; Yu et al., 2020; Falavigna et al., 2021). Vimont et al. (2019) also sampled every month; however, they improved the study considerably by selectively increasing sampling density in the weeks before phase transition (Vimont et al., 2019). By doing so, they increased the sampling density to biweekly for a few weeks. Yet, higher sampling densities are required to adequately capture the dynamic process of dormancy and the transitions between phases. Therefore, to unravel the molecular mechanisms of winter dormancy, a gene expression analysis of selected dormancy candidate genes was carried out. In this study, the high sampling density allowed capturing the dynamic process of dormancy and the transition between its individual phases. Buds of the two apple cultivars ‘Gala’ and ‘Pinova’ were collected from a commercial orchard in the Southeast of Germany, under the cool-temperate climate conditions in Dresden (Germany), which is located in the transition zone to the continental climate. The expression patterns of these genes were determined in densely spaced samples, which were taken weekly, covering the complete time span of winter dormancy. The dense sampling allowed us to identify specific expression patterns that were associated either with endodormancy or ecodormancy or patterns that reached across both phases. Correlations of gene expression with temperature under natural conditions provided further evidence for temperature-dependent expression.



MATERIALS AND METHODS


Plant Material

Spur buds of the two M.×domestica Borkh. cultivars ‘Pinova’ and ‘Gala’ grafted on M9 rootstocks were collected at the Orchard Görnitz in Neusörnewitz, located near Dresden, Germany (latitude 51.14908600295051, longitude 13.54123977860281). Sampling took place every week from September 20, 2017 to April 18, 2018. Per time point and cultivar, four biological replicates were collected with five spur buds for each replicate.



Timing of Dormancy Phase Transitions

The timing of the phase transition from endodormancy to ecodormancy was determined by scion cuttings. Therefore, extension shoots with a swollen terminal bud were cut every week and placed in a growth chamber at 20°C long days (16 h light) and relative humidity of 60%. Scions were placed in jars containing tap water, which was renewed every week. The developmental stages of generative terminal buds were determined for three replicates. Scions were cut every week from December 12, 2017 to February 14, 2018. The date of transition was defined as the cutting date of scions that under bud break forcing conditions reached the developmental stage BBCH 59 (ballon) after 5 weeks. Bud break and flowering in the field were scored every week during spring 2018 on 10 trees per cultivar.



Determination of Chilling and Heat Requirements

Hourly temperature data were obtained from the meteorological station located in Coswig at a distance of 3.38 km from the orchard. The accumulation of chilling hours was calculated by counting any hour as one unit if its temperature lies between 0 and 7.2°C (Weinberger, 1950). Chill portions (CP) were calculated by the dynamic model by Fishman et al. (1987a,b); Erez et al. (1990). Heat accumulation was calculated using the ASYMCUR GDH model by Anderson with the base, optimal, and critical temperatures of 4°C, 25°C, and 36°C, respectively (Anderson et al., 1986; Milyaev et al., 2021).



Sample Preparation, RNA Extraction, and cDNA Synthesis

Immediately after harvesting, bud scales were removed, and samples were frozen on dry ice. Frozen buds were homogenized with the Retsch Mixer Mill MM400 (Retsch, Germany), total RNA was extracted using the InviTrap Spin Plant RNA Mini Kit (Stratec Molecular GmbH, Berlin, Germany), and DNA was removed with the DNA-Free Kit (Life Technologies GmbH, Darmstadt, Germany). cDNA was synthesized with oligodT primer and 1 μg RNA as template and diluted 1:20 for gene expression analysis.



Primer Design

Primers were designed with the NCBI Tool Primer-BLAST, combining Primer3 and BLAST with the standard settings and M. domestica taxid 3750 as reference organism. To assure specificity to the gene of interest, suggested primer sequences were only considered if they did not target any other sequence with zero to two mismatches. All mRNA target sequences were extracted from the GDDH1.3 Genome (Daccord et al., 2017). To identify M. domestica genes that are homologous to the selected Prunus persica genes of interest, nucleotide BLAST against the M. domestica GDDH1.3 genome was used. Exceptions were sequences for Md Flowering locus T 2 (MdFT2). The sequence of MdFT2 (HQ424012.1 ‘Pinova’ and HF31588-RA ‘Hanfu line’) was not found in the GDDH1.3 genome by BLAST, and only the sequence of MdFT1 (HQ424013.1 ‘Pinova,’ MD12G1262000 ‘Golden Delicious’, HF38537-RA ‘Hanfu line’) was found in the GDDH1.3 genome. Therefore, the primers MdFT2-qRT-PCR of Kotoda et al. (2010) were used for PCR. All primer pairs were tested on ‘Pinova’ and ‘Gala’ cDNA by qRT-PCR (95°C for 15 s, 60°C for 30 s, 72°C for 30 s, for 40 cycles), and specificity was confirmed by melting curve analysis. For PIF4, primer efficiency was determined for each cultivar via concentration series and was very similar for both cultivars (Supplementary Figure 1). A full list of primers is given in Supplementary Table 1. The presence of MdDAM1 splice variants was tested by PCR on cDNA of four replicates of ‘Pinova’ samples collected between November 1, 2017 and December 13, 2017 at an annealing temperature of 57°C, an extension time of 1 min, and with 40 PCR cycles.



Gene Expression Analysis With the BioMark HD System

Expression analysis was performed using the BioMark HD high-throughput system with the 96.96 Dynamic Array (Fluidigm, South San Francisco, California, United States). For the winter period of 2017/2018, three biological and two technical replicates of two cultivars at 28 were analyzed with 44 primer pairs (Supplementary Table 1). The 96.96 Dynamic Array Integrated Fluidic Chip assay was performed according to the instructions of the manufacturer and as described by Reim et al. (2020). Expression data were analyzed with the Fluidigm Real-Time polymerase chain reaction (PCR) Analysis 3.1.3 software (Fluidigm, South San Francisco, California, United States). The amplification curve quality check was performed, and three primer pairs and three samples (i.e., 114_rep1_Pinova, 120_rep3_Pinova, and 123_rep1_Gala) were removed from further analysis as their quality score was below the set threshold of 0.65. The linear baseline correction and auto cycle threshold (Ct) determination were used for retrieving CT values. The expression stability of reference genes was validated using RefFinder (Xie et al., 2012). Relative expression values were calculated using the 2–ΔΔCT method, using sample 101 as the calibrator (Pfaffl, 2001). Graphical representation of expression data was performed with ggplot2 using R (Wickham, 2016, R foundation, Vienna, Austria).



Correlation of Temperature Data With Gene Expression Levels

Mean expression values per time point and cultivar were correlated with temperature data. Therefore, the following temperature values were used: mean daily temperature at the sampling date, and the sum of CH or CP of all days within 2 weeks before sampling was calculated. The correlation matrix was calculated and plotted using the Pearson correlation method with the R package corrplot (Wei and Simko, 2021). Scatter plots and linear regressions were performed using R and ggplot2 (Wickham, 2016).



Cluster Analysis

k-means clustering was performed using the R package “cluster,” and the R package “factoextra” was used to visualize the clusters (Kassambara, 2017; Maechler et al., 2021). The optimal cluster number was determined by considering the within the sum of squares per number of clusters. For iterations, 25 random starting assignments were used, which revealed 25 different clustering results. Of these results, the best one with the smallest sum of squares was chosen.




RESULTS AND DISCUSSION


Selection of Candidate Genes

A set of 40 candidate genes was selected to determine specific expression patterns during winter dormancy in buds of the two apple cultivars ‘Gala’ and ‘Pinova’ (Supplementary Table 2). These include transcription factors and metabolic enzymes that are clearly or less explicitly associated with dormancy.

The MADS-box transcription factor genes MdDAM1, MdDAM2, MdDAM4, MdSVPa, and MdSVPb are well known to control the progression of dormancy in fruit trees of the Rosacea (Falavigna et al., 2019). The gene MdFLC-like also belongs to MADS-box transcription factors and is the closest paralog of the A. thaliana flowering time gene Flowering Locus C (FLC) (Kumar et al., 2016). It was chosen because MdFLC-like was upregulated after cold exposure, and evidence exists for a growth-inhibiting effect, which suggests that MdFLC-like is a good candidate for playing a role in dormancy (Porto et al., 2015; Takeuchi et al., 2018; Nishiyama et al., 2021). Additionally, it was located on top of chromosome 9, where quantitative trait loci (QTL) - and genome-wide association studies identified loci controlling bud break in apple (Vimont et al., 2019; Celton et al., 2011; Allard et al., 2016; Urrestarazu et al., 2017). Additionally, the four AP2/ethylene-responsive transcription factor genes Md Early Bud Break1 (MdEBB1), APETALA 2 on chromosome 7(AP2chr7), APETALA 2/Ethylene-Responsive Factor 113 (AP2_ERF113), and Ethylene-Responsive Factor on chromosome 4 (ERFchr4) described below were also included. EBB1 has been identified in poplar to play a role in dormancy release (Yordanov et al., 2014) and was associated with bud break in apples (Wisniewski et al., 2015). In pear, correlations of PpEBB1 with cyclin D3 were observed, and the hypothesis was put forward that EBB1 could regulate bud break by activating cell cycle regulator genes to reinitiate cell division (Tuan et al., 2016). AP2chr7 and ERFchr4 were differentially expressed in MdDAM1-silenced transgenic apple trees and changed expression during the course of dormancy (Moser et al., 2020). AP2_ERF113 showed temperature-sensitive expression variation during dormancy, similar to the gene PIF4, the MYC2-like transcription factor MD14G1126900 (MYC2-like), F-box transcription factor MD11G1009500 (MdFbox), Peroxidase 42-like MD10G1321200 (Md_peroxidase), and 4-Coumarate coenzyme A ligase 5 MD13G1257800 (CoA_ligase) (Takeuchi et al., 2018). MdbZIP and the NAC-like transcription factor NAM were included because both are differentially expressed in MdDAM1-silenced trees and varied expression during dormancy progression (Moser et al., 2020). The transcription factor gene Inducer of CBF Expression1 (ICE1) was found in a pear to be associated with endodormancy (Takemura et al., 2015) and was identified as the candidate gene in previous QTL studies investigating the timing of bud break, similar to PACLOBUTRAZOL RESISTANCE 1 (MdPRE1) (Miotto et al., 2019). Additional to MdPRE1, two more members of the Brassinosteroid pathway were selected, namely, Brassinosteroid-6-Oxidase 2 (BR6OX) and the receptor Kinase inhibitor BKI1. BR6Ox and BKI1 were chosen because both showed differential expression in dormancy-related RNA-seq experiments in cherry, peach, and apricot (Vimont et al., 2019; Yu et al., 2020). Of the gibberellic acid pathway, two gibberellin 3-oxidases 1 (GA3Ox1, MD08G1138400, MD15G1116300) and one gibberellin 2-oxidase 8 (GA2Ox8, MD11G1225400) were included because close homologs were differentially expressed in cherry, peach, and apricot during dormancy progression (Vimont et al., 2019; Yu et al., 2020). From the abscisic acid (ABA) pathway, the following four transcription factor genes were included: ABSCISIC ACID RESPONSIVE ELEMENTS-BINDING FACTOR 2 (ABF2, MD15G1081800), ABF2 on chromosome 8 (ABFchr8), (MD08G1099600), ABA-Insensitive 5 (ABI5) on chromosome 12,(ABI5chr12, MD12G1024300), and ABI5 on chromosome 14 (ABI5chr14, MD14G1021600). These were included because they were found to control a cluster of differentially expressed genes during dormancy in cherry (Vimont et al., 2019). Further members of the ABA pathway that were included in this study were the genes Group A protein type 2C phosphatases HAB1chr15 (MD15G1212000), HAB1chr2 (MD02G1084600), and the HIGHLY ABA-INDUCED PP2C Gene 3 (HAI3, MD06G1106000) and the epoxidase ABA1, which catalyzes the first step of ABA biosynthesis (MD02G1318300, MD07G1003000). This group of genes was differentially expressed during dormancy progression in peach and apricot (Yu et al., 2020). From the cytokinin signaling pathway, the type-B cytokinin response regulators BRR1, 7, 8, 9, and 10 were included in this study, as they were found to play a role in the endodormancy to ecodormancy transition in apple previously (Cattani et al., 2020). Not only hormones but also respiratory stress has been proposed to play a role in dormancy release (Vimont et al., 2019); therefore, the gene Respiratory burst oxidase protein F (RBOH, MD14G1211700) was included, which is differentially expressed in cherry, peach, and apricot, as well as Md_peroxidase, mentioned above).



Timing of the Endodormancy to Ecodormancy Transition With Relation to Cold and Heat Requirements

To be able to associate expression patterns with the timing of dormancy, the transition of endodormancy to ecodormancy was phenologically determined by scion cuttings and the end of dormancy by scoring bud break in the field (Lang, 1987). During winter 2017/2018, the transition of endodormancy to ecodormancy occurred on January 17 for ‘Pinova’ and on January 31 for ‘Gala’ (Supplementary Figure 2). Until January 17, 2018, trees had received 72.9 CP or 1,344 CH (Supplementary Figure 3). Therefore, the CR for ‘Pinova’ 2018 was 72.9 CP or 1,344 CH. Slightly higher was the CR for ‘Gala,’ 83.9 CP or 1,552 CH, which was reached on January 31. Bud break occurred between April 4 and April 11, 2018 in both cultivars, after an accumulation of 2,619–2,915 GDH.



Gene Expression Patterns

The time points of sample collections were chosen to cover all dormancy phases from the end of summer (September 20) to spring (April 18). Dense sampling allows monitoring expression changes that occur during short time spans. The expression pattern of 40 selected genes was surveyed, and for 35 genes, distinct patterns of expression were determined, and five genes did show no expression. To group genes by overall expression pattern across all time points, k-means clustering analyses were performed. Expression patterns were clustered into six different clusters (Figure 1). Cluster 1 and cluster 6 are distinct with good separation, whereas clusters 2 and 3, as well as clusters 4 and 5, are less distant from each other.
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FIGURE 1. Clusters of genes determined by k-means clustering of gene expression patterns. A total of 35 genes were clustered into six clusters according to their gene expression patterns across all samples.


Genes that belong to cluster 1 were highly expressed at the very beginning of dormancy (Figures 2A–E. See Supplementary Table 3 for collection dates). The two known dormancy-related SVP genes MdSVPa and MdSVPb belong to this first cluster (Figures 2A,B). Their expression levels were high at the beginning of dormancy, dropped to a local minimum during the ecodormancy to endodormancy transition, and increased again to reach a second maximum of expression during mid of ecodormancy. The genes CoA_ligase and Md_peroxidase showed a pattern of expression that is very similar to MdSVPa and MdSVPb (Figures 2C,D). Difference in expression between the two cultivars ‘Gala’ and ‘Pinova’ was observed for MdSVPa, which showed stronger expression in ‘Gala’ compared with ‘Pinova’, especially during the phase transition and during ecodormancy. The known dormancy-associated MADS-box gene MdDAM2 also belongs to cluster 1, with high expression levels at the beginning of dormancy (Figure 2E). Less specific was the expression pattern of ABI5chr14, which also belongs to cluster 1 (Supplementary Figure 4). Genes of cluster 2 increased expression levels at first and showed a local maximum of expression during endodormancy (Figures 2F–L, 3A). MdDAM4 and MdDAM1 belong to cluster 2 and both show a single peak of expression during endodormancy. The peaks of expression occurred progressively, earlier in MdDAM4 than in MdDAM1. A similar pattern was observed for AP2chr7 and ERFchr4. Both genes are members of the ERF/AP2 transcription factor family that are involved in transcriptional control of stress responses and are less well known for playing a role in apple dormancy. ‘Pinova’ expression levels were higher in MdDAM4 and AP2chr7 and lower in MdDAM1 compared with ‘Gala’; however, no shift in the timing of expression was observed. The MADS-box transcription factors MdSVPa, MdSVPb, MdDAM1, MdDAM4, and MdFLC-like (Figure 3I) have been shown to form multimeric complexes (Falavigna et al., 2021). In this study, we observed overlapping expression patterns of these genes, which may indicate that multimeric complexes including MdSVPa/b-MdDAM1 or MdDAM4, and complexes including MdSVPa/b and MdFLC-like could potentially be built during time spans of overlapping expression. For DAM1 in pear, it was shown that alternative splicing variants exist (Li et al., 2021). Since alternative splicing is another mechanism that occurs in relation to temperature-dependent regulation, we also assessed whether splice variants of MdDAM1 were present in our samples between November 1 and December 22, 2017; however, we did not find evidence for any splice variant of MdDAM1 in our samples (Supplementary Figure 5). The expression pattern of MdICE1 (Figure 2J) showed a broader single peak of expression. Expression levels started to rise during endodormancy, were highly expressed during phase transition, declined continuously during ecodormancy, and reached low levels before bud break. The expression peaks occurred approximately 1 week later in ‘Pinova’ compared with ‘Gala.’ In A. thaliana, ICE1 is an inducer of the cold acclimation pathway that leads to freezing tolerance. Although freezing tolerance overlaps with endodormancy, it appears to be independent of endodormancy (Bilavcik et al., 2015). Furthermore, evidence exists that ICE1 can activate FLC expression (Lee et al., 2015). Since the expression curve of MdICE1 peaked earlier than that of MdFLC-like, MdICE1 may also induce expression of MdFLC-like. The genes HAI3, ABF2, and HAB1chr15 also belong to cluster 2 (Figures 2K,L, 3A). These three genes showed an expression peak during endodormancy, reduced expression, and a local minimum of expression 2–3 weeks before the phase transition to ecodormancy. A second local maximum of expression occurred during ecodormancy. The expression of ABF2 showed high variation between sampling weeks and was strongly expressed in ‘Gala’ compared with ‘Pinova’ (Figure 2K). Since HAB1chr15, HAI3, and ABF2 are all parts of the ABA signaling pathway, these results clearly suggest involvement of ABA signaling during endodormancy and ecodormancy and during phase transition, when expression levels were low. Less distinct were the expression patterns of genes belonging to cluster 3 (Figures 3B,C and Supplementary Figures 4B–H). MdBRR1 and MdBRR9 show a broad expression curve across dormancy. ‘Gala’ samples showed higher expression compared with ‘Pinova’ in both genes. Less specific expression patterns, however, certainly expressed during dormancy and with reduced levels before bud break was observed for the genes ABFchr8, MdFbox, BKI1, MdBRR7, MdBRR8, MdBRR10, and ABI5chr12 (Supplementary Figures 4B–H). Genes that belong to cluster 4 show predominant expression during ecodormancy. The genes MdPIF4, HAB1chr2, MdPRE1, and MdEBB1 belong to this cluster (Figures 3D–G). MdPIF4 and HAB1chr2 showed a small peak of expression during endodormancy and a larger expression peak during ecodormancy. For both genes, expression levels were higher in ‘Pinova’ compared with ‘Gala’. MdPRE1 and MdEBB1 had a single peak in their expression pattern during ecodormancy. Cluster 4 comprises expression patterns with a single broader peak that is not lowered during phase transition. MdbZIP and MdFLC-like belong to this cluster (Figures 3H,I), as well as the following genes with less clear expression patterns: AP2_ERF113, NAM, MYC2like, and MdBR6Ox (Supplementary Figures 4I,L). The expression levels of NAM were much higher in ‘Gala’ compared with ‘Pinova’ throughout dormancy progression. Cluster 6 is a distinct cluster and comprises the two genes MdFT2 and RBOH (Figures 3J,K). Both genes were expressed after dormancy and were associated with bud break.
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FIGURE 2. Expression patterns of genes belonging to clusters 1 and 2. (A) MdSVPa, MdSVPb (B), and Md_peroxidase (C) were highly expressed at the beginning of dormancy, expression levels dropped to a local minimum shortly before the endodormancy to ecodormancy phase transition, and raised again to peak during ecodormancy. (D) CoA-ligase showed a similar pattern. (E) MdDAM2 expression levels were highest at the first three sampling dates during early fall. (F) Expression of MdDAM4 peaked on October 18 in both cultivars, levels were higher in ‘Pinova’ (blue) compared with ‘Gala’ (green). (G) MdDAM1 peaked on November 23, similar to AP2chr7 (H) and ERFchr4 (I). (J) The expression curve of MdICE was broader. (K) The expression pattern of HAI3 and ABF2 (L) showed two peaks. Cluster number is indicated by colored box harboring the gene name. The colors of the boxes match the cluster colors in Figure 1. Blue and green dots represent ‘Pinova’ and ‘Gala’ samples, respectively. Vertical lines mark the transition from ecodormancy to endodormancy of ‘Pinova’ (blue, January 17) and ‘Gala’ (green, January 31, 2018). Gray vertical lines indicate the time of bud break. Numbers on the x-axis indicate sample collection dates specified in Supplementary Table 3.
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FIGURE 3. Expression patterns of genes belonging to clusters 2–6. (A) HAB1chr15 showed two similarly strong peaks of expression, on December 6 and February 14, and the local minimum was on January 10, 1 week before the ecodormancy to endodormancy transition. (B) MdBRR1 and MdBRR9 (C) were expressed broadly across dormancy and declined before bud break. (D) Expression of MdPIF4 as well as for HAB1chr2 (E) showed two peaks of which the first peak was lower than at the second peak, and ‘Pinova’ expression levels were higher compared to ‘Gala.’ (F) The expression of MdPRE1 was low during endodormancy and showed a maximum of expression on February 7 and 14. (G) The expression levels of MdEBB1 and MdbZIP peaked slightly later, on March 7 and March 14 (H). (I) MdFLC-like was expressed broadly and it peaked later in ‘Pinova’ compared with ‘Gala.’ (J) RBOH and MdFT2 (K) were not expressed during dormancy; however, they were strongly induced on bud break. The color scheme is identical to the one in Figure 2.


No expression could be detected for the three genes involved in GA metabolism, two GA3 oxidases, one GA2 oxidase, and for the two copies of the ABA biosynthesis genes ABA1 (MD02G1318300, MD07G1003000).

These results allow us to speculate on the expression differences between ‘Gala’ and ‘Pinova’ that could potentially cause the difference in dormancy phase transition between these cultivars. Prominent differences between cultivars can be found in the amplitude of expression levels rather than in a time shift. The observed expression pattern also indicates a reduction of expression during endodormancy to ecodormancy transition in several genes. Whether the incomplete reduction of MdSVPa expression in Gala during phase transition has an effect on the timing of phase transition could be tested in further experiments.



Correlation of Gene Expression With Ambient Temperature

Dormancy progression highly depends on ambient temperatures – on chill unit accumulation during endodormancy and on the accumulation of heat units during ecodormancy. To gain insight into the mechanism that allows a temperature-dependent progression of the dormancy cycle, it was tested whether mean expression values of any gene in our field-collected samples correlate with temperature values (Supplementary Figure 6). Strong correlations with environmental temperature indicate the influence of temperature on the control of gene expression.

When using accumulated temperature data – accumulated GDH, accumulated CH, or CP – as an environmental variable, correlation analysis did not reveal any meaningful correlations. In order to be able to still use chilling as an environmental variable, we reduced the interval of temperature accumulation to shorter intervals. The most meaningful observed correlations were correlations with the sum of chill units that accumulated 2 weeks before sampling, as well as with mean daily temperature at sampling date (Figure 4A). Using mean daily temperature at the date of sampling for correlation analysis will likely not capture processes that rely on longer time spans. In this study, we expected to identify genes that are able to react to temperature change rather promptly. We imagined dormancy control to occur at multiple time scales and also that the successive progression of several short-term temperature-sensitive events could potentially underlie the observed long-term dormancy progression. Expression of MdICE1 was positively correlated with CH and showed the highest correlation coefficient of R = 0.617 (p < 0.05) (Figure 4B). This finding is in line with the knowledge of ICE1 (A. thaliana) being an upstream transcription factor that targets cold-responsive genes conferring freezing tolerance (Gilmour et al., 1998). The highest correlation of expression with mean daily temperature showed HAB1chr15, followed by MdFLC-like, MdBRR9, and MdPIF4. All four genes are negatively correlated with higher expression at lower temperatures (Figures 4C–F). The expression pattern of HAB1chr15 showed two peaks, which interestingly coincided very well with the lowest mean daily temperatures, resulting in the highest correlation coefficient with a mean daily temperature of all investigated genes (R = −0.754, p < 0.05). The expression of MdFLC-like was also highly correlated with mean daily temperature (R = −0.680, p < 0.05). Interestingly, MdFLC-like was only expressed when the mean daily temperature was below 9.2°C in these field-collected samples. These findings fit an increased MdFLC-like expression after cold treatment in chambers (Porto et al., 2015). The third highest correlation coefficient in correlations with mean temperature was revealed with the expression levels MdBRR9 (R = −0.634, p < 0.05). The strongest correlation with temperature showed the expression of MdPIF4, however, only after separating the two cultivars (R = −0.845 for ‘Gala’, R = −0.943 for ‘Pinova’, and R = −0.525 all data). This correlation confirms the temperature-sensitive expression variation observed previously (Takeuchi et al., 2018). Also, PIF4 is well known for its thermoregulatory role in A. thaliana, however, mostly for its activation by heat (Kumar et al., 2012). Further study is required to establish, whether allelic differences between ‘Pinova’ and ‘Gala’ MdPIF4 can confer variation in temperature sensitivity between the two cultivars and whether this difference underlies phenological variation between cultivars.
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FIGURE 4. Correlations observed between expression levels and temperature traits. (A) Mean daily temperature varied from the first to the last time point of sampling. Vertical lines indicate the timing of the transition from endodormancy to ecodormancy as in Figures 1–3. (B) MdICE1 mean expression levels per time point correlated significantly with the amount of CH that accumulated during the 2 weeks before sampling. (C) HAB1chr16 mean expression levels were highly correlated with mean daily temperature, similar to MdFLC-like (D) and MdBRR9 (E). The dashed lines indicate the mean daily temperature of 9.2°C (D). (F) The slopes of the linear correlation differ between the two genotypes in MdPIF4 differed. Blue and green dots represent ‘Pinova’ and ‘Gala’ samples, respectively.





CONCLUSION

Gene expression data of dormancy candidate genes were presented, covering the seasons fall, winter, and spring with collected samples every week of two cultivars. In this study, the genes surveyed revealed a set of genes that showed continuous progression of overlapping expression patterns, from paradormancy via endodormancy and ecodormancy to bud break (Figure 5). The association of well-established dormancy genes with the distinct phases of dormancy was confirmed; however, evidence was also provided for genes associated with winter dormancy that are less well known for dormancy control. AP2chr7 and ERFchr4 expression levels associated with endodormancy, and several genes of the ABA signaling pathway (HAB1, HAI3, and ABF3) showed a distinct two-peak expression pattern that was revealed through dense sampling. Furthermore, high correlations of expression level with temperature values for MdICE1, HAB1chr15, MdFLC-like, MdBRR9, and MdPIF4 were identified. Interestingly, the slope of the linear correlation of temperature with the expression of MdPIF4 differed between cultivars. However, whether the two MdPIF4 alleles differ in their temperature sensitivity needs to be tested further.
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FIGURE 5. Schematic representation of candidate-gene expression patterns during dormancy progression. Expression of MdDAM2, MdDAM4, and MdDAM1, as well as AP2chr7 and ERFchr4, occurs in successive order with a single peak during endodormancy. Similarly, during ecodormancy, expression of MdPRE1, MdbZIP, and MdEBB1 show single, consecutive peaks of expression. Expression of MdSVPa, MdSVPb, MdPeroxidase, and CoA-Ligase is high at the beginning of dormancy and during mid ecodormancy and drops toward phase transitions of endodormancy to ecodormancy and of ecodormancy to bud break. Thus, it appears that multimeric complexes of MdSVPa/b with MdDAM1, MdDAM2, MdDAM4, and MdFLC-like can be formed all through dormancy but phase transitions. MdICE1 and MdFLC-like show broader expression curves that also occur in successive order; however, they are both highly expressed during endodormancy to ecodormancy transition.
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With the global temperature increase, diverse endogenous factors and environmental cues can lead to severe obstacles to bud endodormancy release for important economic plants, such as herbaceous peony (Paeonia lactiflora Pall.). Knowing the underlying mechanism in bud endodormancy release is vital for widely planting herbaceous peony at low latitudes with warm winter climates. A systematic study was carried out between the southern Chinese cultivar ‘Hang Baishao’ with low-chilling requirement (CR) trait and the northern cultivar ‘Zhuguang’ with high-CR trait. Peony buds were sampled at regular intervals under natural cold during the crucial bud endodormancy release stage. Physiology and morphology of the buds were observed, and the roles of reactive oxygen species (ROS) and relevant genes in the regulation of bud endodormancy release were also highlighted, which has been rather rare in previous bud dormancy studies of both herbaceous and tree peonies. The expression of the starch metabolism- and sucrose synthesis-related genes PlAMY PlSPS and PlSUS was lower in the high-CR ‘Zhuguang’ and corresponded to a lower content of soluble sugars. The expression of polyamine oxidase gene PlPAO2 correlated with a higher level of hydrogen peroxide (H2O2) in high-CR ‘Zhuguang’ than in low CR ‘Hang Baishao’ during bud endodormancy. Expression of PlMAPKKK5, an intermediate gene in the abscisic acid (ABA) response to ROS signaling, correlated with ROS levels and ABA content. We present the hypothesis that accumulation of ROS increases ABA content and decreases GA3 content and signal transduction leading to reduced expression of PlSVP and PlSOC1. Reduced cell division and increased cellular damage which probably blocked bud endodormancy release were also observed in high-CR ‘Zhuguang’ through histological observation and related genes expression. This study provides a comparative analysis on physiological responses and gene expression patterns of bud dormancy of geophytes in an increasingly unsuitable environment.

Keywords: bud endodormancy release, reactive oxygen species, abscisic acid, Paeonia lactiflora, warm winter, geophyte, underground bud, gene expression


INTRODUCTION

Bud dormancy is an important physiological phenomenon that allows perennial plants to endure harsh environmental conditions during winter (Azeez et al., 2021), and generally includes three types: paradormancy, endodormancy, and ecodormancy (Falavigna et al., 2018). Paradormancy is generally caused by apical dominance, and the growth of lateral buds is suppressed by actively growing parts of the plant (Horvath et al., 2003). Prolonged exposure to short days or low temperatures in late autumn induce the establishment of endodormancy in buds. Endodormancy is growth cessation controlled by internal physiological factors, and in this stage, the buds cannot sprout and elongate without meeting chilling requirements (CRs), even under favorable conditions (Yordanov et al., 2014; Zhu et al., 2020). Sufficient CRs progressively lead to endodormancy release, following which growth arrest is primarily maintained by low temperatures in the winter. As growth arrest is controlled by external environmental factors, buds are described as being in ecodormancy. In ecodormant state, warm temperatures in the spring are necessary for bud burst (Yang et al., 2021). Global warming has resulted in countless perennial plants facing incomplete endodormancy associated with insufficient CR and poses obstacles to bud sprouting (Prudencio et al., 2020; Wang et al., 2021). This hinders the ability of these plants to grow well and consequently reduces their economic value after warm winters, especially in northern cultivars grown at lower latitudes (Zhang et al., 2017; Jewaria et al., 2021). Therefore, elucidating the mechanism controlling endodormancy release may help researchers address the problems caused by warming winter climates.

The induction and release of bud dormancy are controlled by various regulators (Horvath et al., 2008; Chao et al., 2017; Singh et al., 2017). Currently, it is widely accepted that bud dormancy is controlled by the balance of phytohormones, especially abscisic acid (ABA) and gibberellins (GAs), which show an antagonistic effect on dormancy process regulation (Singh et al., 2018; Yang et al., 2020). The establishment of endodormancy is accompanied by an increasing ABA content and a decrease in GAs, while endodormancy release is dependent on sufficient GA concentrations (Li Z. et al., 2020). Bud dormancy is affected not only by the contents of ABA and GAs but also, more importantly, by the ABA signal transduction pathway (Dong et al., 2019). In the ABA signal transduction pathway, ABA combined with ABA receptor pyrabactin resistance 1 protein (PYR1)/PYR1-like (PYL) could inhibit the enzyme activity of protein phosphatase 2C (PP2C). Inhibition of PP2C activity enables activation of SNF1-RELATED KINASE 2 (SnRK2) protein kinases, which then activates downstream transcription factors that induce ABA-responsive gene expression (Shu et al., 2016). In the GA signal transduction pathway, the DELLA protein inhibits bud growth and development of plants in the absence of GA (Yuxi et al., 2021). In the GA signal transduction pathway, the bud growth and development of plants are inhibited by the DELLA protein in the absence of GA (Yuxi et al., 2021). Binding of bioactive GA to the GA-INSENSITIVE DWARF1 (GID1) receptor, which in turn promotes the interaction between GID1 and DELLAs, subsequently leads to the degradation of DELLA proteins and consequently relieves their suppressive effect, thereby controlling seed dormancy (Ariizumi et al., 2013; Tuan et al., 2021). In buds, it has been demonstrated that ABA can close symplastic communication to the meristems (Tylewicz et al., 2018) and GA signaling is required for re-opening these channels (Rinne et al., 2011).

The ability to break endodormancy even under high winter temperatures while still ensuring normal bud dormancy progress is a crucial trait for perennial plants to adapt to a global warming trend (Baumgarten et al., 2021; Yang et al., 2021). One particular pathway seems central and is almost always highlighted in breaking bud dormancy: the response to oxidative stress, especially reactive oxygen species (ROS) (Liao et al., 2021). ROS function as a signaling molecule in plants, acting as a regulator of plant growth and development, dormancy regulation, hormone signaling, and responses to biotic and abiotic stresses (Balazadeh et al., 2012; Raja et al., 2017). Evidence is emerging that ROS, especially (hydrogen peroxide) H2O2, together with plant hormones are part of the signaling network involved in dormancy release (Barba-Espin et al., 2011; Oracz and Karpinski, 2016). This fits with suggestions that inhibited catalase (CAT) activity (Liang et al., 2019) and increased level of H2O2 stimulate bud dormancy in grape buds (Meitha et al., 2015; Sudawan et al., 2016). Although several lines of evidence indicate that ROS (mainly is H2O2) promote dormancy release, with exception of some work on grape bud dormancy (Pérez et al., 2008; Zheng et al., 2015), there is little information establishing a direct link between ROS and the release of bud dormancy by affecting the ABA content under stressful environments.

MIKCC-type MADS-box genes encode transcription factors that have key roles in controlling bud dormancy and flowering time in plants (Kumar et al., 2016, 2021). Several crucial MIKCC genes, specifically SHORT VEGETATIVE PHASE LIKE (SVP)/Dormancy Associated MADS-Box (DAM), FLOWERING LOCUS C (FLC) and SUPPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1), have been found to be vital for releasing bud dormancy (Falavigna et al., 2018; Singh et al., 2019; Yang et al., 2021). In poplar, SVL (SVP like), which is induced by ABA and forming a positive feedback loop with ABA signaling, is a crucial transcription factor suppressing the release of bud endodormancy (Singh et al., 2019). Meanwhile, SVL also inhibits the expression of GA 20-oxidase 1 (GA20ox1) and GA20ox2 and increases the expression of GA2ox8, thus decreasing the level of GAs and deepening bud endodormancy (Wu et al., 2017). SOC1 is a vital flowering signal integrator that promotes bud dormancy and flowering (Li et al., 2019). SVP directly binds to the CArG box of the SOC1 promoter, represses the expression of SOC1 and thus delays flowering in Arabidopsis (Li et al., 2008). Therefore, SVP/SVL and SOC1 can interact and integrate the metabolism of ABA and GA to maintain or release endodormancy (Yang et al., 2021).

Herbaceous peony (Paeonia lactiflora Pall.) is a world-famous ornamental geophyte with underground buds (Bian et al., 2020). Annual life cycle of herbaceous peony shows a typical characteristic in underground bud dormancy, which could be used as crucial material for studying bud dormancy of geophytes. Buds of herbaceous peony begin to differentiate into flora organs in October, then develop throughout the winter and sprout in early spring. Afterward, the buds elongate rapidly and enter the state of vegetative growth. When the aboveground parts wither in later September or early October, the underground buds enter endodormancy and release it after receiving sufficient CRs around January (Halevy et al., 2005). Enriching the research on the dormancy of underground buds could help fully elucidate the bud dormancy mechanism of geophytes, and then promote the cultivation of herbaceous peony with a short endodormancy duration (low-CR trait) at low latitudes with warm winters (Prudencio et al., 2020).

Here, a systematic study was carried out comparing the introduced northern Chinese cultivar ‘Zhuguang’ with high-CR trait, and the native southern Chinese cultivar ‘Hang Baishao’ with low-CR trait at low latitudes under warm winters. The aim of this study was to find the key factors that may induce obstacles to bud endodormancy release caused by warm winters and lay a foundation for further study of molecular mechanisms of bud dormancy in herbaceous peony. In this study, systematic physiological and morphological observations were carried out during the crucial bud dormancy stages; the expression of the genes involved in key pathways was also analyzed. Finally, we developed a mechanistic model for investigating obstacles to bud endodormancy release of herbaceous peony caused by warm winters. Although this study is primarily observational and designed to obtain information needed to develop testable hypotheses, some interesting findings discovered in this study and several testable hypotheses throughout the discussion provide additional insights about the interaction between the environment and genotypes and suggestions for further research.



MATERIALS AND METHODS


Plant Materials

Paeonia lactiflora Pall. ‘Hang Baishao’ (native southern low-CR cultivar) (Figure 1A) and ‘Zhuguang’ (introduced northern high-CR cultivar) (Figure 1B) were selected herbaceous peony materials with contrasting responses to endodormancy release (Zhang et al., 2019a; Wang et al., 2020) (Figure 1C and Table 1). In the autumn of 2018, three-gallon pots of 4-year-old crowns of ‘Hang Baishao’ and ‘Zhuguang’ were placed in the Perennial Flower Resources Garden of Zhejiang University in Hangzhou (E 118°21′-120°30′, N 29°11′-30°33′), Zhejiang Province, China, where they grew under natural sunlight and standard maintenance before subsequent treatments.
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FIGURE 1. Plant materials, CR evaluation and morphological observations in this study. (A,B) Plant materials ‘Hang Baishao’ and ‘Zhuguang’. (C) Performance of the two cultivars on the transport date January 09 after regrowth in the glasshouse. (D) Air temperatures, BPF and CR evaluation in 2018–2019. The date in red (November 08) was the start date of the CR evaluation. The line chart represents BPF. The CR value was 677.5 CUs on January 09 (red bar) and 956.5 CUs on January 23 (blue bar) for ‘Hang Baishao’ and ‘Zhuguang,’ respectively. Error bars represent the standard deviation from three biological replicates, and different letters indicate significant differences (P < 0.05). Differences were compared among different move dates for each cultivar. (E) Daily accumulated CUs for determining the start time of CR evaluation. November 08 was the date on which the daily accumulated CUs first became positive. (F) Morphological index ADS of the two cultivars. (G) Division of bud dormancy stages of the two cultivars. Dashed lines indicate the division of bud dormancy stages, H represents ‘Hang Baishao’ and Z represents ‘Zhuguang.’ The gray shaded part represents the CR difference between the two cultivars, which was 279.0 CUs.



TABLE 1. Details of Paeonia lactiflora ‘Hang Baishao’ and ‘Zhuguang.’

[image: Table 1]


Experimental Design and Sampling

Sufficient potted crowns of ‘Hang Baishao’ and ‘Zhuguang’ were subjected to natural chilling in the field during the winters of 2018–2019. Previous records about winter conditions and chill accumulation in 2012–2014, 2016–2018, please refer to Wang et al. (2020). On October 17, November 14, December 12, December 26, January 09, January 23, February 06, and February 27, which covered the bud endodormancy, ecodormancy and bud break stages of herbaceous peony in Hangzhou from 2018 to 2019, plants (three biological replicates and three potted crowns per replicate) were moved to a glasshouse for morphological observations (25–15°C day/night, 80% relative humidity, regular watering and fertilizer applications). At the same time, underground buds were sampled from another group of potted crowns in the filed under nature cold on each move date. Sampled buds for physiological measurements and gene expression analysis (three biological replicates and nine plants per replicate) were washed with distilled water, frozen immediately in liquid nitrogen and stored at −80°C until use, while buds for paraffin section were fixed with FAA (formalin, acetic acid and alcohol).



Morphological Observations

Morphological indices were evaluated for potted crowns (three biological replicates, three potted crowns per replicate) of ‘Hang Baishao’ and ‘Zhuguang’ after transported into the glasshouse (Table 2). The date on which most indices did not increase or decrease significantly, even if more chilling duration exposure occurred, was defined as endodormancy release (Wang et al., 2020).


TABLE 2. Full names and definitions of the seven morphological indices for potted crowns of low-CR ‘Hang Baishao’ and high-CR ‘Zhuguang’ transported into the glasshouse.
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Bud Morphology Analyses

A subsample of buds from each time point were separately fixed in FAA and embedded in paraffin. Sections were cut at 8–10 μm thickness. Safranine fast green staining was used to observe cell division and vascular bundles. Sections were put into xylene for 5 min to mounted the tissue section with neutral balsam. After sealing with neutral balsam, the sections were observed under a microscope (NIKON ECLIPSE E100, Tokyo, Japan).



Chilling Requirement Evaluation

The Utah (UT) model was determined to be the optimal model for CR evaluation of herbaceous peony at low latitudes according to our previous study and thus was selected to evaluate the CRs of ‘Hang Baishao’ and ‘Zhuguang’ (Richardson et al., 1974; Cesaraccio et al., 2004; Wang et al., 2020). The start time of the UT model was defined as 0:00 am on the day when the daily accumulated chill units (CUs) increased and first became positive after October. The cumulative CUs were calculated from the start time to the last observation day (March 10) in the field. CRs of the two cultivars were the specific accumulated CUs corresponded to the dates that released endodormancy, respectively. Air temperatures were automatically recorded hourly with a GM200-TH temperature and humidity recorder (Zhituo Instruments Limited Company, Hangzhou, China) in the field.



Carbohydrate Concentration Measurements

Anthrone colorimetry was used for the determination of soluble sugar and starch contents. The relevant detailed procedures are introduced in detail in Supplementary Methods 1.



Endogenous Hormone Quantitation

Endogenous hormone levels of buds were determined using an enzyme-linked immunosorbent assay (ELISA), and detailed procedures are introduced in Supplementary Methods 2.



Reactive Oxygen Species Related Physiological and Biochemical Measurements

An underground bud sample (0.3 g) was fully ground with 3 mL phosphate-buffered saline (1X, PH = 7.4). Then, the homogenate was transferred to a 10 mL centrifuge tube and centrifuged at 4°C and 3,500 rpm centrifugation for 10 min. Afterward, the supernatant was collected and the indices were measured using detection kits purchased from Nanjing Jiancheng Bioengineering (Nanjing, China) Co., Ltd. and following the manufacturer’s instructions (Zhao et al., 2020). Specifically, The contents of malondialdehyde (MDA) and soluble protein were measured using thiobarbituric acid and Coomassie brilliant blue methods, respectively, according to the MDA assay kit (A003-3) and soluble protein assay kit (A045-2). The H2O2 concentrations were measured using a H2O2 Detection Kit (A064-1). For enzyme assays, Superoxide dismutase (SOD) activity was measured using a SOD Detection Kit (A001-3). Catalase (CAT) activity was measured using a CAT Detection Kit that detects degradation of H2O2 at 405 nm (A007-1). Peroxidase (POD) activity was detected with a POD Detection Kit for plants (A084-3). Three biological replicates of each assay were performed.



Screening of the Key Genes Involved in the Regulation of Bud Dormancy

In combination with previous studies on bud dormancy and physiological measurements in this study, we focused on metabolic pathways that play important roles in the regulation of bud dormancy, such as carbohydrate metabolism, hormone signal transduction, ROS signaling, and MADS-box gene-related pathways. In 2017–2018, we have performed transcriptome sequencing on buds of ‘Hang Baishao’ and ‘Zhuguang’ under natural cold. The experimental period was from fall to winter, with the specific dates for sampling being October 17, 2017, November 14, 2017, December 12, 2017, December 26, 2017, January 09, 2018, January 23, 2018, February 06, 2018, and February 27, 2018. Chill accumulation of each sampling date from October 17, 2017–February 27, 2018 evaluated by UT model were: – (no result), −38.5, 277.0, 479.5, 746.0, 980.0, 1062.0, and 1434.5 CUs, respectively (Wang et al., 2020). Total RNA was extracted from the sampled buds (three biological replicates, three plants per replicate) and the quality and quantity of the RNA were checked. Afterward, cDNA libraries of the two cultivars were constructed and sequenced using Illumina Hiseq X-Ten platform, respectively. Transcripts were obtained by de novo assembly according to the method of Liu B. et al. (2020). According to the differentially expressed transcript (DET) annotation and FPKM expression values obtained based on the database of transcriptome sequences of ‘Hang Baishao’ and ‘Zhuguang’ (unpublished data), the key genes related to the above four metabolic processes were selected to carry out subsequent gene expression studies (Supplementary Table 1).



Identification and Classification of Crucial MIKCC-Type MADS-Box Genes in P. lactiflora

To identify crucial MIKCC-type MADS-box genes SVP, SOC1, AP1, and FLC in P. lactiflora, a profile hidden Markov model (HMMER) of the SRF-TF domain (Pfam accession: PF00319) was obtained from the Pfam database1. BLAST results obtained were further filtered with a query coverage of 90%, and the best hits were retrieved. Selected P. lactiflora proteins are provided in Supplementary Table 2. In addition, the following species were also selected to investigate their evolutionary relationships: Amborella trichopoda (scaffold), Arabidopsis thaliana (At), Vitis vinifera (VIT), Oryza sativa (LOC_Os), Prunus persica (Prupe.), Populus trichocarpa (Potri.), Euphorbia esula (PJAD), Actinidia chinensis (Actinidia) and Paeonia suffruticosa (psu). The sequences were aligned using MAFFT (Katoh and Standley, 2013) with default parameters to assign the four putative MIKCC-type MADS-box genes to specific gene subfamilies. A maximum-likelihood phylogenetic tree was constructed using FastTree software using the JTT + CAT model (Price et al., 2009).



Total RNA Extraction and Quantitative Real-Time PCR Analysis

Total RNA was isolated from underground buds via an RNAprep Pure Plant Kit (polysaccharide- and polyphenolic-rich) (Tiangen, Beijing, China). The quality and quantity of RNA and the validity of the reference gene Alpha-tubulin (ATUBA) used for qRT–PCR were introduced in Supplementary File 1. Reverse transcription was performed with a PrimeScript RT Reagent Kit (Takara Biotechnology, Dalian, China). Primers and candidate genes were listed in Supplementary Table 1. qRT–PCR was conducted with SYBR Premix Ex Taq (Takara Biotechnology). The PCR procedure used was according to the manufacturer’s instructions. Three biological replicates were prepared per sample, and the 2–ΔΔCT method was used to calculate the gene expression level (Livak and Schmittgen, 2001).



Statistical Analysis

All experiments in this study were conducted in accordance with a completely randomized design. One-way analysis of variance (ANOVA) was used to compare differences among different indices or treatments via SPSS 26.0 (IBM Corp., Armonk, NY, United States), with a probability value of P < 0.05 considered significant. GraphPad Prism 9.0 (GraphPad Software, Inc., La Jolla, CA, United States) and Tbtools Software (Chen et al., 2020) were used for figure construction.




RESULTS


Chilling Requirement Evaluation of the Two Cultivars

With the decrease in air temperatures during autumn to winter (Figure 1D), the daily accumulated CUs calculated according to the UT model increased correspondingly (Figure 1E). November 08 was the day when the daily accumulated CUs first became positive after October (Figure 1E) and represented the start time for the calculation of chill accumulation. Cumulative CUs increased gradually after November 08, and decreased slightly around December 03 due to raised temperatures, then continued to increase until the last observation day in the field (Figure 1D). The end time of CR evaluation was based on morphological indices. The BPF, APH, APW, ANS, and ADS of the two cultivars increased while the WFS and WAS decreased gradually and then stabilized over time. Most of the indices for low CR ‘Hang Baishao’ were stable on January 09, while those for high-CR ‘Zhuguang’ were stable on January 23 (Figure 1F and Table 3). Thus, January 09 and January 23 were determined as the endodormancy release (CR fulfillment) dates for low CR ‘Hang Baishao’ and high-CR ‘Zhuguang,’ respectively (Wang et al., 2020). Low CR ‘Hang Baishao’ fully broke endodormancy when CR reached 677.5 CUs, 2019, while high-CR ‘Zhuguang’ required 956.5 CUs for full endodormancy breaking (Figure 1D).


TABLE 3. Morphological observations of the two cultivars after moved into glasshouse under natural chilling treatments in 2018–2019.
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Bud morphological indices and trends in carbohydrate content are closely related to the dormancy process and are often used to divide bud dormancy stages. In this study, morphological indices, such as the WFS, APW and APH, changed little from October 17 to November 14 but changed significantly from November 14 to the CR fulfillment dates in both low CR ‘Hang Baishao’ and high-CR ‘Zhuguang’ (Table 3). This correlated with the trend for the sucrose and starch contents (Figure 2A). Thus, October 17, 2018, to November 14, 2018, was divided into the bud endodormancy maintenance stage in both cultivars (Figure 1G). November 14, 2018, to January 09, 2019, and January 23, 2019, were divided into the bud endodormancy release stages for low CR ‘Hang Baishao’ and high-CR ‘Zhuguang,’ respectively. Ecodormancy stages were established afterward in the two cultivars (Figure 1G).
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FIGURE 2. Starch and sucrose metabolism and the expression of related key genes during bud dormancy. (A) Concentrations of soluble sugar and starch in the two cultivars. The data were fitted with a third-order polynomial by GraphPad Prism 9.0. The dashed red line indicates the bud endodormancy release date of low CR ‘Hang Baishao,’ and the dashed blue line indicates the bud endodormancy release date of high-CR ‘Zhuguang.’ (B) Relative mRNA levels related to sucrose and starch metabolism analyzed by qRT–PCR. (C) Summary of different factors in the starch and sucrose metabolism pathways during bud dormancy. Red indicates upregulation, and blue indicates downregulation. Error bars represent standard deviation from three biological replicates and different letters indicate significant differences (P < 0.05). Differences were compared among different move dates for each cultivar.




Natural and Histological Observations of Underground Buds

Developmental growth stages from bud endodormancy maintenance to bud break of buds were observed continuously in low-CR ‘Hang Baishao’ (Figures 3A–D) and high-CR ‘Zhuguang’ (Figures 3I–L). Leaf primordia (Le) and bract primordia (Br) were observed during the endodormancy maintenance stage of low CR ‘Hang Baishao’ on October 17, 2018 (Figure 3E). The apical meristem differentiated into sepal primordia (Se) during the endodormancy release stage on December 12, 2018 and further differentiated into entire floral organs, including petal primordia (Pe), stamen primordia (St), and pistil primordia (Pi) after endodormancy release in low-CR ‘Hang Baishao’ (Figures 3F–H). However, bud differentiation was obviously blocked in high-CR ‘Zhuguang.’ Paraffin sections showed that only Le, Br, and Se were differentiated during ecodormancy stage on February 27, 2019 (Figures 3M–P).
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FIGURE 3. Observations of developmental growth stages and bud differentiation in P. lactiflora. (A–D) Developmental growth stages from bud endodormancy maintenance to bud break of buds in low CR ‘Hang Baishao.’ (E–H) Bud differentiation of buds in low CR ‘Hang Baishao.’ Le, Leaf primordia; Br, Bract primordia; Se, Sepal primordia; Pe, Petal primordia; St, Stamen primordia; Pi, Pistil primordia; and Ap, Apical meristem (Scale bar: 625 μm). (I–L) Developmental growth stages from bud endodormancy maintenance to bud break of buds in high-CR ‘Zhuguang.’ (M–P) Bud differentiation of buds in high-CR ‘Zhuguang’ (scale bar: 625 μm). H represents ‘Hang Baishao’; Z represents ‘Zhuguang.’




Carbohydrate Contents and Related Gene Expression

With the accumulation of natural chilling, the soluble sugar contents of the two cultivars declined during the endodormancy maintenance stage and then increased rapidly during the endodormancy release stage and peaked on January 23. Afterward, there was a sharp decline during ecodormancy (Figure 2A). However, the content of soluble sugar in the low-CR ‘Hang Baishao’ was higher than that in the high-CR ‘Zhuguang’ during the endodormancy release and ecodormancy stages (Figure 2A and Supplementary Table 3). In contrast, starch content continued to decrease during all dormancy stages in the two cultivars (Figure 2A).

The expression of the key genes involved in starch metabolic and sucrose synthesis pathways was also investigated (Figure 2C). The expression levels of PlSS and PlAPL were downregulated, while PlAMY was upregulated in both low CR ‘Hang Baishao’ and high-CR ‘Zhuguang’ during endodormancy (Figure 2B). PlSPS and PlBMY were upregulated in low-CR ‘Hang Baishao’, and the expression levels were obviously higher than those in high-CR ‘Zhuguang’ during endodormancy (Figure 2B and Supplementary Table 3). Nevertheless, the expression of PlSUS, PlBGLU17 and PlPFK3 was downregulated in the two cultivars during endodormancy (Figure 2B).



Contents and Related Gene Expression of Abscisic Acid and GA3

The ABA concentration of the high-CR ‘Zhuguang’ was significantly increased during endodormancy maintenance stage and maximized at the end of endodormancy maintenance stage, followed by a gradual reduction through to the end of the study. In low CR ‘Hang Baishao,’ the ABA content also increased gradually during early endodormancy release stage reaching levels similar to the peak ABA levels of high-CR ‘Zhuguang’ when endodormancy release, and then sharply increased and peaked during ecodormancy on January 23 (Figure 4A). The GA3 content of low CR ‘Hang Baishao’ declined to the lowest level when endodormancy release on January 09 and then increased gradually until late ecodormancy before again declining further. However, the GA3 content of high-CR ‘Zhuguang’ sharply decreased during endodormancy maintenance stage and then gradually decreased until February 27 (Figure 4A). Generally, the GA3 content in low CR ‘Hang Baishao’ was significantly higher than that in high-CR ‘Zhuguang’ throughout endodormancy and ecodormancy (Figure 4A and Supplementary Table 3). The ratio of GA3 to ABA decreased during endodormancy but increased during ecodormancy (Figure 4A).
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FIGURE 4. Expression patterns of genes involved in the GA3 and ABA signal transduction pathway and changes in concentrations of GA3 and ABA in ‘Hang Baishao’ and ‘Zhuguang’ during bud dormancy. (A) Concentrations of ABA and GA3 and ratio of GA3 to ABA in ‘Hang Baishao’ and ‘Zhuguang’ during bud dormancy. (B) Expression patterns of genes involved in the GA3 and ABA signal transduction pathway. The dashed red line indicates the bud endodormancy release date of low CR ‘Hang Baishao,’ and the dashed blue line indicates the bud endodormancy release date of high-CR ‘Zhuguang.’ H represents ‘Hang Baishao’; Z represents ‘Zhuguang.’ Error bars represent standard deviation from three biological replicates and different letters indicate significant differences (P < 0.05). Differences were compared among different move dates for each cultivar.


The expression of the ABA synthesis-associated gene PlNCED3 was upregulated during endodormancy maintenance stage (Supplementary Figure 1), while the GA synthesis-related gene PlGA20ox8 was upregulated and PlSPT was downregulated in the two cultivars during endodormancy release (Figure 4B). In the ABA signal transduction pathway, PlPYR and PlSNRK were upregulated and PlPP2C, PlABI5 and PlbZIP were downregulated in the two cultivars during endodormancy release (Figure 4B). The GA signal transduction-related genes PlGID1 and PlSPY were both upregulated in the two cultivars during endodormancy release (Figure 4B). A heatmap of known genes involved in ABA and GA synthesis and signal transduction based on qRT–PCR was plotted (Supplementary Figure 1). Genes related to ABA signaling, such as PlPP2C, PlABI5, PlSNRK, and PlbZIP, displayed distinctly earlier expression in high-CR ‘Zhuguang,’ which corresponds to the early accumulated ABA content in contrast to that in low CR ‘Hang Baishao’ during endodormancy release (Figures 4A,B). Most GA signal transduction genes were first upregulated and then downregulated in both cultivars (Supplementary Figure 1). In addition, PlXERICO, which connects the ABA and GA signal transduction pathways, was obviously expressed earlier in high-CR ‘Zhuguang’ than in low CR ‘Hang Baishao’ (Figure 4B).



Phylogenetic Tree and Gene Expression Analysis of Crucial MIKCC-Type MADS-Box Genes

A total of eight non-redundant unitranscripts were assigned in P. lactiflora (Supplementary Table 2) after searching the integrated transcriptome database with HMM profile of the MADS-box domain. All the genes from the nine species were phylogenetically classified into four clades (scaffolds were placed as the root branch), which included the AP1/FUL, SOC1, SVP, and FLC clades (Figure 5A). The eight transcripts in P. lactiflora contained four SVP, three AP1 and one SOC1 transcript. However, no FLC transcripts clustered in the FLC clade. Phylogenetic and sequence analysis of SVP transcripts showed only one SVP in P. lactiflora, while the other three resulted from alternative splicing events of the SVP. Similarly, one AP1 and one SOC1 were identified in P. lactiflora (Figure 5A).
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FIGURE 5. Phylogenetic analysis of the four MIKCC-type MADS-box genes in P. lactiflora with its homologs from the other plants and expression patterns of key MADS-box genes in the two cultivars during bud dormancy. (A) Phylogenetic analysis of MADS-box gene family in P. lactiflora and homologs from the other plants. The tree was generated after multiple sequence alignment using MAFFT and the ML method. The number at each node indicates the percentage of bootstrapping of a 1,000 replications. Scale bar = 0.05. The P. lactiflora MADS-box genes were marked with red and yellow colors, and the genes for qRT–PCR were marked with red color. The full names of the species were shown in the main body of the text. (B) Expression patterns of key MADS-box genes in the two cultivars during bud dormancy. Error bars represent standard deviation from three biological replicates and different letters indicate significant differences (P < 0.05). Differences were compared among different move dates for each cultivar.


The expression of the PlSVP was upregulated during early endodormancy release stage followed by a slight decrease until January 23 in the low-CR ‘Hang Baishao’ (Figure 5B). However, an increased expression of PlSVP in the high-CR ‘Zhuguang’ was observed before late endodormancy release, followed by downregulation when endodormancy release, which was later than that in low CR ‘Hang Baishao’ (Figure 5B). PlSOC1 and PlAP1, which are downstream of PlSVP, were upregulated in low CR ‘Hang Baishao’ during endodormancy release. However, the expression of PlSOC1 and PlAP1 in the high-CR ‘Zhuguang’ was distinctly lower than that in the low-CR ‘Hang Baishao’ (Figure 5B and Supplementary Table 3).



Changes in Physiological and Biochemical Indices and Gene Expression Related to Oxidative Stress

H2O2 decreased sharply before December 12 and gradually declined afterward, and the H2O2 content of the high-CR ‘Zhuguang’ was always higher than that of low CR ‘Hang Baishao,’ especially in the endodormancy maintenance and early endodormancy release stages (Figure 6 and Supplementary Table 3). In contrast, the MDA content gradually increased with the prolongation of natural chilling, and low CR ‘Hang Baishao’ reached its maximum value during ecodormancy, which was later than that for high-CR ‘Zhuguang’ when endodormancy release (Figure 6). Moreover, the MDA content of high-CR ‘Zhuguang’ was always higher than that of low CR ‘Hang Baishao’ (Figure 6 and Supplementary Table 3). The soluble protein content of both cultivars gradually decreased before December 12 and stabilized afterward (Figure 6). In general, the soluble protein content of low CR ‘Hang Baishao’ was always higher than that of high-CR ‘Zhuguang’ (Figure 6 and Supplementary Table 3). In contrast to the H2O2 content, the CAT activity gradually increased, and there were significant changes in CAT activity in the endodormancy maintenance BEM and early endodormancy release stages. However, the CAT activity of high-CR ‘Zhuguang’ was always higher than that of low CR ‘Hang Baishao’ (Figure 6 and Supplementary Table 3). Similarly, the activity of POD first increased and then decreased, and low CR ‘Hang Baishao’ reached its peak when endodormancy release, which was later than that of high-CR ‘Zhuguang’ which peaked in the middle endodormancy release stage. In contrast, the activity of SOD decreased rapidly during early endodormancy release stage in the two cultivars and then shows no significant change though trends downward after January 23 in both varieties (Figure 6).
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FIGURE 6. Effect of natural chilling on oxidative stress related physiological and biochemical indices in ‘Hang Baishao’ and ‘Zhuguang’ during bud dormancy. Dashed red line indicates the bud endodormancy release date of low CR ‘Hang Baishao’ and dashed blue line indicates the bud endodormancy release date of high-CR ‘Zhuguang.’ Error bars represent standard deviation from three biological replicates and different letters indicate significant differences (P < 0.05). Differences were compared among different move dates for each cultivar.


The expression of the ROS-generating gene polyamine oxidase 2 (PlPAO2) correlated with dormancy states. Notably, the expression of PlPAO2 in the high-CR ‘Zhuguang’ was higher and earlier than in low CR ‘Hang Baishao’ during endodormancy release stage (Figure 7 and Supplementary Table 3). However, the upregulated ROS-scavenging genes (PlGRXS17, PlPER52, PlGSH2, and PlCAT2) were higher in low CR ‘Hang Baishao’ than in high-CR ‘Zhuguang’ during endodormancy release stage. Moreover, higher expression of stress-response genes (PlWRKY413, PlCOR413, PlHSP70, PlHISI-3, and PlLEA) and lower expression of cold response- and cell division-related genes (PlMAPKKK5, PlLEA, PlCOR413, and PlEXLA2) were observed in high-CR ‘Zhuguang’ than in low CR ‘Hang Baishao’ during endodormancy release stage (Figure 7 and Supplementary Table 3).
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FIGURE 7. Effect of natural chilling on oxidative stress related genes expression in ‘Hang Baishao’ and ‘Zhuguang’ during bud dormancy. Error bars represent standard deviation from three biological replicates and different letters indicate significant differences (P < 0.05). Differences were compared among different move dates for each cultivar.




Comparison of Histological and Cytological Observations Between the Two Cultivars

To further confirm the relationship between ROS and bud endodormancy release, bud histology was observed in the crucial bud endodormancy release stage. The morphology of underground buds was observed on October 17 and January 09, which corresponded to the bud endodormancy maintenance and release stages, respectively (Figure 8). The results showed that the underground buds differentiated into Le, Se, and Br in the low-CR ‘Hang Baishao’ during endodormancy maintenance stage (Figure 8A). In addition, a large number of cells in the apical meristem were observed to divide, and some of them began to differentiate into vessel elements (Figures 8C,D). Compared with low CR ‘Hang Baishao,’ there was no obvious differentiation of buds during endodormancy maintenance stage, and the division of apical meristem cells was relatively lower in the high-CR ‘Zhuguang’ (Figures 8E,G,H). Notably, most of the cell division did not occur in the apical meristem but occurred below it and near the axillary bud (Figure 8F). The complete floral organs of low CR ‘Hang Baishao’ were differentiated, and complete vascular tissues were formed due to vigorous cell division and differentiation during late endodormancy release stage (Figures 8I–L). In contrast, the buds in the high-CR ‘Zhuguang’ failed to differentiate and showed abortion associated with ruptured cells and blocked vascular tissues (Figures 8M–P).
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FIGURE 8. Histocytological observations of underground buds in the two cultivars during bud endodormancy release maintenance and release stages. (A,E,I,M) Differentiation of buds (scale bar: 400 μm). (B,F,J,N) Meristem inside the buds (scale bar: 200 μm). (C,G,K,O) Cell division (scale bar: 100 μm). (D,H,L,P) Vascular tissues (scale bar: 100 μm). H represents ‘Hang Baishao’; Z represents ‘Zhuguang.’ BEM, bud endodormancy maintenance; BER, bud endodormancy release.




Multiple Index Correlation Analysis

The correlations between morphological indices and physiological indices were analyzed using Spearman’s correlation analysis and displayed with heatmaps (Table 4). Generally, the correlation coefficients obtained for these indices corresponding to carbohydrate metabolism, plant hormones and the ROS system in low CR ‘Hang Baishao’ were higher than those in high-CR ‘Zhuguang,’ especially the bud break and growth related morphological indices BPF, WFS, and ANS, which were considered closely related to bud dormancy progress as noted by their darker color/significance in the heatmap (Table 4).


TABLE 4. Correlation analysis of bud endodormancy release related crucial indices in the low-CR ‘Hang Baishao’ and high-CR ‘Zhuguang.’
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Compared with ZR, IAA, and BR, ABA, and GA3 had higher correlation coefficients in both low CR ‘Hang Baishao’ and high-CR ‘Zhuguang,’ but these coefficients were still lower than those for GA3/ABA (Table 4). Correlation analysis among carbohydrate metabolism indices showed significantly higher correlation coefficients in low CR ‘Hang Baishao’ than in high-CR ‘Zhuguang.’ In addition, ROS system-related indices both had high correlation coefficients in the two cultivars, especially H2O2, CAT, and POD (Table 4).




DISCUSSION


Knowing the Underlying Mechanism in Bud Endodormancy Release Is Vital for Widely Planting Herbaceous Peony in Warm Winter Climates

Herbaceous peony is mainly cultivated in temperate regions with relatively cool climate of the Northern Hemisphere, including North America, Europe, and Asia, the introduction of herbaceous peony from higher to lower latitudes can enhance the ornamental diversity and promote plant landscaping in low-latitude areas (N 30°00′–S 30°00′ areas) (Zhang et al., 2019b; Wang et al., 2020). However, the global warming trend aggravates the lack of chilling fulfillment at low latitudes or beyond the natural habitat of herbaceous peony, and seriously hinders bud endodormancy release, results in low flowering and thus degrades the growth of plants year by year (Zhang et al., 2017; Baumgarten et al., 2021). Introducing, screening and breeding cultivars is not enough to solve the problem. However, studying CR traits and knowing the underlying mechanism in the obstacles to bud endodormancy release may provide effective ways to solve the CR deficiency caused by the warm winter climate (Wang et al., 2020).

The length of the endodormancy period is dependent on the CRs of each species, subspecies or cultivars (Prudencio et al., 2020). How to shorten the duration of the endodormancy period of buds and make them easier to release (showing the low-CR trait) needs to be studied. This problem can be further explored from the aspects of carbohydrate metabolism, ROS signaling, hormone regulation and the interaction of the above factors. In addition, the mining of related key genes is of great help for elucidating the mechanism of bud dormancy and obtaining transgenic plants with a short endodormancy period, which could greatly accelerate the breeding of germplasms with a low-CR trait (Zhang et al., 2017). This method is fundamentally different from the introduction and cultivation of low-CR cultivars or forcing cultivation to solve the obstacles to bud endodormancy release caused by warm winters. Many similar researches have also been conducted for deciduous fruit-bearing, forest and tea trees as well as tree peony (Zhang et al., 2015; Azizi Gannouni et al., 2017; Xue et al., 2018; Gougherty et al., 2021). These researches are vital for the introduction, planting and production of economic plants at low latitudes under warm winter climates.



Sugars Actively Participate in the Bud Dormancy Transition of Herbaceous Peony

Many studies have shown that sugar is closely related to dormancy (Chao and Serpe, 2010; Rubio et al., 2019), the levels of which were confirmed to be correlated with the transition of vegetative buds from paradormancy to endodormancy (Kaufmann and Blanke, 2017). Although less studied than it is in terminal vegetative and floral buds, dormancy-associated conversion of starch to sucrose occurs in other underground buds from other herbaceous plants (Anderson et al., 2005). In this study, it was found that sugar levels were associated with the dormancy process. In both cultivars, sugar levels decreased slightly during the endodormancy maintenance stage; rise and peaked during endodormancy; and then they declined during ecodormancy (Figure 2A). The continuous conversion of starch to sugars has been correlated with the transition of the bud dormancy stage. Thus, carbohydrates in bud endodormancy release could serve as a marker for the division of dormancy stages (Kaufmann and Blanke, 2017). Interestingly, SUCROSE TRANSPORTER 2 (SUC2) which encodes a sucrose transport protein, up-regulated during endodormancy release stage and down-regulated after endodormancy release both in the two cultivars (Supplementary Figure 2). However, the expression level of SUC2 in the low-CR ‘Hang Baishao’ was always higher than in the high-CR ‘Zhuguang’ and correlated with sugar levels, which indicated that accumulation and transportation of sugars might play important roles in the regulation of endodormancy release (Figure 2A and Supplementary Figure 2). In addition, the results showed that sucrose was the most abundant soluble sugar; the content of sucrose significantly increased during endodormancy release stage (Figure 2A and Supplementary Figure 2), which suggested that sucrose may be used to provide energy following the release of bud endodormancy (Mornya and Cheng, 2011).

Several reports have shown that low temperatures induce starch degradation, and the main enzymes involved in this pathway, including AMY (α-Amylase), BMY (β-Amylase), SUS (Sucrose synthase), and SPS (Sucrose phosphate synthase), are differentially regulated and facilitate dormancy release (Chao and Serpe, 2010; Liu X. et al., 2020). For instance, BMY has been identified as being regulated by The C – repeat binding factor (CBF) gene which is a key regulator of cold-acclimation in many plants (Li W. et al., 2020). In this study, PlAMY and PlBMY were both upregulated until endodormancy release in the two cultivars (Figure 2B). Similarly, PlSUS and PlSPS, which are related to sucrose synthesis, were upregulated during endodormancy release stage (Figure 2B). Nevertheless, the expression of PlAMY, PlSPS, and PlSUS was lower in the high-CR ‘Zhuguang’ and corresponded with a lower content of soluble sugars (Figures 2A,B and Supplementary Table 3). This suggested that the low-CR ‘Hang Baishao’ could promote bud endodormancy release through higher expression of sucrose synthesis genes and starch decomposition genes. Although we cannot rule out that the lower sucrose content in high-CR ‘Zhuguang’ is not because it initiated the conversion of starch to sugars later in the fall and thus lagged behind low CR ‘Hang Baishao’ or because it had accumulated less starch than low CR ‘Hang Baishao’ during the growing season. Some accumulated sugars can act as signals to trigger a series of transcription programs to promote bud endodormancy release through its regulators, such as SnRK1, to regulate the expression of certain cold-related genes and could mediate ABA and/or ethylene synthesis to respond to cold temperatures (Rubio et al., 2019; Xue et al., 2021). SnRK1 and ABA both negatively regulate the TARGET OF RAPAMYCIN (TOR) kinase complex. Repression of the TOR kinase inhibits growth in all Eucaryotes that have been investigated. This complex serves as the central hub for collecting information on nutrients and stress and transducing that information to control cell division and growth (Burkart and Brandizzi, 2020), and thus may well play a central role in controlling bud dormancy.



The Balance Between Abscisic Acid and Gibberellin Regulates the Bud Dormancy of Herbaceous Peony

The importance of hormone homeostasis in bud dormancy has been well reviewed (Wang et al., 2015; Falavigna et al., 2018). In many cases, the determination of dormancy or sprouting mainly depends on an intrinsic balance of GA and ABA biosynthesis and catabolism (Yang et al., 2021). GA positively regulates the release of dormancy, whereas ABA is involved in the induction and maintenance of dormancy (Horvath et al., 2003). ABA levels may increase with short days and low temperatures in autumn, resulting in the inhibition of cell division and the induction of endodormancy (Polanski et al., 2020). The findings in this study regarding endogenous GA/ABA confirmed the decreasing trend during endodormancy and increasing trend during ecodormancy in both cultivars (Figure 4A), which is consistent with results in grapes, sweet cherry and tree peony (Sudawan et al., 2016; Falavigna et al., 2018; Xue et al., 2018). After comparing the ratio of GA/ABA in the two cultivars, it was found that the GA/ABA of the low-CR ‘Hang Baishao’ was higher than that of high-CR ‘Zhuguang’ (Figure 4A and Supplementary Table 3) prior to bud endodormancy release, indicating it may play a role in endodormancy maintenance and could possibly be responsible for a higher level of dormancy establishment in high-CR ‘Zhuguang.’ However, GA/ABA were at similar levels at the point of endodormancy release and thereafter, indicating that the GA/ABA ratio may not play a major role in endodormancy release in peony.

However, it should be noted that the spike in ABA levels in low CR ‘Hang Baishao’ corresponded to a brief warming trend near the end of January. ABA also negatively regulates the TOR kinase complex (Burkart and Brandizzi, 2020). This observation suggests that perhaps, this increase in ABA levels might be a protective mechanism that has evolved in low CR ‘Hang Baishao’ to prevent growth and protect it from such events, as they would be more common in the warmer climates to which low CR ‘Hang Baishao’ is adapted. It should also be noted that a similar if less dramatic trend was observed for MDA levels suggesting some correlative mechanism- either one regulating the other or both being regulated by some other factor.

Abscisic acid levels are positively regulated by the DELLA protein by upregulating the expression of the PlXERICO gene (Guan et al., 2019). In this study, we observed upregulation of PlXERICO near the endodormancy release in the two cultivars (Figure 4B). Interestingly, PlXERICO, PlSNRK, and PlPP2C were highly coordinately expressed, and roughly correlated with ABA levels, but only in low CR ‘Hang Baishao.’ These correlations do not hold for high-CR ‘Zhuguang,’ and thus may point to another possible adaptation to warmer winters in low CR ‘Hang Baishao.’ Regardless of the actual ABA levels, PlXERICO was slightly upregulated near the end of endodormancy maintenance in the high-CR ‘Zhuguang,’ which was about 2 weeks earlier than in low CR ‘Hang Baishao’ (Figure 4B). These observations suggest other factors may play a role in ABA accumulation and endodormancy release, particularly in high-CR ‘Zhuguang.’ Interestingly, contrary to ABA levels, GA levels and associated gene expression appears to correspond to the timing of endodormancy release in both cultivars, although it tends to precede it by at least 2 weeks. This would be consistent with the observed role of GA in opening symplastic connections prior to and facilitating bud endodormancy release in other systems (Rinne et al., 2011), but inconsistent with an inhibitory role for ABA in the same process (Tylewicz et al., 2018).

Gibberellin concentrations were found to increase during the dormancy phase transition in low CR ‘Hang Baishao’ but not in high-CR ‘Zhuguang’ (Figure 4). A similar situation was implicated in peach and apicot with low-CR genotypes having higher GA3 levels than the high-CR genotype (Yu et al., 2020). Increased active GA further controls bud dormancy and flowering by promoting the expression of PlSOC1. In tree peony, altered GA levels affected the expression of SVP and SOC1 associated with flowering time and improved flower quality (Guan et al., 2019). However, in this study, changes in GA levels do not correspond to changes in PlSOC1 and PlSVP expression, as these genes do not show differences in expression between the two cultivars until January 09, while GA levels are significantly different starting November 14. That said, PlSOC1 and PlSVP expression does correlate to the differences in bud endodormancy release between the two cultivars (Figure 5B and Supplementary Table 3) as would be expected, with significantly higher expression of PlSVP and significantly lower PlSOC1 levels in high-CR ‘Zhuguang’ corresponding to bud endodormancy release.



Reactive Oxygen Species Over-Accumulated to Increase Resistance to Warm Winters in the High-Chilling Requirement Cultivar of Herbaceous Peony During Bud Endodormancy Release

Warm winters will not only lead to obstacles to bud endodormancy release but are also accompanied by a series of abiotic stresses. ROS is over-accumulated under abiotic stresses, which can cause oxidative damage to cell structures, leading to restriction of plant growth or even to death (Choudhury et al., 2017; Ishibashi et al., 2017) and must be strictly controlled (Barba-Espin et al., 2011; Sudawan et al., 2016). Antioxidant control systems involving the enzymes CAT, SOD, and POD are increased to maintain the level of ROS in plant tissues (Mujahid et al., 2020). The high ROS level caused the upregulation of PlGRXS17, PlCAT2, and PlPER52, which led to increased activities of CAT and POD in both ‘Hang Baishao’ and ‘Zhuguang’ during endodormancy maintenance stage (Figures 6, 7). However, the expression levels of these ROS scavenging genes were lower in high-CR ‘Zhuguang’ (Figure 7 and Supplementary Table 3), which suggests it is under higher oxidative stress. Yet, it must be recognized that CAT activity was still higher in high-CR ‘Zhuguang.’ This result indicates that it was difficult for the ROS scavenging system of high-CR ‘Zhuguang’ to maintain ROS at a normal level, which could be one of the factors that induced obstacles to bud endodormancy release (Porcher et al., 2020). It should be noted that the highest levels of damage, as indicated by MDA concentrations, was observed in high-CR ‘Zhuguang’ during one of the unusually warm periods in late January (Figure 6). Thus, suggesting the hypothesis that high-CR ‘Zhuguang’ incurs greater damage than low CR ‘Hang Baishao’ during short warming periods in winter.

High levels of H2O2 early in endodormancy fell precipitously and then stabilized slightly earlier in low CR ‘Hang Baishao’ than in high-CR ‘Zhuguang.’ Also, the levels of H2O2 was higher in high-CR ‘Zhuguang’ than in low CR ‘Hang Baishao’ and roughly negatively correlated with expression of the GA synthesis gene PlGA20ox8 and positively correlated with expression of GA synthesis suppressor gene PlSPT in the two cultivars (Figures 4B, 6 and Supplementary Table 3). These observations would be consistent with oxidative stress stabilizing earlier in low CR ‘Hang Baishao’ and opening of the symplastic channels earlier in low CR ‘Hang Baishao’ than in high-CR ‘Zhuguang.’ The coordination of the H2O2 levels with GA synthesis and the stabilization of H2O2 levels just prior to increases in PlGA20ox8 expression opens the intriguing possibility that H2O2 might regulate GA synthesis and thus be a driver for bud endodormancy release and provides a second way for oxidative stress levels to regulate bud endodormancy release in peony.

Interestingly, in grapes, higher ROS production has been hypothesized to serve as a signal to enhance endodormancy release (Halaly et al., 2008). Contrary to that hypothesis, in this study, high levels of H2O2 and higher expression of PlWRKY413, PlHSP70, and PlbZIP were found in the high-CR ‘Zhuguang’ (Figure 7 and Supplementary Table 3). This further indicated that high-CR ‘Zhuguang’ showed strong oxidative stress during endodormancy release stage, but that it did not lead to bud break.



A Proposed Model for the Different Formation Mechanisms of Bud Endodormancy Release in Herbaceous Peony Cultivars With High- and Low-Chilling Requirement Traits Under Warm Winters

Through a detailed comparative study on herbaceous peonies with high- and low- CR traits during bud endodormancy release, an important role for ROS and GA, and a potential role for ABA in protecting southern-adapted cultivars like ‘Hang Baishao’ from damage during warm spells- although the mechanism is unclear, it is possible that it acts through ABA repression of TOR. In the high-CR cultivar ‘Zhuguang,’ the insufficient chill accumulation caused by warm winters results in high level of ROS during the early endodormancy maintenance period, and a high level of ROS subsequently correlates with an earlier accumulation of ABA in high-CR ‘Zhuguang’ than in low CR ‘Hang Baishao.’ High oxidative stress in high-CR ‘Zhuguang’ also correlates to cellular damage and thus poorer adaptation to warmer winters. Lower GA levels in high-CR ‘Zhuguang’ may lead to blocked vascular tissue and abnormal bud differentiation potentially by inhibiting the expression of PlSOC1, which finally create obstacles to bud endodormancy release under warm winters (Figure 9).


[image: image]

FIGURE 9. Proposed mechanistic model for the obstacle in bud dormancy release caused by warm winters in herbaceous peony. BER, bud endodormancy release.
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Both the evolution of tree taxa and whole-genome duplication (WGD) have occurred many times during angiosperm evolution. Transcription factors are preferentially retained following WGD suggesting that functional divergence of duplicates could contribute to traits distinctive to the tree growth habit. We used gain- and loss-of-function transgenics, photoperiod treatments, and circannual expression studies in adult trees to study the diversification of three Populus FLOWERING LOCUS D-LIKE (FDL) genes encoding bZIP transcription factors. Expression patterns and transgenic studies indicate that FDL2.2 promotes flowering and that FDL1 and FDL3 function in different vegetative phenophases. Study of dominant repressor FDL versions indicates that the FDL proteins are partially equivalent in their ability to alter shoot growth. Like its paralogs, FDL3 overexpression delays short day-induced growth cessation, but also induces distinct heterochronic shifts in shoot development—more rapid phytomer initiation and coordinated delay in both leaf expansion and the transition to secondary growth in long days, but not in short days. Our results indicate that both regulatory and protein coding sequence variation contributed to diversification of FDL paralogs that has led to a degree of specialization in multiple developmental processes important for trees and their local adaptation.

Keywords: FLOWERING LOCUS D, FT, FRUITFULL, gene duplication, heterochrony, leaf development, phenology, secondary growth


INTRODUCTION

Distinguishing features of trees include large crowns enabled by extensive wood development and protracted flowering-incompetent phases. Central to woody shoot development is the transition from primary growth—the production of phytomers and stem elongation initiated by the shoot apical meristem (SAM) and rib meristem—to secondary growth, which commences with the formation of a vascular cambium that increases girth by producing secondary xylem (Spicer and Groover, 2010; McKim, 2019). In Populus, this transition is synchronized with leaf maturation (Larson and Isebrands, 1971, 1974). Trees inhabit and often dominate temperate and boreal regions because they evolved the ability to become endodormant and orchestrate cellular adaptations that enable above ground meristems and tissues to survive winter freezing temperatures and dehydration stress (Howe et al., 2003; Preston and Sandve, 2013). The tree growth habit has been lost and gained many times throughout angiosperm evolution (Groover, 2005), which has been characterized by whole-genome duplications (WGDs) as well as segmental and tandem duplications (Hanada et al., 2008; Soltis et al., 2015). Although these events are likely to have had a major role in the repeated evolution of trees, empirical evidence for the role of gene duplicate diversification in processes that define the tree life style is sparse.

Flowering time in diverse plants is cued by indicators of seasonal change, with photoperiod and an extended period of chilling temperatures typically major signals (Bernier and Perilleux, 2005). Vegetative phenology of trees is also cued by these signals and study of tree homologs of Arabidopsis flowering time genes provided some of the first evidence for the contribution of gene duplicate diversification to tree developmental processes (reviewed in Ding and Nilsson, 2016; Brunner et al., 2017). Although reproductive phenology is integrated with vegetative phenology in adult trees, their phenophases are not always coincident or controlled by the same environmental cue. Long days (LDs) induce expression of the transcriptional co-factor and florigen FLOWERING LOCUS (FT) in Arabidopsis leaves and FT homologs in diverse plants have conserved functions in the floral transition (Abe et al., 2005; Wigge et al., 2005; Corbesier et al., 2007; Taoka et al., 2011). In Populus, FT2 is expressed in leaves and rapidly downregulated by short days (SDs), whereas FT1 expression peaks during winter in multiple tissues within winter buds (Böhlenius et al., 2006; Hsu et al., 2011). Changes in cis-regulatory sequences have generally been considered the predominant mechanism for developmental evolution, but increasing evidence supports a role for protein coding changes and both types of sequence changes can be necessary for the evolution of new transcriptional circuits (Lynch and Wagner, 2008; Bartlett, 2020; Britton et al., 2020). Although their divergent seasonal expression patterns could be sufficient for functional diversification of the Populus FT paralogs, their encoded proteins are not fully equivalent. FT1 is much more effective than FT2 at inducing flowering, suggesting that FT1 could mediate the transition of incipient axillary meristems to inflorescence meristems within winter buds and also promote endodormancy release (Hsu et al., 2011; Rinne et al., 2011; Brunner et al., 2014). Conversely, overexpression of either paralog delayed SD-induced growth cessation, but only FT2 expression is consistent with a growth-promoting function (Böhlenius et al., 2006; Hsu et al., 2011).

A conserved mechanism to promote flowering centers on a complex involving FT and the bZIP transcription factor FLOWERING LOCUS D (FD) that activates the related MADS-box genes FRUITFULL (FUL) in the SAM and APETALA1 (AP1) in lateral floral meristems (Schmid et al., 2003; Abe et al., 2005; Wigge et al., 2005; Torti et al., 2012). The FT-FD module has additional effects under certain environmental conditions and different FT and FD homologs appear to have roles in other developmental processes. For example, in SDs, 35S::FT Arabidopsis transgenics have small, curled leaves and this phenotype is dependent on FD (Teper-Bamnolker and Samach, 2005). Both rice OsFD1 and OsFD2 can form a complex with FT homologs; however, only OsFD1 promoted flowering whereas OsFD2 overexpression affected shoot branching and panicle architecture (Taoka et al., 2011; Tsuji et al., 2013; Brambilla et al., 2017).

Transcription factors are preferentially retained after WGDs, which also provide opportunity for a duplicate regulatory module to evolve in concert (Maere et al., 2005; Freeling, 2009; Wu et al., 2020). The Populus genome contains three FD-LIKE (FDL) genes (Supplementary Figure S1). As is the case for FT1 and FT2, FDL1 and FDL2 resulted from the Salicoid WGD, estimated to have occurred ~60 Ma (Tuskan et al., 2006; Rodgers-Melnick et al., 2012). The growth and morphology of 35S::FDL1 poplar transgenics were similar to wild-type (WT) under LDs, but bud set was delayed under SDs (Tylewicz et al., 2015). FDL1 interacts with ABSCISIC ACID-INSENSITIVE3 (ABI3), a bZIP transcription factor with a role in bud formation (Rohde, 2002; Ruttink et al., 2007; Tylewicz et al., 2015). Overexpression of ABI3 or FDL1 upregulates some of the same genes linked to bud development and stress adaptation, suggesting a role for FDL1 in these processes. Two splice variants of FDL2 induced different phenotypes. Transgenics overexpressing FDL2.1 were dwarf, but their SD growth response did not differ from WT (Tylewicz et al., 2015). Under LDs, 35S::FDL2.2 (referred to as FD1 in Parmentier-Line and Coleman, 2016), poplar transgenics flowered precociously and had small leaves and increased branching, but similar to FDL1 overexpression, SD-induced bud set was delayed.

Here, we report that both regulatory and protein coding divergence contribute to the varying degrees of functional diversification among the three FDL genes. Adding new information to previous studies (Tylewicz et al., 2015; Parmentier-Line and Coleman, 2016), we show that only FDL2.2 can induce precocious flowering and its strong upregulation in developing spring inflorescence buds supports a primary role in the floral transition. Furthermore, we show that the vegetative expression of FDL1 and FDL3 peak at opposite seasons, suggesting diversified roles in phenology. FDL3 overexpression showed a novel photoperiod-dependent phenotype. In LDs, FDL3 induced a delay in leaf maturation and the transition to secondary growth and altered the expression of developmentally responsive gibberellin (GA) synthesis and response genes. Expression studies of AP1/FUL homologs suggest that duplicate FT-FD-AP1/FUL modules could play distinct roles in vegetative and reproductive development.



MATERIALS AND METHODS


Binary Constructs and Plant Transformation

The Populus deltoides FDL2.2 and FDL3 coding regions were amplified with Pfu DNA polymerase (Stratagene) and inserted into pGEM-T Easy vector (Promega). For dominant repression constructs, the 3′ end of coding regions were extended to encode the SRDX repressor domain (rd; Hiratsu et al., 2003) by designing a reverse primer containing the SRDX coding sequence (LDLDLELRLGFS). All primer sequences are provided in Supplementary Table S1. The coding sequences were excised by BamHI/KpnI digestion and cloned into the pBI121 binary vector (BD Biosciences). Vectors were introduced into Agrobacterium tumefaciens strain GV3101 and transformed into Populus tremula × Populus alba clone INRA 717-1B4, hereafter referred to as wild type (WT), as previously described (Meilan and Ma, 2006).



Plant Growth Conditions and Measurements

All transgenic and non-transgenic WT plants were propagated in vitro. Rooted plantlets were transferred from tissue culture to soil (Promix B, Canada) and acclimated in a growth chamber. After acclimation, plants were transferred to two-gallon pots and provided with 48 g Osmocote Plus 15-9-12 fertilizer/pot approximately 3 weeks after transfer. LD growth chamber conditions were 16-h light/8-h dark, with light intensity of 100 μ mol m_2 s_1 at plant level, 20°C–22°C, and 65% relative humidity. For SD conditions, the photoperiod was reduced to 8 h by changing the end of day time. In the greenhouse, ambient daylength was extended to 16 h using high pressure sodium lamps. Leaf plastochron index (LPI) was adopted for measurements and collecting samples (Larson and Isebrands, 1971). LPI1 was defined as the first leaf below the shoot apex (SA) with a lamina length of at least 1 cm. The internode (IN) directly beneath the LPI1 leaf was designated as IN1.



Gene Expression

The P. deltoides samples for seasonal gene expression studies and parameters for qRT-PCR were the same as previously described (Hsu et al., 2011), and sampling is summarized in Supplementary Table S4. To study expression in different tissues, we sampled 4-month-old WT plants grown in LD greenhouse conditions. For SA samples, all leaves visible to the naked eye were removed. Axillary buds (ABs) were collected from LPI10 to LPI20. Young leaf (YL) was from LPI2, and nearly mature leaf (ML) was LPI6 (leaf length ~75% of fully expanded leaf size). IN2 is in the primary growth zone, whereas IN6 is transitioning from primary to secondary growth. Phloem (Ph) and xylem (Xy) were scraped from the stem undergoing secondary growth below IN6. We collected non-woody lateral roots. All samples were collected 2 h after the start of the light period. All samples were immediately frozen in liquid nitrogen and stored at −80°C. Samples from three or more trees were pooled for RNA extraction using the RNeasy Plant Mini Kit (Qiagen) and RNase-Free DNase Set (Qiagen) as previously described (Brunner et al., 2004). Each cDNA was synthesized from 2.0 μg total RNA and an oligo (dT) primer using the High Capacity cDNA reverse transcription kit (Applied Biosystems), according to the manufacturer’s protocol. We used the Power SYBR Green PCR Master Mix kit (Applied Biosystems) and the ABI PRISM™ 7500 Real-Time PCR system (Applied Biosystems) for qRT-PCR reactions with three replications per RNA sample. The PCR program was set up to perform an initial incubation at 95°C for 10 min, followed by 95°C for 15 s, and 60°C for 1 min, for a total of 40 cycles. To enable design of gene-specific primers, the more divergent 3′ coding and untranslated region (UTR) were isolated for three aspen AP1/FUL family members using 3′ Rapid Amplification of cDNA Ends (3′ RACE). For LAP1a and LAP1b, full-length aspen cDNA sequences were already available (GenBank accession numbers AF034093 and AF034094). Using P. tremula × P. alba 717-1B4 cDNA as template, 3′ regions were amplified using gene-specific primers and a 3′ RACE adapter primer. The resulting DNA fragment was ligated into a shuttle vector, pCR 2.1 (TA Cloning Kit, Invitrogen, Carlsbad, CA, United States), and sequenced. 3′ RACE sequences and alignment of 3′ regions of AP1/FUL sequences from different Populus species/hybrids and location of primers are shown in Supplementary Figure S2. All primers are listed in Supplementary Table S1. We used an ubiquitin gene (UBQ2) as an internal reference (Mohamed et al., 2010) and normalized the Ct values across plates, determining relative quantities using comparative Ct method (2−ΔΔCt) as previously described (Livak and Schmittgen, 2001).

For in situ hybridization, immature inflorescences were collected from wild Populus trichocarpa trees near Corvallis, OR, United States, and fixed and embedded as previously described (Kelly et al., 1995). Transcripts were detected using antisense riboprobes from the 3′ ends (Supplementary Figure S2) of P. trichocarpa LAP1a (396 bp) and LAP1b (360 bp) cDNAs. Sequences were cloned into pBluscript KS and antisense and sense digoxygenin (DIG) labeled transcripts were produced with T3 and T7 RNA polymerases and DIG RNA Labeling Kit (Roche). Hybridization was done with DIG-labeled T3 and T7 probes (0.5 ng/μl) at 45°C overnight. Hybridized probes were detected by application of Anti-Dig Fab conjugated with alkaline phosphatase (1:1,250 dilution, Roche) and nitroblue tetrazolium/5-bromo-4-chloro-3-indoyl-phosphate.



Microscopic Analysis

For analysis of primary growth and transitional growth internodes, samples were immobilized in 5% agarose and sectioned (60 μm thickness) with a vibratome (Leica VT1200). We sectioned secondary growth internodes with a GSL1-microtome (Swiss Federal Institute for Forest, Snow and Landscape Research WSL, Switzerland). Sections were stained in a drop of the following solution: 1 g phloroglucinol (Sigma-Aldrich) in 100 ml, 95% EtOH, and 16 ml 37% HCL. Procedures for embedding and histology of stem samples and in situ hybridization of developing inflorescences are provided in the section “Materials and Methods.” All images were captured using a Zeiss Axio Imager A1 (Carl Zeiss, Oberkochen, Germany). For more detailed images of stem anatomy (Supplementary Figure S6), samples were fixed and embedded in LR white resin (London Resin Company, Ltd.) as previously described (Grant et al., 2010) and sectioned (2 μm thickness) with glass knives (Leica RM2265). Sections were stained with Toluidine blue/boric acid (0.05% w/v) for 1 min.



Phylogenetic Analysis

FLOWERING LOCUS D family protein sequences (Supplementary Table S2) were aligned using MUSCLE (Edgar, 2004). A maximum-likelihood phylogenetic analysis was performed on the sequence alignment using the JTT + G model, a site coverage cut-off of 90% for alignment gaps/missing data and 100 bootstraps for branch support testing with the program MEGA7 (Kumar et al., 2016). Analysis of AP1/FUL family members (Supplementary Table S3) was the same except that all positions with less than 50% site coverage were eliminated.



Statistics Analyses

Height, leaf length, and new leaf formation data were analyzed in JMP Pro 12 (SAS Institute Inc., 2016–2017), using the Fit model to test the effects of constructs and, when applicable, the events within constructs. We used two-sample t-test to evaluate differences between transgenic and WT means and to test differences between multiple group means, we used the LSMEANS protocol and applied the Tukey–Kramer’s adjustment for all possible pairwise comparisons between group means.




RESULTS


FDL Genes Differ in Reproductive and Seasonal Vegetative Expression

We cloned full-length cDNAs of the three FDL genes from P. deltoides. FDL1 and the FDL2.1 and FDL2.2 splice variants encode proteins nearly identical to those previously reported from P. trichocarpa (Tylewicz et al., 2015; Parmentier-Line and Coleman, 2016) except that the FDL1 reported here contains an additional 39 amino acids at its N-terminus (Supplementary Figure S1). FDL3 shares the conserved C-terminal phosphorylation (T)/SAP motif (Tsuji et al., 2013) and groups with FD in a phylogenetic tree (Supplementary Figure S1).

We studied FDL expression in different vegetative tissues and developmental stages of 4-month-old WT trees grown in a LD greenhouse. Both FDL2 splice variants and FDL3 showed highest expression in shoot apices, whereas FDL1 showed highest expression in a transitional growth internode (Supplementary Figure S3). Study of circannual expression of Populus FT paralogs in different tissues was instrumental in revealing the divergence of FT1 and FT2 functions (Hsu et al., 2011). Hence, we studied expression of the FDLs using these same samples collected from adult P. deltoides growing in Mississippi, United States. Consistent with its ability to induce flowering (Parmentier-Line and Coleman, 2016), FDL2.2 was highly upregulated in newly developing reproductive buds as was the FDL2.1 splice variant (Figures 1B,D). The highest seasonal expression of FDL1 was during late autumn–winter (Figure 1A), consistent with its indicated role in mediating bud maturation and cold adaptation (Tylewicz et al., 2015). FDL3 was more highly expressed in shoot apices during the growing season compared to autumn–winter season and was transiently upregulated in leaves during early autumn at the timepoint when leaf collection shifted from fully expanded leaf (August) to preformed leaf within a terminal bud (September; Figures 1C,E). In shoot apices, the seasonal expression pattern of both FDL3 and FDL2 was opposite of FDL1’s expression pattern (Figures 1E,F).
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FIGURE 1. FLOWERING LOCUS D-LIKE (FDL) genes differ in regulation. Relative expression is fold change in transcript levels of (A) FDL1, (B) FDL2.1, (C) FDL3, and (D) FDL2.2 relative to the time point with the lowest expression within a tissue (n = 3, except for shoot apex where the three apices were pooled to provide sufficient sample for analysis). FDL expression was normalized against reference gene 18S rRNA. (E) FDL1 and FDL3 and (F) FDL2.1 and FDL2.2 expression in shoot apices is presented separately to allow comparison of circannual patterns among the different FDLs. Axillary reproductive bud flush began in late February with anthesis reached in March (April sample is newly initiated floral bud). From September to March, preformed leaves and shoots were dissected from terminal buds.




Dominant Repressor Versions of the Poplar FDL Genes Reduce Shoot Elongation to Different Degrees

To compare protein functional equivalency, we first extended each FDL coding sequence to encode the SRDX repressor domain (Hiratsu et al., 2003), and then, each sequence was placed under the control of the 35S promoter and nos terminator. The FDL1rd transgene imposed the most severe effect on shoot development (Figure 2A). Many tiny transgenic shoots, confirmed as positive for the FDL1rd transgene by PCR, regenerated from callus. However, FDL1rd transgenics failed to elongate when sub-cultured on shoot elongation medium and we could not regenerate any rooted plants. Six independent transgenic events of FDL2.1rd were rooted and four events showed short internodes whereas the other two showed WT-like growth in vitro (Supplementary Figure S4A). For transcriptional activators, overexpression of rd-modified and WT proteins is expected to induce opposite phenotypes; however, overexpression of FDL2.1 also reduced shoot growth (Tylewicz et al., 2015). As this suggests that addition of the rd augmented WT FDL2.1 function rather than induced a loss-of-function phenotype, FDL2.1rd transgenics were not studied further. Eleven events of FDL2.2rd were rooted, but only five events showed reduced growth (Supplementary Figure S4A) and the remainder grew similar to WT in vitro. Eight FDL2.2 events, including four showing less growth and four WT-like events were transferred in soil. After growing in the LD greenhouse for 4 months, the FDL2.2rd transgenics were significantly shorter than WT plants (Figure 2D).
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FIGURE 2. Phenotypic effects of dominant repressor versions of FDL genes. (A) FDL1rd transgenic shoots on shoot elongation medium compared to an unrelated transgenic regenerated at the same time that displays typical shoot elongation. Each clump of shoots corresponds to a single explant that was induced to form callus and then shoots. Bottom photos show shoots from one of the explants in the top photos. (B) FDL3rd_56 transgenics showed reduced shoot growth and set terminal buds within 2 months after potting under LD conditions, whereas WT continued to grow. (C) FDL3rd_52 trees showed reduced shoot elongation. Representative 6-month-old trees are shown and values are means ± SE for two WT and two FDL3rd_52 trees after 3 months of growth in a greenhouse. (D) Representative 6-month-old WT and FDL2.2rd trees and mean heights ± SE after 4 months of growth in a greenhouse. For WT, n = 12; For FDL2.2rd, n = 16 (eight events with two ramets/event). *p < 0.01 compared to WT.


Whereas many FDL3rd transgenic shoots regenerated from callus, rooting was achieved for only five of these, possibly due to severe suppression of shoot elongation by the FDL3rd transgene (Figures 2B, 3A; Supplementary Figure 4B), and nearly all attempts to propagate these rooted shoots in vitro and acclimate FDL3rd transgenics to soil were unsuccessful. Ultimately, we were able to establish only a few ramets of two FDL3rd events in soil. After 2 months in a LD growth chamber, all three ramets of event FDL3rd_56 grew to a height of only 10 cm or less and set terminal buds, as opposed to WT plants which reached 40 cm–50 cm in height and maintained active SAMs (Figure 2B). Two ramets of event FDL3rd_52 survived after transfer to soil and showed reduced height growth compared to WT (Figure 2C). In sum, all of the dominate repressor versions of the different poplar FDL genes reduced shoot elongation, but their effects varied in magnitude with FDL1rd > FDL3rd > FDL2.2rd.
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FIGURE 3. Overexpression of FDL3 affects leaf size and shoot elongation but does not promote flowering. Representative plants showing opposite effects on shoot elongation in vitro of (A) FDL3 dominant repression (FDL3rd) vs. (B) overexpression (FDL3ox). In (A) WT plant is 6-week-old, whereas FDL3rd plant is 10-week-old and in (B), WT and FDL3ox were propagated at the same time and are 4-week-old in the photo. Shoot apices of (C) FDL2.2ox with consecutive axillary inflorescences, (D) WT, and (E) FDL3ox. White arrows in (C) point to axillary inflorescences with multiple female flowers. (F) A premature flowering FDL2.2ox plant with many inflorescences as shown in (C) on both the main shoot and branches. (G) A FDL3ox plant with a few branches, but no flowers. (C–G) All photos are of 6-month-old plants grown at the same time in a greenhouse under a 16-h photoperiod.




FDL2.2 but Not FDL3 Induces Early Flowering Under LDs

We produced transgenics with the 35S promoter directing expression of FDL2.2 or FDL3, designated FDL2.2ox and FDL3ox, respectively. Sixteen independent events each of FDL2.2ox and FDL3ox were regenerated. A previous study showed that FDL2.2 overexpression transgenics had small leaves and flowered in vitro (Parmentier-Line and Coleman, 2016). We observed a similar FDL2.2ox phenotype (Supplementary Figure S4C); however, we only observed in vitro flowering on one FDL2.2ox plant. We consistently observed that, in contrast to FDL3rd plants that were much shorter than WT, FDL3ox shoots elongated faster with longer internodes than WT plants propagated at the same time (Figures 3A,B). Because FDL2.2ox and FDL3ox transgenics had similar small leaf phenotypes in vitro, we directly compared the ability of the two transgenes to induce flowering under LDs. Three to five ramets of five events of FDL2.2ox and five events of FDL3ox were propagated and transferred to soil in parallel with WT plants. The potted plants were grown in the greenhouse under LDs. All transgenics had small leaves as was the case in vitro and also exhibited branching, especially the FDL2.2ox transgenics (Figures 3F,G). Transgenics were also shorter than WT, which was not the case for FDL3ox plants in vitro where sucrose is provided in the medium (Figure 3B).

Within 6 months of growth in the greenhouse, all ramets of all FDL2.2ox events flowered. Transgenics formed consecutive axillary inflorescences and terminal inflorescences also formed on some of the plants (Figure 3C). However, we did not observe flowering on any of the FDL3ox plants (Figure 3E). In addition, two of the FDL3ox events were grown for an additional 10 months with no flowering. Thus, whereas FDL2.2 or FDL3 overexpression induces similar vegetative phenotypes in LDs (Figures 3F,G), they are not equivalent in their ability to induce flowering. This is also consistent with their different expression patterns, particularly the high FDL2.2 expression in newly initiated reproductive buds (Figure 1D). FDL2.2 overexpression has been previously studied (Parmentier-Line and Coleman, 2016); hence, we focused on further characterization of FDL3ox transgenics where vegetative phenotypes could be studied without confounding effects of precious flowering.



Overexpression of FDL3 Accelerates Leaf Initiation but Delays Leaf Expansion and the Transition to Secondary Growth Under LDs

We found that despite their reduced height growth compared to WT, potted FDL3ox transgenics initiated phytomers more rapidly, indicated by the formation of new leaves over time (Figure 4D). In contrast, FDL3ox leaf expansion progressed much more slowly and fully expanded leaf size was reduced (Figure 4). In addition to stalled leaf development, FDL3ox trees had vine-like stems that were not self-supporting (Figure 3G; Supplementary Figure S5A), suggesting defects in secondary vascular tissue development. Under LDs, primary growth of poplar shoots is limited to the leaf development zone and the transition from primary to secondary growth occurs below a leaf that is at least partially mature (Larson and Isebrands, 1971, 1974). Detailed study of leaf and stem development in two FDL3ox events illustrates the coordinate delay in leaf expansion and transition to secondary growth (Figures 5A,B). Vascular development in IN4 and IN6 of FDL3ox (Figures 5B2,B3; Supplementary Figure S6) remained nearly the same as in IN2, with the exception that red-stained lignified cells were present at the position where secondary xylem would normally develop in IN6. Additionally, no phloem fiber bundles were formed in either IN4 or IN6 (Figures 5B2,B3; Supplementary Figure S6), whereas transitional secondary growth in IN4 and secondary growth in IN6 was evident in the stem of WT plants (Figures 5B6,B7; Supplementary Figure S6). Phloem fiber bundles were present in IN10 of FDL3ox, but the secondary xylem still remained in a much less developed state compared to WT (Figures 5B4,B8; Supplementary Figure S6). Secondary xylem was still very poorly developed at IN20 of FDL3ox plants, and while increased xylem development was evident in IN30, it was not present in a continuous ring (Supplementary Figures S5B,5C, S6).
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FIGURE 4. Overexpression of FDL3 accelerates leaf production, but represses leaf growth in long day (LD) conditions. Ramets of two FDL3ox events and WT were grown in a growth chamber under 16-h photoperiods for 2 months. (A) Shoot apices and young rolled leaves of a FDL3ox plant compared with that of a WT plant. Scale bars = 1 cm. (B) Number of young rolled leaves. (C) Representative WT and FDL3ox trees (D) Emergence of new leaves (leaf lamina longer than 1 cm) over time. Leaf number was counted weekly, beginning 3 weeks after transplantation. (E) Progression of leaf length with position on the shoot. Leaf position 1 is the youngest leaf whose lamina is longer than 1 cm. (B,D,E) Means ± SE (n = 6) for two FDL3ox events (33 and 40) and WT.
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FIGURE 5. Overexpression of FDL3 synchronously inhibits leaf expansion and the transition to secondary growth in long days (LDs), but secondary growth is restored in short days (SDs). (A–C) Both FDL3ox and WT plants were grown in a LD greenhouse for 6 months and subsequently transferred to a SD growth chamber for 8 weeks. Leaves were counted from top to bottom according to leaf plastochron index (LPI). Internode (IN) number refers to the internode beneath the corresponding LPI. All panels show from top to bottom LPI2, LPI4, LPI6, and LPI10 leaf or corresponding IN. (A) Extremely slow growth of FDL3ox leaves compared to WT in LDs. Scale bars = 2 cm. (B) Severely inhibited secondary growth in FDL3ox plants (B1–4) compared to progressive transition to secondary growth in WT (B5–8) in LDs. (C) Secondary growth in IN2, IN4, and IN6 formed after exposure to SDs (images above dotted line) in FDL3ox (C1–3) and WT (C5–7) plants. Note that FDL3ox INs 4 and 6 (C2,3) now resemble the same INs of WT plants grown in LDs (B6,7). In contrast, IN10 (C4) formed in LDs before SD treatment remained underdeveloped in FDL3ox. After exposure to SDs, WT plants ceased elongation growth, IN2 transitioned to secondary growth (C5) and substantial secondary xylem accumulated in IN4 and IN6 of WT (C6,7). Transverse sections were 60 μm thick, Scale bars = 100 μm. Vb, vascular bundles; Pf, phloem fiber; and Xy, xylem. (D,E) Comparative expression analysis of leaf and stem developmental marker genes in WT and two events of FDL3ox (33 and 40) grown in LDs. Relative expression in LPI2 and LPI6 leaves (D) and in internodes IN4 and IN8 (E). Expression was normalized against reference gene ubiquitin gene (UBQ2).


Little is known about the mechanisms coordinating the timing of leaf maturation and the transition to secondary growth (reviewed in Teixeira et al., 2019); however, GA promotes both leaf expansion and secondary growth (Eriksson et al., 2000). Hence, we studied the expression of GA synthesis and response genes that also show developmentally responsive expression changes. GA20-oxidase 5 (GA20ox5) expression increases as leaves develop, and its expression was reduced in both LPI2 and LPI6 leaves of FDL3ox trees compared to WT (Figure 5D). GA3 application elevates α-EXPANSIN 8 (EXPA8) and GA-STIMULATED ARABIDOPSIS 6 (GASA6) expression in Populus leaves (Xie et al., 2016). In WT, EXPA8 and GASA6 are upregulated in LPI6 compared to LPI2 leaves, but not in FDL3ox plants (Figure 5D). In Arabidopsis, GA promotes GASA6 upregulation and elongation in embryos (Zhong et al., 2015), and in the inflorescence stem, GASA6 expression peaks in regions undergoing maximal elongation (Hall and Ellis, 2013). In Populus stems, GASA6 is most highly expressed in internodes undergoing maximal elongation and downregulated in secondary growth internodes (Dharmawardhana et al., 2010). Whereas GASA6 is downregulated in secondary growth IN8 compared to elongating IN4 in WT, it shows no downregulation in FDL3ox IN8 (Figure 5E). Expression of marker genes for secondary xylem further supports that molecular programs for the transition to secondary growth are not initiating properly in FDL3ox trees. NAC154, a co-ortholog of SECONDARY WALL-ASSOCIATED NAC DOMAIN 2 (Grant et al., 2010), and 4-COUMARATE:COA LIGASE 3 (4CL3; Shi et al., 2010), are several fold higher in IN8 compared to IN4 in WT, but show comparatively low expression in IN8 of FDL3ox trees (Figure 5E).



SDs Restore Leaf Expansion and Secondary Growth of FDL3ox Plants

After 3 weeks of exposure to SDs, height growth and formation of new leaves stopped in WT plants, whereas FDL3ox plants showed no sign of growth cessation (Figures 6B,C). After 5 weeks in SDs, WT plants had formed brown apical buds, while shoot apices of FDL3ox plants remained active; FDL3ox plants eventually formed apical buds after 10 weeks in SDs (Figure 6A).
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FIGURE 6. Overexpression of FDL3 delays growth cessation and bud set in short days. Plants of WT and two FDL3ox events (33 and 40) were grown in long days for 2 months before exposure to SDs. (A) Apical bud development of FDL3ox plants compared to WT after 5 and 10 weeks in SD (Week 5 and Week 10). In Week 5, WT plants had formed buds. In contrast, FDL3ox plants maintained actively growing apex. By Week 10, FDL3ox plants formed buds. (B,C) Cumulative stem growth (B) and leaf formation (C) were measured weekly during the first 5 weeks in SDs. (B) Plant height and (C) leaf numbers are means ± SE (n = 6).


Intriguingly, FDL3ox plants not only continued to grow in SDs, but also the development of leaves formed after transfer to SDs was similar to that of leaves of WT grown in LDs (Figures 7A–C). In WT plants, leaves directly below the forming apical bud and formed under LDs continued to expand after transfer to SDs (Figures 7A,B). In contrast, small FDL3ox leaves formed during LD treatment did not increase in size during SD treatment. Strikingly, FDL3ox leaves that formed after transfer from LDs to SDs expanded rapidly, exceeding the length of those produced under LDs by ~2-fold. The return of SD-treated FDL3ox plants to LDs again led to the production of the small leaves like those produced during the first LD treatment (Figures 7D,E). We confirmed that the effect of FDL3ox overexpression on leaf development is dependent on photoperiod alone and not location (i.e., moving plants from greenhouse to growth chamber) by growing plants entirely in growth chambers with only photoperiod altered. Within 4 weeks in SDs, leaf expansion and height of FDL3ox were the same as WT plants that had started to form apical buds (Supplementary Figures S7B,C). In contrast, FDL3ox plants grown in LD conditions were shorter with small leaves (Supplementary Figures S7A,C).
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FIGURE 7. FDL3ox trees resume leaf development in short days. (A,B) Both FDL3ox and WT plants were grown in a long day (LD) greenhouse for 6 months and then were transferred into a SD growth chamber for 8 weeks. FDL3ox leaves formed after transfer to SDs (above the red arrows) showed leaf development similar to actively growing WT plants, in contrast to underdeveloped leaves formed on FD3ox plants in LDs (below the red arrows). Plants (A) and shoots (B) were imaged after 8 weeks exposure to SDs. (C) Shoots from ramets of the same FDL3ox event grown 8 weeks in SDs or LDs. (D,E) The changes in leaf expansion size of FDL3ox plants followed the changes of photoperiod duration. (D) FDL3ox and WT plants were grown for 2 months in LDs (below the red arrows), followed by 4 weeks of SDs (between red arrows and yellow arrows), and then 3 weeks of LDs (above the yellow arrows). (E) Fully expanded leaf length of WT and FDL3ox plants formed in SDs and LDs. Six fully expanded leaves were measured for each plant. Leaf length is mean ± SE (n = 4); different letters indicated significant differences, p < 0.0001, Tukey–Kramer’s test.


The SD-mediated restoration of leaf expansion in FDL3ox (Figure 7B), prompted us to examine secondary growth of the stem segments formed under SD conditions. After 8 weeks in SD conditions, substantial secondary xylem and phloem fiber bundles were present in IN2 of WT plants, which set bud before the internode was collected (Figure 5C5). In contrast to the poor secondary growth of FDL3ox plants under LD conditions (Figures 5B1–4), a closed circle of secondary xylem and phloem fiber bundles were present in all three internodes of FDL3ox plants formed under SD (Figures 5C1–3). Similar to leaves of FDL3ox plants formed under LDs and their failure to expand and mature under SDs (Figures 7A,B), the secondary xylem of IN10 formed in FDL3ox plants grown under LDs remained poorly developed in SDs (Figure 5C4).



FDL3ox and Daylength Alter FT2 and AP1/FUL Expression

The rapid change in FDL3ox leaf development following the shift from LD to SD conditions (Figure 7) prompted us to study changes in expression of FT2 and possible transcriptional targets of FDL3. In rice, FT-FD complexes form in leaves as well as in SAM and the small leaf phenotype of 35S::FT Arabidopsis under SDs requires FD and ectopic expression of FUL (Teper-Bamnolker and Samach, 2005; Brambilla et al., 2017). In source leaves, FT2 is rapidly downregulated in response to SDs (Böhlenius et al., 2006; Hsu et al., 2011; Supplementary Figure S11) and studies suggest that LIKE-AP1a (LAP1a) acts downstream of a FT-FDL1 complex (Azeez et al., 2014; Tylewicz et al., 2015). Moreover, Populus AP1/FUL family members were upregulated in 35S:FDL2.2 transgenics (Parmentier-Line and Coleman, 2016), and inducible FT1 or FT2 expression upregulated FUL expression (Hsu et al., 2011).

The P. trichocarpa genome contains five members of the AP1/FUL family (Supplementary Figure S8A). In FDL3ox transgenics, only LAP1a, LAP1b, and FUL were upregulated under LDs and their expression levels were correlated (R2 ≥ 0.79) with expression level of the FDL3ox transgene (Supplementary Figure S8). In WT trees under LDs, FT2 was dramatically upregulated as leaves near full expansion (LPI6), but leaf stage had comparatively little effect on FDL3 expression (Supplementary Figure S9). Compared to WT plants, FT2 expression in LPI6 leaf was 4–6-fold higher in FDL3ox transgenics in LDs (Figure 8A). In WT plants under LDs, LAP1a, b transcripts were low to barely detectable in shoot apices and LPI6 leaf, whereas FUL was relatively highly expressed and downregulated in multiple tissues in response to SDs (Supplementary Figure S10). However, all three genes were upregulated in LPI6 leaf and shoot apices of FDL3ox trees under LDs (Figures 8B–D, Supplementary Figure S12). In SDs, expression of FT2 and the AP1/FUL homologs was reduced in both WT and FDL3ox leaf and/or shoot apex (Figures 8A–D, Supplementary Figure S11). These results suggest that under LDs, FDL3ox transgenics could have elevated levels of a FT2-FDL3 complex in leaves as well as shoot apices that activates AP1/FUL homologs but that under SDs, reduced FT2 levels limit complex formation and AP1/FUL expression.
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FIGURE 8. FDL3ox and daylength alter expression of FT2 and three AP1/FUL homologs with diverse vegetative and reproductive expression patterns. (A–D) Fully expanded leaves were collected from WT and two independent events of FDL3ox plants grown for 2 months in LDs, followed by 3 weeks in SDs. Relative fold changes in transcript levels of FT2 (A), LAP1a (B), FUL (C), and LAP1b (D). Expression of the other two members of the AP1/FUL family (Supplementary Figure 8), MADS14 and MADS28, was not detectable in either LDs or SDs. The expression was normalized against reference gene UBQ2. (E) Seasonal expression pattern of FUL in adult Populus deltoides. Relative expression is fold change in transcript levels relative to the time point with the lowest expression within a tissue (n = 3 biological replicates except that three technical replicates were assayed from a pool of three shoot apices). (F) In situ hybridization showing LAP1b expression in initiating floral meristems of an immature male Populus trichocarpa inflorescence. FM, floral meristem; B, bract. Scale bar = 100 μm. Additional LAP1a and LAP1b in situ hybridizations are provided in Supplementary Figure S12.


To elucidate possible endogenous roles and diversification of the three AP1/FUL homologs, we studied their expression patterns. Because FUL was expressed in various tissues of juvenile trees (Supplementary Figure S10), we studied its circannual expression in adult P. deltoides. FUL was expressed in all tissues, being most highly upregulated in shoot apices in winter with expression declining to lowest levels after shoots had set terminal buds in summer (Figure 8E). In juvenile samples, expression of the AP1 co-orthologs (LAP1a and LAP1b) was low compared to FUL expression (Supplementary Figure S10), and transcriptome profiling of poplar floral bud development indicated a role for LAP1 in flowering (Chen et al., 2018). Thus, we studied the spatial expression patterns of the LAP1 paralogs in developing reproductive buds. In situ hybridization of early developmental stages showed strong expression in initiating floral meristems (Figure 8F; Supplementary Figure S12), consistent with the conserved role of AP1 orthologs in specifying floral meristem identity (Pabon-Mora et al., 2013).




DISCUSSION


Both Regulatory and Protein Variation Likely Contribute to the Functional Diversification of FDL Paralogs

The different tissue and seasonal expressional patterns of poplar FDL genes indicate that regulatory diversification of FDLs is linked to distinct roles in flowering and vegetative phenology. FDL2 is distinct in that it is the only FDL showing predominately reproductive expression (Figure 1). Both splice variants are upregulated in initiating axillary inflorescence buds, consistent with a canonical function in the control of the floral transition. However, only FDL2.2 induces early onset of flowering (Figure 3; Tylewicz et al., 2015; Parmentier-Line and Coleman, 2016). FDL1 expression was highest in late fall and winter (Figures 1A,E), consistent with one of its previously proposed functions, cold adaptation (Tylewicz et al., 2015). Conversely, FDL3 is expressed in shoot apices during the growing season (Figures 1C,E) and FDL3ox plants initiated new leaves at a faster rate than WT under LDs (Figure 4D), suggesting that FDL3 might be the paralog with a primary role in promoting apical growth.

The dominant repressor version of each of the FDL genes reduced shoot elongation in LDs to markedly different degrees (Figures 2, 3A; Supplementary Figure S4), indicating that the proteins share partial functional equivalency. In contrast, growth was extended in SDs by overexpression of FDL1, FDL2.2, or FDL3 (Figure 6; Tylewicz et al., 2015; Parmentier-Line and Coleman, 2016), but detection of any differences in degree of this SD phenotype was not possible as each FDL transgenic was studied in a different lab. However, transgenics overexpressing WT versions also supported partial functional equivalency of the three FDL proteins because these transgenics differed in regard to other phenotypic effects. FDL1 overexpression did not induce obvious changes in growth and development under LDs (Tylewicz et al., 2015), whereas overexpression of either FDL2.2 or FDL3 altered vegetative phenotypes, but only FDL2.2 induced flowering (Parmentier-Line and Coleman, 2016; Figure 3).

The only difference between the proteins encoded by the two FDL2 splice variants (FDL2.1 and FDL2.2) is an additional 29 amino acids within the FDL2.1 bZIP domain (Supplementary Figure S1CS). FDL2.2 promoted dramatic changes in vegetative phenotype and precocious flowering, while FDL2.1 overexpression inhibited growth (Tylewicz et al., 2015), yielding a similar albeit weaker version of the growth suppression resulting from FDL2.1rd overexpression (Supplementary Figure S4). Perhaps the 29 additional amino acids in FDL2.1 interfere with transcriptional activation of FDL2 target genes, weakly mimicking the FDL2.1rd phenotype. That the seasonal fluctuations of FDL2.1 and FDL2.2 expression in the shoot apex and tissue-level expression patterns of these variants are similar (Figure 1; Supplementary Figure S3) also points to the possibility that FDL2.1 acts as a regulator of FDL2.2.

With knowledge of the varied differences among the FDL-induced phenotypes, comparison of protein sequences can suggest domains to target for future analysis to determine the sequence variation responsible for protein functional divergence. For example, both FDL2.2ox and FDL3ox plants had small leaves and vine-like stems in LDs, but FDL3ox did not induce flowering (Figure 3). Tsuji et al. (2013) proposed that the LSL motif (Supplementary Figure S1C) is important for flowering as it was present in most eudicot FDs, but among diverse Poaceae FDs, it was limited to the subgroup containing flowering-promoting FDs. In FDL3, the first leucine of the LSL motif is replaced with serine, suggesting a candidate mutation for the absence of flowering-promoting activity.

The FD, FT, and AP1/FUL families have conserved roles in flowering, but studies in diverse angiosperms have also shown different patterns of gene duplication/loss and subsequent functional evolution (Litt and Irish, 2003; Abe et al., 2005; Wigge et al., 2005; Hsu et al., 2011; Taoka et al., 2011; Tsuji et al., 2013; Tylewicz et al., 2015). Whereas the two Populus FTs derive from the Salicoid WGD, the FD and AP1/FUL families are more complex, with Salicoid duplicates retained for only some members (FDL1/FDL2 and LAP1a/LAP1b; Rodgers-Melnick et al., 2012). Similar to the FT paralogs, FDL1 and FDL2 show highly divergent expression patterns (Figure 1; Hsu et al., 2011). Whereas it remains to be determined if this allowed FT and FDL duplicates to evolve in concert, the overlap in seasonal peak expression (winter) for FT1 and FDL1 (Figure 1A; Hsu et al., 2011) and that their proteins interact (Tylewicz et al., 2015) suggest this as a possibility. FT1, FDL2.2., and FT2, albeit less effectively, induce precocious flowering when overexpressed (Figure 3; Böhlenius et al., 2006; Hsu et al., 2006, 2011; Parmentier-Line and Coleman, 2016). In contrast, overexpression of FDL1 or LAP1a did not induce early flowering (Azeez et al., 2014; Tylewicz et al., 2015), but insufficiency does not preclude a role in flowering. FT1 is upregulated in winter vegetative buds, and detailed study of reproductive development indicated that inflorescence buds subsequently (i.e., shortly after bud flush) develop in the axils of late preformed leaves (Yuceer et al., 2003; Hsu et al., 2011). Although FT2 is predominately expressed in source leaves, it is also expressed coincident with FDL2.2 in developing spring inflorescence buds (Figure 1D; Hsu et al., 2011) and LAP1a and LAP1b are expressed in initiating floral meristems (Figure 8F, Supplementary Figure S12). We previously posited that both FT1 and FT2 could have roles in flowering but act at different stages—FT1 might promote the transition of incipient axillary meristems within winter buds to inflorescence meristems, while FT2 might promote floral meristem initiation within the developing inflorescence (Brunner et al., 2014). Perhaps FDL1 and FDL2 could have similarly diversified roles in flowering as well as the suggested diversification of three FDLs in vegetative development. Gene editing can potentially clarify their gene-specific functions; however, given the difficulties in generating plants with FDL1rd or FDL3rd transgenes, this might require mutations that reduce or alter only specific sequences/functions rather than knock out gene activity. Use of an FT-mediated early flowering poplar system (Azeez and Busov, 2019) could help delineate roles in flowering. Moreover, FDL2 is potentially a candidate for CRISPR-mediated manipulation to prevent flowering and mitigate gene flow from plantations. For forest trees, not only both male and female reproductive sterility but prevention of flower formation is desired for biosafety (Fritsche et al., 2018).



FDL3 Overexpression Induces Heterochronic Shifts in Shoot Ontogeny Depending on Photoperiod

In addition to a faster rate of phytomer initiation in LDs, leaf expansion and the transition to secondary growth were greatly delayed in FDL3ox shoots (Figures 4, 5; Supplementary Figures S5, S6). The formation of a vascular cambium introduces another sink; thus, the occurrence of this transition at a distance from an active SAM and below a leaf that is at least partially mature reflects sink-source relationships (Larson and Isebrands, 1971, 1974). Moreover, the direction of carbon transport changes as leaves develop (Dickson and Larson, 1981; Isebrands and Nelson, 1983). In general, transitional leaves transport carbon upward to younger leaves and SAM, recently mature leaves transport in both directions, and older leaves transport carbon to the lower stem and roots. The delayed transition to secondary growth in FDL3ox plants (Figure 5B; Supplementary Figure S6) might be a direct consequence of stalled leaf development preventing production and transport of sufficient sugar to initiate and support secondary growth. A more active SAM (i.e., more rapid phytomer initiation; Figure 4D) and hence increased SAM sink strength in FDL3ox plants might further limit sugar import for leaf expansion and concurrently, reduce carbon availability for cambium formation. FT2 upregulation is strongly correlated with leaf maturation (Supplementary Figure S9B). In Arabidopsis, the signaling sugar trehalose-6-phosphate (T6P) increases FT expression in leaves to promote florigen (Wahl et al., 2013). Thus, it will be interesting to determine if the T6P pathway acts to induce FT2 expression in source leaves, linking FT2 signaling to leaf sugar status and export direction to apical and cambial meristems.

Overexpression of GA20ox in poplar increased leaf size, height and diameter in LDs and delayed SD-induced growth cessation but not FT2 downregulation, suggesting that FT2 and GA act in parallel growth-promoting pathways (Eriksson et al., 2000, 2015). In FDL3ox trees, reduced GA20ox5 expression in leaves and that GA-responsive genes GASA6 and EXPA8 were not upregulated suggests that reduced GA levels and signaling contributed to reduced leaf expansion (Figure 5D). In tobacco, GA signaling from maturing leaves is important for both shoot elongation and radial growth (Dayan et al., 2012) and GA can act systemically to delay SD-induced growth cessation in poplar (Miskolczi et al., 2019). However, the FDL3ox phenotype does not support that reduced GA levels in leaves reduces apical growth as FDL3ox trees initiate phytomers at a faster rate and SD-induced growth cessation is delayed (Figures 4D, 6). Moreover, FDL3ox plants grew faster with longer internodes than WT in vitro on sugar-containing media, the opposite of FDL3rd plants (Figures 3A,B). This suggests that the reduced height growth of potted FDL3ox plants (Figures 3G, 4C) could be a secondary effect of small transgenic leaves providing less photosynthate than WT leaves.

Gibberellin is synthesized in apices and signaling might be predominately local as grafting onto GA-overexpressing rootstocks was less effective at delaying SD-induced growth cessation in WT scions than grafting onto FT-overexpressing rootstocks (Miskolczi et al., 2019). Expression of stem elongation marker gene GASA6 was similarly high in WT and FDL3ox IN4, but unlike in WT, showed no decrease in IN8 of FDL3ox trees, consistent with their protracted primary growth phase (Figure 5E). Although GA promotes wood formation, GASA6 expression in FDL3ox stems suggests that a localized attenuation of GA-promoted stem elongation might be necessary for internodes to transition to secondary growth.

A striking phenotype of FDL3ox trees was the rapid change in leaf and stem development with photoperiod (Figure 7), indicating that effect of FDL3 on shoot ontogeny depends on genes whose activity is controlled by daylength. In LDs, FT2, LAP1, and FUL expression is elevated in FDL3ox trees, but as in WT, all are downregulated by SDs (Figure 8; Supplementary Figure S11). However, in SDs, LAP1 and FUL expression is still higher in FDL3ox plants compared to WT. This suggests that FDL3 overexpression could increase the level of a FDL3-FT2 complex in leaf as well as SAM under LDs, elevating the expression of downstream targets to promote SAM activity, but limiting leaf expansion and the transition to secondary growth. Under SDs, perhaps reduced LAP1/FUL expression is sufficient to maintain SAM activity, but not to delay leaf development and the transition to secondary growth. However, elevated LAP1a expression is not sufficient to explain the FDL3ox phenotype as it did not alter leaf development (Azeez et al., 2014). Various FT and FD homologs have been shown to interact with other proteins (Mimida et al., 2011; Tsuji et al., 2013; Tylewicz et al., 2015; Jung et al., 2016; Brambilla et al., 2017; Li et al., 2019); thus, the effect of FDL3 on leaf development and secondary growth could be independent of FT2. Heterochronic mutants have helped reveal genetic mechanisms controlling seed maturation and vegetative phase change (reviewed in Buendia-Monreal and Gillmor, 2018). Thus, further study of FDL3ox transgenics could provide an inroad into understanding the genetic pathways that link leaf and stem ontogenies.
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The adaptation and survival of boreal and temperate perennials relies on the precise demarcation of the growing season. Seasonal growth and development are defined by day length and temperature signals. Under long-day conditions in spring, poplar FLOWERING LOCUS T2 (FT2) systemically induces shoot growth. In contrast, FT2 downregulation induced by autumnal short days triggers growth cessation and bud set. However, the molecular role of FT2 in local and long-range signaling is not entirely understood. In this study, the CRISPR/Cas9 editing tool was used to generate FT2 loss of function lines of hybrid poplar. Results indicate that FT2 is essential to promote shoot apex development and restrict internode elongation under conditions of long days. The application of bioactive gibberellins (GAs) to apical buds in FT2 loss of function lines was able to rescue bud set. Expression analysis of GA sensing and metabolic genes and hormone quantification revealed that FT2 boosts the 13-hydroxylation branch of the GA biosynthesis pathway in the shoot apex. Paclobutrazol treatment of WT leaves led to limited internode growth in the stem elongation zone. In mature leaves, FT2 was found to control the GA 13-hydroxylation pathway by increasing GA2ox1 and reducing GA3ox2 expression, causing reduced GA1 levels. We here show that in poplar, the FT2 signal promotes shoot apex development and restricts internode elongation through the GA 13-hydroxylation pathway.

Keywords: poplar, Flowering Locus T (FT), dormancy-growth cycles, gibberellin, GA1, shoot apex development, GA 13-hydroxylation pathway, internode elongation


INTRODUCTION

Growth and development in perennial trees are coordinated by synchronization between plant internal events and environmental cues. Photoperiod and temperature are the main factors that regulate multiple processes such as dormancy growth reactivation or flowering. In response to a short-day (SD) photoperiod, poplar trees stop their growth and develop buds to protect meristems anticipating colder temperatures. Once a chilling requirement has been fulfilled, the cold period required to release buds from dormancy (Rohde et al., 2000), warmer temperatures and long-day (LD) conditions trigger bud break and growth reinitiation (Weiser, 1970; Cooke et al., 2012; Singh et al., 2020). The identification of poplar orthologs of FLOWERING LOCUS T (FT), FT1, and FT2, as flowering and seasonal mediators of perennial growth–dormancy cycles was an important breakthrough in defining the molecular framework that orchestrates these transitions (Bohlenius et al., 2006; Hsu et al., 2011). However, the physiological and molecular functions of FT2 during the poplar growing season remain unclear.

In multiple plant species, FT has been identified as an essential component of the signaling module that controls photoperiod-induced flowering, tuberization, nodulation, and annual growth–dormancy cycles (Koornneef et al., 1991; Kobayashi et al., 1999; Bohlenius et al., 2006; Tamaki et al., 2007; Navarro et al., 2011; Wang et al., 2021). The Arabidopsis FT gene expresses companion cells in leaf phloem under specific LD conditions (Corbesier et al., 2007; Jaeger and Wigge, 2007; Mathieu et al., 2007; Chen et al., 2018). To trigger flowering, the mobile FT protein travels from the leaf to the shoot meristem (Corbesier et al., 2007; Jaeger and Wigge, 2007; Andrés and Coupland, 2012). Several studies in perennials have shown that FT orthologs are necessary to control photoperiod-induced growth cessation and bud set during the vegetative stage and to promote flowering onset (Bohlenius et al., 2006; Hsu et al., 2011; Karlgren et al., 2013). Poplar has FT1 and FT2 paralogs that show specific temporal and spatial expressions (Hsu et al., 2011). FT1 transcription is activated in the shoot apex during winter (Hsu et al., 2011; Pin and Nilsson, 2012; Gómez-Soto et al., 2021). Gain of function studies in poplar has revealed that FT1 coordinates reproductive onset (Hsu et al., 2011). In response to LD and warm temperatures, FT2 is expressed in the leaves, showing a peak of mRNA accumulation at dusk (Bohlenius et al., 2006; Hsu et al., 2011; Triozzi et al., 2018). Analysis of poplar FT2 RNA interference (RNAi) has indicated that FT2 knockdown reduces vegetative growth and accelerates growth cessation and bud set (Hsu et al., 2011). Through transcriptional profiling after transient induction of FT1 or FT2, a divergent yet uncharacterized molecular network has been described in poplar (Hsu et al., 2011).

The regulation of poplar FT2 function resembles that of Arabidopsis FT (Bohlenius et al., 2006; Hsu et al., 2006). FT2 transcription is day-length sensitive (Bohlenius et al., 2006). The coincidence between day or night length and the expression of poplar orthologs of the Arabidopsis circadian-controlled factors, CONSTANTS, GIGANTEA, CYCLIN DOFs, and LATE HYPOCOTHYL 2, sets the daily window of FT2 expression in the leaf (Bohlenius et al., 2006; Ding et al., 2018; Ramos-Sánchez et al., 2019). The poplar shoot vegetative annual growth–dormancy cycle requires long-range FT signaling from the leaf to shoot apex (Miskolczi et al., 2019). FT2 forms a transcriptional complex with poplar orthologs of Arabidopsis FLOWERING LOCUS D LIKE 1 and 2 (FDL1 and FDL2) (Tylewicz et al., 2015). This FT2-FDL1 complex activates Like-APETALA 1 (LAP1) and its downstream target gene AINTEGUMETA LIKE 1 (AIL-1), promoting shoot apex development. Downregulation of LAP1 or AIL1 reduces shoot meristem cell division leading to poplar growth cessation under a SD regime (Karlberg et al., 2011; Azeez et al., 2014).

Different phytohormones have been attributed a role in coordinating plant development (Santner et al., 2009). Gibberellins (GAs) are growth regulators and promoters of developmental shifts such as flowering, branching, cambial stem cell differentiation, seed dormancy release, annual growth–dormancy cycles, and other processes (Blázquez et al., 1998; Kucera et al., 2005; Rinne et al., 2011; Felipo-Benavent et al., 2018; Katyayini et al., 2020).

The biosynthesis of GA takes place in three stages: (1) ent-kaurene is synthesized in plastids and is catalyzed by ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase (KS). The transcription of these enzymes depends on developmental stage and is cell type specific; (2) at the ER membrane, ent-kaurene is converted into GA12 in a reaction catalyzed by ent-kaurene oxidase (KO) and ent-kaurenoic acid oxidase (KAO), and these genes are expressed in all tissues examined. There is an additional step in which GA12 can be converted into GA53 by GA 13-oxidase, so from this point, two parallel biosynthetic pathways may proceed, non-13-hydroxylation directly from GA12 or 13-hydroxylation from the GA53 precursor (Yamaguchi, 2008; Hedden, 2020); and (3) GA12 and/or GA53 are converted into GA intermediates and finally bioactive GAs. These steps take place in the cytosol and are catalyzed by GA 20-oxidases (GA20ox) and GA 3-oxidases (GA3ox), whose expression shows tissue-specific patterns (Hedden and Phillips, 2000; Yamaguchi and Kamiya, 2000). The final products of the non-13-hydroxylation pathway are GA4 and GA7 and of the 13-hydroxylation pathway are GA1, GA3, GA5, and GA6 (Yamaguchi, 2008; Hedden, 2020). Bioactive GA binds GIBBERELLIN-INSENSITIVE DWARF (GID) F-box protein causing a conformational switch that triggers degradation of DELLA proteins via the ubiquitin-26S proteasome system. DELLA is a subfamily of the GRAS family of transcription factors that are negative regulators of GA signaling (Nelson and Steber, 2018). Precursors and bioactive GA levels are regulated by their rate of biosynthesis and deactivation. This last process is catalyzed by GA 2-oxidases (GA2ox) which inactivate GA products (Thomas et al., 1999). In poplar, GA biosynthesis and deactivation enzymes have been extensively studied in multiple tissues and developmental states, and their genes also show specific expression patterns (Gou et al., 2011; Katyayini et al., 2020). In this tree, GA is required for the release of winter dormancy and the reactivation of shoot apical growth (Rinne et al., 2011; Eriksson et al., 2015). Bioactive GAs regulate shoot branching whereas the dormant state requires high levels of GA3/GA6 in axillary buds, which reduces GA1/GA4. The accumulation of GA1/GA4 correlates with axillary bud outgrowth (Katyayini et al., 2020). Transgenic poplar shows the downregulation of biosynthesis or sensing genes show reduced branching and internode and leaf lengths (Busov et al., 2003; Zawaski et al., 2011). Constitutive overactivation of GA catabolism through GA2ox1 gives rise to dwarfed trees (Busov et al., 2003). Moreover, GA promotes cambial stem cell differentiation to produce xylem (Bhalerao and Fischer, 2017). Hence, in poplar, shoot development and seasonal shifts are GA-dependent.

FT and GA interaction has been described during plant development. It has been well established that FT and GA signaling are required to control Arabidopsis flowering through independent pathways. FT and GA promote this transition in response to LD and SD, respectively (Eriksson et al., 2006; Hisamatsu and King, 2008). However, GA depletion in Arabidopsis shoot apical meristem delays flowering under conditions of LD, indicating that active GA signaling is required for flowering (Porri et al., 2012). In rice, the FT ortholog RFT1 induces stem elongation increasing GA sensitivity in the stem (Gómez-Ariza et al., 2019). In poplar, FT1 and GA have been shown to promote dormancy release and bud break. Chilling treatment activates FT transcription and some GA biosynthesis and deactivation genes prior to bud break (Rinne et al., 2011; Gómez-Soto et al., 2021). Poplar overexpressing AtGA20ox1 with increased GA4 and GA1 levels shows delayed growth cessation under SD conditions, whereas FT2 is downregulated. Accordingly, a dual control mechanism by parallel pathways has been proposed for dormancy onset (Eriksson et al., 2015). Grafting experiments have shown that both FT protein and an unknown GA signal can move from leaf to shoot to maintain shoot apex growth (Miskolczi et al., 2019). Moreover, FT1 overexpressing poplar shows lower expression levels of GA2ox8 in shoot apex under LD conditions, suggesting FT1 and GA metabolism interaction (Miskolczi et al., 2019). However, it remains to be clarified whether FT1 controls GA metabolism locally or systemically.

In this work, we used the CRISPR/Cas9 editing tool to generate FT2 loss of function lines in hybrid poplar. Our phenotypic analyses reveal that FT2 loss of function plants set buds and show elongated internodes under growth promoting conditions. Through transcriptional and metabolic analyses, we detected interaction between FT2 and the GA 13-hydroxylation pathway. Accordingly, we propose a dual role of poplar FT2 in promoting shoot apex development and restricting internode elongation via control of this pathway and GA1 levels.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Hybrid poplar Populus tremula × P. alba INRA clone 717 1B4 was used as the wild-type control and for plant transformation. Poplars were cultured in vitro following procedures reported earlier (Gómez-Soto et al., 2021) and transferred to 3.5-L pots containing blond peat, pH 4.5, kept in a growth chamber under controlled conditions (22°C, LD 16-h light/8-h dark, 65% relative humidity, and 150 μmol light intensity). Just once, 2 weeks after transplantation, the plants were fertilized with a solution of 1 g/L Peters Professional 20–20–20 (Everris International, Geldermalsen, Netherlands).



Generation of CRISPR/Cas9 Construct

To generate the CRISPR/Cas9 construct targeting the FT2 gene, we followed the procedures described by Jacobs et al. (2015). The sgRNA within the first exon of the hybrid poplar FT2 gene was obtained from a predesigned SNP-free gRNA dataset.1 The DNA fragment of the U6 promoter and scaffold were amplified using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific, MA, United States) and purified from the gel using NucleoSpin Gel and PCR Clean-up (Macherey-Nagel, PA, United States). The oligonucleotides used to generate the construct are listed in Supplementary Table 1. Briefly, SwaI- and SpeI-digested p201N Cas9 plasmid (Jacobs et al., 2015) was mixed with the U6 single-strand oligonucleotide (containing the sgRNA sequence) and scaffold DNA fragments and ligated using NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs, MA, United States). The reaction product, shown in Supplementary Figure 1A, was transferred to E. coli DH5α competent cells (Thermo Fisher Scientific, MA, United States) following procedures reported by Inoue et al. (1990). Positive bacterial clones containing the CRISPR/Cas9-FT2 construct were identified by colony PCR using the primers Ubi3p218R and ISCeIR (Supplementary Table 1). The correct assembly and sequence of the CRISPR/Cas9-FT2 construct was confirmed by DNA sequencing using Ubi3p218R primer.



Plant Transformation, Transformant Selection, and Genotyping

The CRISPR/Cas9-FT2 construct was transferred to Agrobacterium tumefaciens strain GV3101/pMP90 (Konczl and Schell, 1986). Hybrid poplar was transformed via an Agrobacterium-mediated protocol described previously (Gallardo et al., 1999) with the modification described recently by Gómez-Soto et al. (2021). Transformed hybrid poplar explants were selected under 50 mg/mL of kanamycin-containing medium until whole plantlets were regenerated. Twenty-five independent hybrid poplar kanamycin-resistant lines were regenerated. The specific FT2 genome edition was investigated in these lines by PCR amplification of the FT2 and FT1 gene fragments using specific primers flanking the sgRNA site (Supplementary Table 1), cloning the fragment into NZY-A PCR cloning kit (NZYtech, Lisbon, Portugal) and sequencing up to 15 independent clones per line. The presence of T-DNA insert in these lines was detected by PCR using the specific primers 35Sfwd (located at the end of the 35S promoter) and Cas9rev (located at the beginning of the Cas9 gene) and amplified about 528 bp of T-DNA (Supplementary Figure 1B). Sequences were aligned using the ClustalW multiple alignment tool in the BioEdit Sequence Alignment Editor 7.0 (Hall, 1999). Four out of the twenty-five lines (lines #8, #10, #20, and #23) appeared edited in the FT2 gene causing gene loss of function. Noticeably, shoot growth in the in vitro cultured hybrid poplar CRISPR/Cas9-FT2 edited lines #8, #10, #20, and #23 was as slow as in controls.



Plant Phenotyping

Once control plants had reached bud stage 3, bud score phenotyping of ft2-8, ft2-10, and wild-type plants was initiated. Bud set progression was graded by scoring from stage 3 (fully growing apex) to stage 0 (fully formed apical bud) according to Rohde et al. (2010). The assay was repeated two times with similar results (n = 6).

Internode lengths were measured in 2-week-old ft2-8, ft2-10, and wild-type plants in the stem elongation zone (from internode 1–2 to 7–8). As an example, a representative internode 1–2 of wild-type and ft2-8 plants is indicated in Supplementary Figure 2. The assay was repeated two times with similar results (n = 6).



Gibberellin and Paclobutrazol Treatments, and Plant Phenotyping

For the GA treatments, 50 μL of a solution of GA3 10 μM (Alfa Aesar, Lancashire, United Kingdom) or GA 4 + 7 10 μM (Duchefa Biochemie, Haarlem, Netherlands) was applied to the apex of each ft2-8 and ft2-10 plant. Plants were treated every 2 days for 18 days. As control treatment, a water solution in an equivalent volume of ethanol (GA dissolvent) was used. To measure the timing of bud break after hormone treatment, bud score was quantified from stage 0 (fully formed apical bud) to stage 5 (fully growing apex) according to Rohde et al. (2010). The assay was repeated two times with similar results (n = 5).

For PACLOBUTRAZOL (PAC) treatment, a 0 or 100 μM solution of PAC in water (Duchefa Biochemie, Haarlem, Netherlands) was used to spray the leaves of 4-week-old wild-type plants. This treatment was performed every 2 days for 15 days. On the 15th day of treatment, internode length was measured in the stem elongation zone (from internodes 1–2 to 7–8). The assay was repeated two times with similar results (n = 5).



Tissue Sampling and Gene Expression Analysis

For comparative gene expression analysis of ft2-8 and wild-type plants, samples of shoot apices and leaves were collected 15 h after the light turned on, zeitgeber time 15 (ZT15), when FT2 shows a mRNA peak under conditions of 16-h light/8-h dark and temperature 22°C (Ramos-Sánchez et al., 2019). Six shoot apices and six mature leaves per plant were hand-cut and immediately frozen on dry ice. Two biological replicates were collected. The bulk samples were stored at –80°C until grinding for RNA extraction. Total RNA was isolated following procedures described in Gómez-Soto et al. (2021). Complementary DNA was synthesized using the Maxima First Strand cDNA Synthesis Kit for RT-qPCR with dsDNase (Thermo Fisher Scientific, MA, United States) according to the manufacturer’s instructions. Quantitative real-time PCR (RT-qPCR) analyses were carried out in a Roche LightCycler 480 II instrument (Roche Diagnostics, Barcelona, España), and numerical values were obtained using the relative quantification method reported by Livak and Schmittgen (2001). Results were normalized with respect to expression of the UBQ7 gene (Pettengill et al., 2012). A complete list of the primers used in the RT-qPCR analysis is provided in Supplementary Table 1.



Gibberellin Quantification

Thoroughly ground plant tissue (about 100 mg fresh/dry weight) was suspended in 80% methanol–1% acetic acid containing internal standards and mixed by shaking for 1 h at 4°C. The extract was kept at −20°C overnight and then centrifuged, and the supernatant dried in a vacuum evaporator. The dry residue was dissolved in 1% acetic acid and passed through a reverse phase column (HLB Oasis 30 mg, Waters), as described by Seo et al. (2011). The final residues were dried and dissolved in 5% acetonitrile–1% acetic acid. The hormones were separated by UHPLC on a reverse Accucore C18 column (2.6 μm, 100 mm length; Thermo Fisher Scientific) with a 2–55% acetonitrile gradient containing 0.05% acetic acid, at 400 μL/min over 21 min.

The hormones were analyzed in a Q-Exactive mass spectrometer (Orbitrap detector; Thermo Fisher Scientific) by targeted selected ion monitoring (tSIM; capillary temperature 300°C, S-lens RF level 70, resolution 70.000) and electrospray ionization (spray voltage 3.0 kV, heater temperature 150°C, sheath gas flow rate 40 μL/min, auxiliary gas flow rate 10 μL/min) in negative mode.

The concentrations of hormones in the extracts were determined using embedded calibration curves and the software packages Xcalibur 4.0 (Thermo Fisher Scientific) and TraceFinder 4.1 SP1 (Thermo Fisher Scientific). As internal standards for quantifying the different plant hormones, deuterium-labeled hormones were used (purchased from OlChemim Ltd., Olomouc, Czech Republic).



Statistical Analysis

One-way ANOVA was used for pairwise comparisons. For multiple group comparisons, we also performed Tukey’s post hoc test. All statistical tests were performed using the program IBM SPSS statistics for Windows, version 20. Significance was set at p < 0.05.




RESULTS


FLOWERING LOCUS T2 Is Essential to Promote Shoot Apex Development and Restrict Internode Elongation in Response to a Long-Day Photoperiod

To investigate the role of FT2 as a promoter of shoot development, we generated hybrid poplar FT2 loss of function lines. Two genome-edited hybrid poplar lines were identified (designated ft2-8 and ft2-10) which show a predicted non-functional FT2 gene because of a frameshift created in the first exon that translates into a truncated protein (Supplementary Figure 3A). Due to the high DNA sequence homology between FT2 and FT1, we confirmed that the FT1 gene and its protein were unmodified (Supplementary Figure 3B).

To test the behavior of ft2-8 and ft2-10 under LD conditions in the growth chamber, we transferred ft2-8, ft2-10, and wild type (WT) in vitro grown plantlets to soil-filled pots and scored their apical shoot development. After 2 weeks, WT plantlets went into full leaf production featuring three young leaves on each apex (bud stage 3), whereas ft2-8 and ft2-10 apices had only 1 or 2 leaves (bud stage 1.5). At this point, we monitored shoot development for approximately 30 days (Figures 1A,B). During the following days, WT apices continued to undergo full leaf production, yet ft2-8 and ft2-10 apices showed a rapid decline in producing leaves and set buds on Day 26 (Figures 1A,B). FT2 loss of function plants were unable to resume growth under growth promoting conditions. In addition, WT plants bore three lateral branches on average yet there were no branches on the ft2-8 and ft2-10 plants (Supplementary Figure 4). Hence, in response to LD, ft2-8 and ft2-10 plants are incapable of both sustained shoot apex development and axillary bud outgrowth.
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FIGURE 1. FLOWERING LOCUS T2 (FT2) is essential for shoot development under long-day (LD) conditions. (A) Images of the shoot apex of the wild type (WT) and FT2 loss of function lines ft2-8 and ft2-10. Top panels show pictures taken on Day 1 when the WT plants had reached stage 3. Bottom panels show pictures taken on Day 26, when ft2-8 and ft2-10 reached stage 0. Scale bar = 1 cm. (B) Line plot showing bud scores for WT, ft2-8, and ft2-10 plants collected until ft2-8 and ft2-10 reached stage 0. (C) Relative mRNA levels of LAP1 and AIL1 genes obtained from WT and ft2-8 apical buds. Ubiquitin7 was used as the housekeeping gene. Plotted values and error bars are fold-change means ± SD recorded in two biological replicates. Asterisks (*) represent significant differences assessed by one-way ANOVA (p < 0.05) between genotypes.


In FT2 loss of function plants, we also observed significantly longer internodes in the stem elongation zone (top 6 new-formed internodes) relative to the WT plants, whereas older internode distances were similar (Figures 2A,B). This trend continued until shoot growth cessation and bud set in the ft2-8 and ft2-10 lines (Figures 2A,B). These results indicate that FT2 is essential to restrict internode growth in the stem elongation zone under LD conditions.
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FIGURE 2. FT2 limits internode growth in the stem elongation zone under LD conditions. (A) Images of the stem elongation zone in the WT and FT2 loss of function lines ft2-8 and ft2-10. Arrows indicate internode 4–5. Scale bar = 1 cm. (B) Bar plot showing internode lengths in the stem elongation zone of the WT and FT2 loss of function lines ft2-8 and ft2-10. Values represent mean internode lengths recorded in n = 5 plants. Significant differences between genotypes were assessed by Tukey’s test, *p < 0.05.


As the growth behavior of our ft2-8 and ft2-10 lines was indistinguishable, thereafter we only used the ft2-8 line for our relative gene expression and hormone quantification studies.

The activities of the photoperiod response transcription factors Like-APETALA1 (LAP1) and AINTEGUMENTA-like 1 (AIL1) are required to promote shoot apex development under LD conditions (Karlberg et al., 2011; Azeez et al., 2014). Thus, we examined LAP1 and AIL1 expression levels in the shoot apex of FT2 loss of function and WT plants. Our qRT-PCR data confirmed LAP1 and AIL1 downregulation in ft2-8, supporting the notion that FT2 loss of function plants undergo growth cessation (Figure 1C). Collectively, these results indicate that FT2 is essential to sustain shoot apex development and promote LAP1 and AIL1 expression under a LD photoperiod regime.



Bioactive Gibberellins Are Able to Restore Shoot Apex Development in FLOWERING LOCUS T2 Loss of Function Lines

Gibberellins are required for shoot development in poplar (Busov et al., 2003; Rinne et al., 2011; Eriksson et al., 2015; Miskolczi et al., 2019). To assess whether the exogenous addition of bioactive GAs would enable the resumption of shoot apex development, we treated mature buds of ft2-8 and ft2-10 plants with 10 μM GA 3 or GA 4 + 7 once every 2 days for 18 days. Buds were monitored and quantified. After 7 days, GA-treated plants showed larger greener buds (Figures 3A,B). In the following days, buds opened in ft2-8 and ft2-10 plants and leaf development resumed until the full-growth stage was reached on Day 18 (Figures 3A,B). Thus, the exogenous application of GA 3 or GA 4 + 7 to apical buds reactivates shoot apex development, suggesting limited GA activity and/or response in the shoot apex of FT2 loss of function plants.
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FIGURE 3. FT2 promotes the gibberellin (GA) biosynthesis 13-hydroxylation pathway branch in the shoot apex. (A) Images of apical buds of WT, ft2-8, and ft2-10 lines treated with 0 μM and 10 μM of GA 3 or GA 4 + 7. Pictures were taken on Day 0 and Day 15 of GA treatment. Scale bar = 2 cm. (B) Line plot showing bud scores for WT, ft2-8, and ft2-10 plants collected weekly from Day 0 of GA treatment until buds reached stage 5. (C) Bar plot showing relative mRNA levels of GA sensing genes GID1B1 and GID1B2 in ft2-8 and WT shoot apex. (D) Schematic representation of the GA-GIDs-DELLA molecular model (Nelson and Steber, 2018). High GID expression and lower GA1 levels might reduce GA responses in the shoot apex. (E) Schematic representation of GA metabolism. Green rectangle denotes genes found upregulated in ft-8 compared to WT shoot apex. Red oval shows precursor and bioactive GA found at lower levels in ft-8 than WT shoot apex. (F,G) Bar plot showing relative mRNA levels in ft2-8 and WT shoot apex of (F) the GA biosynthesis genes GA20ox and GA3ox, and (G) GA deactivated genes GA2ox. (H) Bar plot showing the quantification of precursors and bioactive GA in WT and ft2-8 shoot apex. The Y-axis scale shows metabolites (ng)/apex (g), and the X-axis indicates the precursor or bioactive GA measured, that is, GA19, GA20, GA1, or GA4. (C,F,G) Plotted values and error bars are fold-change means ± SD recorded in two biological replicates. Ubiquitin7 was used as the housekeeping gene. Asterisks (*) represent significant differences between genotypes assessed by one-way ANOVA (p < 0.05).




FLOWERING LOCUS T2 Boosts the 13-Hydroxylation Route of the Gibberellin Biosynthesis Pathway in the Shoot Apex

We then went on to investigate whether GA pathway and sensing gene transcription are affected in the apex of FT2 loss of function plants. To this end, comparative expression analysis of GA sensing, biosynthesis, and catabolic genes was conducted on dissected shoot apices of ft2-8 and WT plants. First, we analyzed the GA receptors GIBBERELLINS INSENSITIVE GENES (GIDs). Our qRT-PCR analysis revealed significant GID1B1 and GID1B2 upregulation in ft2-8 plants (Figures 3C,D) and no differences in GID1A1 and GID1A2 mRNA accumulation between ft2-8 and WT plantlets (Supplementary Figure 5). The higher GID levels that detected in FT2 loss of function plants suggest that these plants might be depleted of bioactive GA in the shoot apex as it was shown in Arabidopsis (Middleton et al., 2012).

To examine the GA biosynthesis pathway, we assayed GIBBERELLINS 20 OXIDASE (GA20ox) genes involved in GA biosynthesis, from the precursor GA12 to the step immediately before synthesizing bioactive GA (GA9 and GA20) (Eriksson et al., 2000; Hedden and Phillips, 2000). GA20ox2 and GA20ox3 were found significantly upregulated in the apex of FT2 loss of function lines compared to WT (Figures 3E,F). In addition to this, we examined expression levels of GIBBERELLINS 3 OXIDASE GA3ox1 and GA3ox2, which catalyze the final step to bioactive GAs (Israelsson et al., 2004). Our results indicate no differences between GA3ox1 and GA3ox2 mRNA accumulation in ft2-8 plants compared to WT (Figures 3E,F). Based on these results, we can rule out the downregulation of GA biosynthesis genes in the shoot apex of FT2 loss of function plants.

Next, we examined GA catabolism by analyzing the expression of GIBBERELLINS 2 OXIDASE genes (GA2ox) (Gou et al., 2011). Our data revealed the significant upregulation of GA2ox3, GA2ox4, and GA2ox5 in ft2-8 plants in the apex compared to WT (Figures 3E,G). Activation of these GA2ox genes suggests local depletion of bioactive GAs in the shoot apex of FT2 loss of function plants. Together, these results suggest that FT2 is required to maintain optimal mRNA level of GA receptors and GA metabolic pathway genes in the shoot apex under LD conditions.

In another series of experiments, shoot apex GA hormone levels were quantified in ft2-8 and WT plants (Figure 3H and Supplementary Table 2). Levels of GA1 in the shoot apex were found to be some 50 times higher compared to GA4, thus suggesting the prevalence of the 13-hydroxylation branch of the GA pathway in poplar. Remarkably, ft2-8 plants showed an almost 40% reduction of GA1 levels compared to WT, supporting our prediction of bioactive GA depletion in our comparative transcription expression studies (Figure 3H and Supplementary Table 2). In addition to this, ft2-8 plants showed 2- and 4-fold reductions in the GA biosynthesis precursors GA19 and GA20, respectively, than WT plants, suggesting that the low presence of precursors could lessen GA biosynthesis. These results indicate that FT2 loss of function leads to reduced levels of precursors and active GA1 in the shoot apex.



Paclobutrazol-Treated Wild Type Leaves Feature Limited Internode Lengths

Our results show that FT2 limits internode length in the shoot elongation zone (Figures 2A,B). Leaf-induced GA signaling controls internode growth in tobacco and rice (Dayan et al., 2012; Gómez-Ariza et al., 2019). To test whether leaf-derived GA is required for stem elongation in poplar, we treated the leaves of WT plantlets with 0 or 100 μM of the GA biosynthesis inhibitor PAC for 15 days under LD conditions. In response, the stems of PAC-treated plants’ leaves showed significantly reduced internode lengths (Figures 4A,B), whereas shoot apices remained at stage 3 (Supplementary Figure 6). This finding indicates that leaf-derived GA and/or GA signaling are necessary for internode growth in the stem elongation zone.
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FIGURE 4. FT2 restricts the GA 13-hydroxylation pathway branch in mature leaf tissue. (A) Images of WT shoot treated with 0 or 100 μM of PAC for 15 days under LD conditions. White arrows indicate internode 5–6. Scale bar = 2 cm. (B) Bar plot showing internode length (mm) in the stem elongation zone of WT plants treated with 0 μM and 100 μM of PAC for 15 days under LD conditions. Plotted values and error bars are fold-change means ± SD recorded in two biological replicates. Asterisks (*) represent significant differences assessed by one-way ANOVA (p < 0.05) between PAC treatments. (C) Bar plot showing relative mRNA levels of the GA sensing genes GID1B1 and GID1B2 in WT and ft2-8 leaf tissue. Plotted values and error bars are fold-change means ± SD recorded in three biological replicates. Asterisks (*) represent significant differences between PAC treatments assessed by one-way ANOVA (p < 0.05). (D) Schematic representation of the GA-GIDs-DELLA molecular model (Nelson and Steber, 2018). High GA1 levels might increase GA responses. (E) Schematic representation of GA metabolism. Green and red rectangles denote genes found upregulated and downregulated in ft-8 compared to WT leaf tissue, respectively. Green and red ovals show precursor and bioactive GA found at higher and lower levels in ft-8 compared to WT leaves, respectively. (F,G) Bar plot showing relative mRNA levels in ft2-8 and WT leaf tissue. (F) The GA biosynthesis genes GA20ox and GA3ox, and (G) GA deactivation genes GA2ox. (H) Bar plot showing the quantification of precursors and bioactive GA in WT and ft2-8 shoot apex. The Y-axis scale represents metabolites (ng)/apex (g), and the X-axis indicates the precursor or bioactive GA measured that is, GA19, GA20, GA1 or GA4. (C,F,G) Plotted values and error bars are fold-change means ± SD recorded in two biological replicates. Ubiquitin7 was used as the housekeeping gene. Asterisks (*) represent significant differences between genotypes assessed by one-way ANOVA (p < 0.05).




FLOWERING LOCUS T2 Controls the Gibberellin 13-Hydroxylation Pathway, Increasing GA2ox1 and Reducing GA3ox2 in Mature Leaves

The above results also suggest that the observed internode elongation in FT2 loss of function plants could be due to changes in leaf-derived GA. We therefore examined the expression of GA receptor, biosynthesis, and deactivation genes in mature leaves of ft2-8 and WT. Remarkably, significant mRNA accumulation was only observed of the biosynthesis GA3ox2 gene, levels of the deactivating GA2ox1 gene being reduced (Figures 4C–G and Supplementary Figure 7). Of note, GA2ox1 is the main GA inactivating gene expressed in poplar leaf tissue (Supplementary Figure 8; Katyayini et al., 2020). The regulation by FT2 of GA3ox2 and GA2ox1 mRNA levels suggests a local increase in bioactive GAs in the mature leaves of FT2 loss of function plants.

Gibberellin hormone levels were also determined in mature leaf tissue in ft2-8 and WT plants (Figure 4H and Supplementary Table 2). Our results show that GA1 is the predominant bioactive GA in the leaf, with levels 2.5 times higher in ft2-8 than in WT plants, supporting our prediction in the comparative transcription expression studies. Further, we detected significantly lower GA19 precursor levels in the ft2-8 than WT plants. Taken together, these results indicate that FT2 controls the GA 13-hydroxylation pathway and GA1 levels in mature leaves, correlating with FT2 control of internode elongation.




DISCUSSION


FLOWERING LOCUS T2 Is Essential to Promote Shoot Apex Development by Inducing the Gibberellin 13-Hydroxylation Pathway

Arabidopsis FT knockout plants show a late-flowering phenotype indicating that FT is required but not essential for this developmental transition (Yamaguchi et al., 2005). Functional dissection of poplar FT paralogs through RNA interference has identified a role of FT1 and FT2 in coordinating annual reproductive and vegetative development, respectively (Hsu et al., 2011). The GWAS study identified a single major locus containing the FT2 gene that could explain 65% of phenotypic variation in poplar bud set transition (Wang et al., 2018). Our results indicate that poplar FT2 is essential to sustain vegetative growth in the shoot apex under LD conditions (Figures 1A–C). In its absence, poplar cannot support shoot apex development and forms mature buds after 26 days under LD conditions (Figures 1A–C) resembling the behavior of SD-grown plants. Accordingly, poplar shoot apex development is fully dependent on the expression of a single gene, FT2, and the photoperiod through FT2.

Gibberellin promotes plant development transitions including tree dormancy release (Blázquez et al., 1998; Karlberg et al., 2010). Alteration of the GA biosynthesis pathway in GA20ox antisense plants results in earlier bud set in poplar, and plants overexpressing GA20ox show delayed bud set under SD conditions (Eriksson et al., 2015). Moreover, grafting experiments in GA20ox-overexpressing rootstocks have shown that GA can systemically modulate dormancy entrance, ceasing growth later than in WT rootstocks (Miskolczi et al., 2019). Thus, it has been proposed that GA acts in a parallel pathway to FT2 controlling shoot apex growth and photoperiodic responses (Eriksson et al., 2015). FT and LAP1 could play a mediating role in the transcriptional control of GA metabolism in the shoot apex, as FT- and LAP1 overexpressing plants show the reduced expression of GA2ox 8-3 under LD conditions (Miskolczi et al., 2019). Our following results support the FT2-dependent nature of GA activity in poplar shoot apex under LD conditions: (a) LD-formed mature buds in FT2 loss of function plants resumed growth after the application of bioactive GA to the apex (Figure 3A); (b) the GA pathway mRNA profile of the shoot apex is specific in FT2 loss of function plants compared to WT (Figures 3C–G); and (c) shoot apex levels of bioactive GA1 and 13-hydroxylation pathway precursors of GA19 and GA20 are lower in FT2 loss of function than WT plants (Figure 3H). Collectively, our data reveal that poplar trees require FT2 to promote GA responses in the shoot apex, maintaining shoot development under LD conditions. Interestingly, specific shoot apical meristem GA activity is also needed for Arabidopsis flowering under LD conditions (Porri et al., 2012). However, in Arabidopsis shoot apex, it is not known whether GA activity is FT-dependent.



FLOWERING LOCUS T2 Controls Internode Elongation and Tunes Gibberellin1 Levels in Mature Leaves

Apart from the conserved role of FT in flowering induction, recent work has shown that the rice FT ortholog RFT1 promotes internode elongation via downregulation of the PREMATURE INTERNODE ELONGATION 1 (PINE 1) gene (Gómez-Ariza et al., 2019). Downregulation of PINE1 induces increased GA responsiveness in the stem (Gómez-Ariza et al., 2019). Here, we show that FT2 is required to restrict internode growth in poplar during the vegetative phase (Figures 2A,B). According to this observation, FT ortholog overexpressing poplar and tomato plants show shorter stems than WT during the vegetative phase (Bohlenius et al., 2006; Shalit-Kaneh et al., 2019). Therefore, FT could oppositely modulate stem growth depending on the vegetative growth stage in poplar and tomato, or flowering developmental stage in Arabidopsis and rice.

The regulation of internode elongation is dependent on plant levels of bioactive GA1 and GA4 (Eriksson et al., 2000; Ragni et al., 2011; Dayan et al., 2012). GA2ox-hyperactivated poplar lines show reduced bioactive gibberellins GA1 and GA4 and reduced internode length (Busov et al., 2003). The accumulation in stems of GA and precursors derived from mature leaves promotes internode growth in tobacco (Dayan et al., 2012). Dayan et al. showed that defoliation induces extremely short internodes in the tobacco stem shoot elongation zone. Our results indicate that inhibition of GA biosynthesis through PAC treatment of mature leaves reduces internode growth in WT poplar plants. Thus, leaf GA biosynthesis is necessary for poplar stem elongation (Figures 4A,B). In contrast, FT2 loss of function plants show longer internodes than WT in the shoot elongation zone (Figures 2A,B) along with elevated GA1 levels in mature leaf tissue, whereas GA4 levels remain similar or reduced (Figure 4H). Moreover, our data indicate that the 13-hydroxylation pathway is prevalent in mature poplar leaf and shoot apex (Figures 3H, 4H). It is widely accepted that the mature leaf supplies bioactive GA and precursors to promote the growth of aerial growing tissues (Regnault et al., 2015). This means that the higher GA1 levels observed here in the leaves of FT2 loss of function plants could promote internode growth. However, this GA1 increment was insufficient to support shoot apex development, perhaps because of the reduced plasmodesmata channel connections between the rib and shoot apical meristem in poplar (Ruonala et al., 2008). Collectively, our data indicate that FT2 fine tunes GA1 levels in mature leaf tissue through GA3ox2 and GA2ox1 genes and suggest that leaf GA1 is required for internode elongation during poplar vegetative growth under LD conditions.

The role of FT in the regulation of leaf gene expression has been recently reported in Arabidopsis leaf tissue under a LD photoperiod (Andrés et al., 2020). Andres et al. confirmed that Arabidopsis flowering requires the FT-mediated induction of SWEET10 expression in leaf companion cells. SWEET10 belongs to a plasma membrane transporter protein family linked to sucrose or GA mobilization (Kanno et al., 2016). Nevertheless, how FT activates SWEET10 is unknown. Our study also points to FT2-dependent transcriptional control of the GA pathway in leaf tissue under conditions of LD (Figures 4C–G). This transcriptional control of the GA pathway by FT2 needs to be further investigated.




CONCLUSION

We propose a model whereby FT2 plays a dual role in poplar vegetative growth under LD conditions. FT2 is essential to promote the GA 13-hydroxylation pathway and GA1 levels sustaining shoot apex development. Contrarily in leaves, FT2 tunes the GA pathway, limiting GA1 production and restricting internode elongation (Figure 5).
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FIGURE 5. Model showing that poplar FT2 modulates the 13-hydroxylation branch of the GA pathway to promote shoot apex development and restrict internode elongation. In WT plants (left panel), FT2 protein is synthesized in the leaf and moves to the shoot apex to promote development. FT2 is required to modulate expression of genes of the 13-hydroxylation branch of the GA pathway and GA1. We propose that leaf-derived GA limits internode elongation in stem. In shoot apex, FT2 is essential to modulate the expression of genes of the GA 13-hydroxylation pathway, to maintain levels of GA19, GA20, and GA1, and for shoot apex development. In contrast, in ft2-8 plants (right panel), the lack of FT2 causes an increase in leaf GA1 levels, internode elongation, and a decrease in shoot apex GA1 levels.
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Temperate deciduous fruit trees survive winter temperatures by entering a dormant phase in their aerial meristematic organs. Release from bud dormancy occurs after chill requirements (CR) have been satisfied, whereas bud burst/flowering follows heat requirement (HR) fulfillment. The physiological basis behind these metrics remains elusive. In this study, we are presenting the first multidisciplinary dormancy progression analysis in northern Patagonia, linking (1) forcing/field phenology, (2) bud anatomical development, and (3) soluble sugar (sucrose, glucose, and fructose) dynamics in Juglans regia L. CR and HR were determined for ‘Chandler’ and ‘Franquette,’ two walnut cultivars with markedly different CR, in artificial chill/forced heat trials (three seasons) and in-field chill/forced heat tests (five seasons) using excised twigs either with or without apical buds (non-decapitated and decapitated). The soluble sugar dynamics of ‘Chandler’ (high-performance liquid chromatography) and the anatomical changes of the buds (light microscopy) of the two cultivars were analyzed during endo-ecodormancy progression in one and two seasons, respectively. The CR defined by artificial chill tests proved to be an overestimation compared to the field determinations. Moreover, HR was the main driver in the phenology dynamics, as expected for a high-chill region. ‘Chandler’ showed an average of 10.3 field chill portions (CP) and 2,163 Growing Degree Hours (GDH°C) less than ‘Franquette’ for dormancy release and bud burst, respectively. These results were consistent with the transition of the shoot apex from the vegetative to the reproductive phase and the soluble sugar profile. The decrease in sucrose between 15 and 30 days after CR fulfillment could be a reliable biological marker for endodormancy release in walnut, while the increase in fructose and glucose is likely an osmolyte and cellulosic carbon source in pre-sprouting. In addition, we discuss the effect of paradormancy thanks to our apical bud experiment (with or without). Our results improve the current understanding of endo-ecodormancy progression in walnut and provide insightful results for walnut production (i.e., cultivation practices such as pruning) as well as for further application in dormancy modeling, to infer the ideotypes that should be bred for future climate conditions.
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INTRODUCTION

In the progression from late summer and early fall to winter, temperate tree species go through a dormancy stage to survive unfavorable thermal conditions (Campoy et al., 2011b; Legave et al., 2013; Fadón and Rodrigo, 2018). Previous studies have revealed that this process is mainly regulated by thermal and photoperiodic conditions (Basler and Körner, 2012, 2014; Singh et al., 2017) and that thermal conditions are central to bud dormancy and bud burst development in different fruit tree species (Egea et al., 2003; Heide, 2008, 2011; Ghelardini et al., 2010; Guo et al., 2015; Benmoussa et al., 2017a).

An example of phenology-environment relationships, fruit trees growing in temperate and cold temperate zones require winter chill to overcome dormancy. During the physiological stage known as endodormancy, buds remain in lethargy as a result of their physiological conditions regardless of favorable growth conditions. Endodormancy release is followed by quiescence (ecodormancy), a period during which buds remain dormant as a result of unfavorable environmental conditions (Lang et al., 1987; Considine and Considine, 2016). The thermal needs in each of these phases can be expressed as chill requirements (CR) and heat requirements (HR) for endo- and ecodormancy, respectively (Luedeling, 2012).

Although the study of the chill and heat requirements for budburst and flowering in deciduous fruit trees dates back into the last two centuries (Knight, 1801; Coville, 1920), it has been more extensively researched in different crops in recent decades (De Melo-Abreu et al., 2004; Andreani et al., 2014; Alonso et al., 2017; Benmoussa et al., 2017b; Anzanello et al., 2018; Ruiz et al., 2018). Despite recent milestones in our understanding of bud dormancy control in model trees (Singh et al., 2019; Azeez et al., 2021), gaps still remain. This is especially true of temperate fruit and nut trees since the interactions among the different biological processes and mechanisms involved are not yet fully understood (for review refer to Beauvieux et al., 2018; Lloret et al., 2018; Falavigna et al., 2019; Liu and Sherif, 2019; Yang et al., 2021).

In addition, the phenology models developed from the chill and heat requirements of different deciduous fruit tree species fit certain climate conditions, but as of yet, there are no general models that cover interregional environmental differences (Luedeling et al., 2009b,c), although several researchers have recently made significant progress in this regard (i.e., Chmielewski and Götz, 2016; Darbyshire et al., 2017; Fernandez et al., 2021). A thorough understanding of the dormancy process and its release is key to optimizing the geographical distribution of a given species (Alburquerque et al., 2008; Luedeling et al., 2011; Campoy et al., 2019; Rodríguez et al., 2019) and for correctly anticipating spring phenological responses to future climate change (Wang et al., 2020).

The importance of these factors in the production of deciduous fruit trees, such as walnuts, is well known (Chandler et al., 1937; Mauget, 1976; Mauget and Germain, 1980; Charrier et al., 2011, 2018). The winter chill is an agroclimatic driver that integrates the length of cold periods as well as prevailing temperature ranges. Low chill availability contributes to irregular, delayed, and asynchronous growth, flowering, and fruit development in the following growing season (Erez, 2013; Melke, 2015). At the same time, flowering must occur late enough to avoid spring frosts, but not so late that it results in a failed growing season (Kramer et al., 2017). Moreover, the chill and heat requirements of a cultivar/species must suit the climate of the growing area to ensure a successful fruit production throughout the orchard cycle (Guo et al., 2014; Díez-Palet et al., 2019). In the context of climate change, the success of fruit orchards (as a long-term investment) requires precise planning and relies on our capacity to predict orchard performance in future climate scenarios (Luedeling et al., 2011; Rodríguez et al., 2021).

Chill requirements have been identified as necessary for dormancy breaking and subsequent budburst and flowering. This metric is considered specific for each species and cultivar or variety and its utility depends on our ability to predict their adaptability to a particular environment (for review refer to Luedeling, 2012). The experimental estimation of the CRs for the different walnut cultivars as well as of chill availability in given geographical locations is therefore pivotal in temperate species research in general (Luedeling et al., 2009b).

In the present study, we used controlled environment procedures to quantify the chill and heat requirements of fruit trees using excised twigs and two methodological approaches. The first involved cutting the plant material (twigs) and storing it in a cold device simulating different chill accumulations to stimulate dormancy release and then forcing warming until bud burst (Gariglio et al., 2006; Campoy et al., 2013; Hussain et al., 2015). The second approach consisted of excising the plant material periodically so that chill accumulated in the field and then forcing heat accumulation under controlled conditions (Razavi et al., 2011; Campoy et al., 2012; Measham et al., 2017). Okie and Blackburn (2011) combined both methods to achieve better chill and heat requirement estimations.

Detailed microscopy observations of the anatomical and morphological changes that occur within buds before any available visible signs are very helpful for understanding dormancy progression (Sutinen et al., 2009). To our knowledge, the first documented studies on the morphology of vegetative and floral buds of Juglans regia L. were conducted by De Candolle (1862) as cited by Nast (1935). Several researchers have subsequently studied the anatomy of walnut buds, especially staminate ones (Luza and Polito, 1988; Polito and Pinney, 1997; Polito, 1998; Germain et al., 1999; Sabatier and Barthélémy, 2001; Sabatier et al., 2003; Li et al., 2011; Gao et al., 2012, 2014). The temporal sequencing of anatomical and morphological changes in walnut buds varies according to the cultivar and the climatic conditions (Zhang et al., 1995; Polito and Pinney, 1997). To date, no studies have been conducted in walnut cultivars growing in northern Patagonia.

Anatomical changes in buds are accompanied by modifications in the carbon metabolism throughout the leafless period (Poirier et al., 2010). In response to low temperatures in winter, starch degraded by amylases is used for sucrose synthesis. In reserve tissues, sucrose is produced and then transported via the xylem to buds, where it is hydrolyzed to glucose and fructose to produce energy and carbonic precursors (Yoshioka et al., 1988). Until the formation of an efficient photosynthetic apparatus in spring, buds grow mainly at the expense of carbohydrate reserves (Decourteix et al., 2008). Dormancy release and bud burst progression could thus be described from a trophic perspective, i.e., related to sugar dynamics. Sucrose is the most common transport sugar and can be hydrolyzed to hexoses (glucose and fructose) (Decourteix et al., 2008; Charrier et al., 2018). Unveiling the relationships between bud anatomy and morphology and the physiological and trophic processes involved in them still requires research in walnut (Gao et al., 2014).

The main goal of this study was to perform the first comprehensive study of dormancy progression linking forcing experiments, bud development, and soluble sugar in the climatic conditions of northern Patagonia, Argentina. We characterized the dormancy progression using artificial and field chill experiments, which were carried out for 3 and 5 years, respectively, to account for year-by-year variability. We complemented the forcing experiment with an in-depth study of the anatomical development of buds of two reference walnut cultivars, ‘Chandler’ and ‘Franquette,’ with markedly different CR. Finally, we enhanced this study by evaluating the soluble sugar (sucrose, glucose, and fructose) dynamics in ‘Chandler’ and their relationship with the physiological and anatomical progression of dormancy in walnut.



MATERIALS AND METHODS


Study Site and Cultivars

This study was carried out in the Agricultural Experimental Station (EEAVI, Argentine National Agriculture Technological Institute -INTA, Province of Río Negro) in the lower valley of the Black River (“Río Negro” in Spanish), located at 40°49′ SL., 63°04′ WL. and 4 m.a.s.l. The annual mean temperature in the area is 14.1°C and the winters are cold-temperate.

Excised shoots of J. regia cultivars ‘Chandler’ (a medium-chill Californian cultivar) and ‘Franquette’ (a high-chill French cultivar), belonging to the EEAVI walnut collection, were used for this study. The trees were 7 years old at the beginning of the trials. They were planted at commercial density (7 m × 5 m), grafted on J. regia L. domestic seedling rootstock, in loamy soils, and they were well-nourished using furrow or mantle irrigation. These two cultivars span a wide range of flowering time in this species and represent 95% of the production in the Black River growing area.

‘Chandler’ is a highly productive cultivar (90% of lateral buds are fruitful), and the trees are moderately vigorous and semi-upright. It was obtained by the University of California, Davis (United States) breeding program from the cross ‘Pedro’ x ‘UC 56-224.’ ‘Chandler’ walnuts are harvested mid to late season. The nut size is large, and the nut shape is oval and smooth with 90–100% light kernels. The kernel percentage is 49%. ‘Chandler’ usually has only moderate blight problems. The ‘Franquette’ cultivar, on the other hand, is originally from the Isère River Valley (France). ‘Franquette’ trees are large and upright with moderate to high vigor. This cultivar is a little less productive than ‘Chandler’: mainly the terminal buds are fruitful, in addition to 5–10% of the lateral buds. The harvest date is later than that of ‘Chandler.’ The ‘Franquette’ nut size is small, and the kernel percentage is low at 47%.



Dormancy Progression Using the Artificial Chill Methodology


Plant Material Collection and Experimental Design

In walnut, we can define three types of buds: (1) vegetative buds (which develop into leaves and shoots); (2) mixed buds (which first provide small shoots and then two female flowers); (3) catkin buds, which contain the primordium of a male inflorescence. The vegetative and mixed buds are externally similar and can be differentiated only through histological observations. For this reason, walnut buds are usually divided into vegetative and catkin buds in scientific literature. In this study, to simplify the nomenclature, vegetative buds refer to both vegetative and mixed buds, whereas male buds refer to catkins.

During the second fortnight of April (mid-autumn) of each year of the trial and at the start of field chill accumulation, determined from the minimum CU value (i.e., when chill negation is lower than chill accumulation), in the Utah model (Richardson et al., 1974), 1-year-old shoots were randomly collected from 10 ‘Chandler’ walnut trees (in 2012, 2013, and 2015) and 10 ‘Franquette’ trees (in 2013 and 2015).

Branches measuring 35–45 cm in length with a basal diameter of about 8–12 mm and a mean of 20 buds per twig, with an average of 80% vegetative buds and 20% male buds (catkins), were picked from trees in the field and transferred to the laboratory in controlled conditions. The trials were conducted in a completely randomized design following Dennis (2003) and Viti et al.’s (2003) criteria, with three replicates of four cuttings per treatment and cultivar. The treatments included the following factors: (a) chill hours (Bennet, 1949; Weinberger, 1950) in a cold chamber; (b) type of shoot (non-decapitated or decapitated); and (c) type of bud (vegetative or male bud).



Artificial Chill and Heat Treatments

Artificial chilling treatments were performed on non-decapitated and decapitated branches. This made it possible to simulate usual pruning conditions and to evaluate the paradormancy induced by correlative inhibition of the apical bud (Lang et al., 1987). After disinfection with fungicide [N-(triclorometiltio) ciclohex-4-eno-1,2-dicarboximide, 4,000 ppm (Captan™, Bayer CropScience, NC, United States)], bundles of 12 cuttings (four twigs and three repetitions per treatment) were wrapped in moistened cheesecloth and placed in plastic bags to prevent dehydration during low temperature treatments of 0, 300 (7.8), 600 (16.2), 750 (20.4), 900 (24.7), 1,050 (28.9), 1,200 (33.1), 1,350 (37.3), and 1,500 (41.6) h (Chill Portions) using a dark growth chamber (3 ± 0.5°C). This methodology was slightly modified from Aslamarz et al. (2009) and Vahdati et al. (2012). In our experimental conditions, using shoots with multiple buds, we chose 30% budbreak as the threshold for endodormancy release. Budbreak was defined as the “Cf” (balloon or green tip) stage in vegetative buds and “Cm” (male flower individualization) in male buds (Germain and Lespinasse, 2005). In order to facilitate the reading of units, we chose CH to represent the artificial chilling treatment at a constant temperature (3°C), even though this unit would be equivalent to the CU since temperatures within the 2.4–9.1°C range have a weighting factor of 1 in the Utah Model (Richardson et al., 1974).

After chilling, the shoots were placed in plastic containers with their basal tips in water and forced into a phytotron with a 12-h photoperiod, 40 μmol.m-2.s-1 light intensity, and 70-75% relative humidity at 20 ± 1°C for 8 weeks. Approximately 0.5–1 cm of the distal shoot section was cut off weekly to ensure that the vascular system remained functional (Citadin et al., 2003; Aslamarz et al., 2009). Vegetative and male budburst was recorded every 2–3 days.

The heat requirements were calculated as Growing Degree Hours (GDH°C) following the model proposed by Richardson et al. (1974), from the date on which the shoots were transferred to the growth chamber up until 30% of the buds reached the ‘Cf’ or ‘Cm’ phases. GDH (°C) was quantified for each cultivar, year, type of bud (vegetative or male), and shoot (non-decapitated or decapitated).




Dormancy Progression Using the Field Chill Methodology


Plant Material Collection and Experimental Design

In addition to the forcing-chilling experiment described in Section “Dormancy Progression Using the Artificial Chill Methodology,” we also evaluated dormancy release upon chill accumulation in field conditions. One-year-old shoots were collected every 2–3 weeks, from mid-April (endodormancy) to mid-September (pre-bud burst), and immediately transferred to a forcing environment to stimulate budbreak. This experiment was carried out in ‘Chandler’ (2012–2016) and ‘Franquette’ (2013–2016) cultivars. In this trial, the sampling, evaluation, and analysis of the results followed the guidelines described in the previous section except in the case of chill accumulation, which was fulfilled in the trees grown in the experimental field.

The experiments were conducted under a completely randomized design following Dennis (2003) and Viti et al.’s (2003) criteria. Each treatment comprised a set of 12 excised shoots with three replications and four shoots per plot (an average of 60 vegetative buds and 20 male buds per treatment). For each walnut cultivar and year, the treatments included the following factors: (a) field chill date (calculated in CPs); (b) type of shoot (non-decapitated and decapitated); and (c) type of bud (vegetative or male).



Field Chill and Forced Heat Treatments

Four models were used to quantify CRs in walnut cultivars (reviewed in Luedeling, 2012): the Chilling Hours model (Bennet, 1949; Weinberger, 1950); the Utah model (Richardson et al., 1974); the Positive Utah Model (Linsley-Noakes et al., 1994); ad the Dynamic model (Fishman et al., 1987a,b; Erez et al., 1990). The chilling accumulation start date was considered from the minimum CU value in the Utah model (Richardson et al., 1974; Luedeling, 2012; Zhuang et al., 2016) for the three first models, whereas the Dynamic model starts automatically on the initial date of chilling accumulation (Fishman et al., 1987a,b; Erez et al., 1990).

Budbreak was evaluated following the same methodological protocol as that used for the artificial chilling treatments. When dormancy release was achieved (when 30% of the buds reached the stages mentioned above, ‘Cf’ and ‘Cm’), the corresponding GDH (°C) were recorded according to Richardson et al. (1974) and quantified for each cultivar, year, type of bud (vegetative or male) and type of shoot (non-decapitated and decapitated). Finally, to quantify chill and heat requirements, dormancy break was defined as the date on which a budbreak rate of 30% was obtained, after 30 days of forcing. This methodology was based on a widely used protocol in fruit trees (Ruiz et al., 2007; Alburquerque et al., 2008; Campoy et al., 2010, 2019), but it was adapted to the slower walnut bud growth. We considered dormancy release to have occurred after 30 days under forcing conditions as opposed to the 10 days used by the aforementioned authors. It should be noted that we chose the budbreak percentage of 30% rather than the 50% of Aslamarz et al. (2009) and Vahdati et al. (2012) in order to avoid further increasing the number of forced days. Given the availability of plant material and the impossibility of sampling at a frequency of two-three times per week (Ruiz et al., 2007), an interpolation of the GDH and CP accumulation was carried out to estimate the CR and HR. CP was used to represent the dormancy progression as it is a more robust unit (Fishman et al., 1987a,b).




Meteorological Data

The meteorological data were recorded from a Davis Instruments ® wireless automatic meteorological station with ISO 9001 MB3LR certification (the Vantage Pro2 model, Davis Instruments Corporation, CA, United States), installed at EEAVI bordering the walnut collection, with data resolution every 15 min.



Histological Analysis

During the 2015 and 2016 seasons, from July to October (end of endodormancy to pre-bud burst), excised samples of the female terminal and lateral buds and male buds of ‘Chandler’ and ‘Franquette’ cultivars were fixed in an FAA solution (Ruzin, 1999) for at least 24 h, dehydrated through an ascending series of terbutyl alcohol and embedded in paraffin (Sigma-Aldrich, United States; Jensen and Towne, 2015). Vertical and cross-sections with a thickness of 8–10 μm were cut with a rotary microtome (Minot, Jung, Germany), transferred to glass slides, dried overnight, and stained with safranin-fast-green (Ruzin, 1999). Photographs were taken on a Nikon Labophot-2 microscope (Nikon Instruments Inc., Melville, United States). Five replicates were used for each sampling, which means that we prepared, observed, and interpreted a total of 400 serial cuts of the material extracted from the field, including 250 cuts in the 2015 season and, after selecting key sampling dates based on the 2015 results, 150 cuts in the 2016 season.



Quantification of Soluble Sugars

Throughout the 2015 season, on the same dates as those indicated for microscopy preparations, excised ‘Chandler’ female and male buds were ground to a powder in a mortar, frozen at –35°C, and then lyophilized at –40°C and stored in a desiccator prior to analysis. Afterward, 10 buds were used for each biological replicate, whereas for each sample date we measured two replicates.

Sample preparation followed the Association of Official Agricultural Chemists standards (Aoac 925.05., 1990).

The soluble sugar contents were measured using high-performance liquid chromatography (HPLC), coupled to a UV detector, following the method used by Martínez Ruiz (2005), with some modifications. We used an Alliance e2695 chromatographic system (Waters, United States) equipped with a Rezex ROA-Organic Acid column (Phenomenex, United States) of 300 × 7.8 mm, a 10 μl injection loop, and a 2414 Refractive Index Detector (Waters, United States). As a mobile phase, a 5 10-3N H2SO4 solution was used with a flow rate of.3 ml/min, and the temperature of the column was kept at 30°C. For data processing, the Empower 2 (Shimadzu, Japan) program was used. The following carbohydrates were used as standards: sucrose, glucose, and fructose (Sigma-Aldrich, United States, purity ≥ 99%).

Quantification was carried out by comparison of areas through the external standard method, using solutions of the different soluble sugars in concentrations of 0.1–10 mg/ml as a reference. The typical retention times of the analyzed sugars, as well as the calibration curves, were obtained for each sugar standard. Sugar extract portions (5 ml) of the samples were taken and lyophilized to eliminate traces of water in the samples and then rehydrated using 5 ml of mobile phase (H2SO4 5 10-3N) and filtered through a 0.45-μm Millipore filter to collect approximately 2 ml of solution. Injections were done in duplicate. The analyses were carried out at the PLAPIQUI (CONICET) Lab in Bahía Blanca, Argentina.



Statistical Analysis

Artificial-chill trials were analyzed using an ANOVA test in the InfoStat ® program (National University of Córdoba, Argentine) (Di Renzo et al., 2008), whereas field-chill trials were analyzed using Kruskal–Wallis tests in the R package (R Core Team, 2020, R Foundation for Statistical Computing, Vienna, Austria). For both trials, we evaluated the differences in GDH. For each walnut cultivar and year, the procedures included the following variables: (a) forced chill treatments (0–1,500 Chill Hours) or field chill dates (calculated in CPs); (b) type of shoot (non-decapitated and decapitated); (c) type of bud (vegetative or male). The significance threshold was established at 0.05.




RESULTS


Dormancy Progression Using the Artificial Chill Methodology

Our experimental design allowed us to evaluate dormancy progression using artificial chill according to the bud type (vegetative or male) and pruning state (decapitated or non-decapitated shoots) for both the ‘Franquette’ and ‘Chandler’ cultivars (Figure 1). The higher the amount of artificial chill applied, the lower the heat requirements (expressed as GDH). The artificial treatments of 0, 300, 600, 750 CH were not able to induce bud break for any cultivar, nor was 900 CH in ‘Franquette’ (therefore, data not shown in Figure 1). In both treatments, in decapitated and non-decapitated shoots, the greatest decreases in GDH were observed when artificial chill increased from 1,050 to 1,200 CH in ‘Chandler’ and from 1,350 to 1,500 CH in ‘Franquette.’ For a given value of heat requirements to budburst, ‘Chandler’ needed fewer CH than ‘Franquette.’ In relation to this, the decrease in GDH in ‘Chandler’ from 1,350 CH on was minimal compared to the decrease observed in previous artificial chill values. This shows that additional chilling from the 1,350 thresholds did not affect GDH. This trend was not found in ‘Franquette.’ Decapitating the shoots significantly reduced the necessary CH (CR) for a given heat requirement value in both cultivars.
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FIGURE 1. Dormancy progression in ‘Franquette’ (years 2013 and 2015, A–D) and ‘Chandler’ (years 2012, 2013, and 2015, E–H) walnut cultivars using the artificial chill methodology. Time to budbreak is expressed as heat requirements, using Growing Degree Hours (GDH°C) (Richardson et al., 1974), whereas artificial chill treatments are expressed in chill hours (CH) (Bennet, 1949; Weinberger, 1950). Results are shown for vegetative and male (catkin) buds in decapitated and non-decapitated shoots. Vertical bars represent standard errors of the mean values.




Dormancy Progression Using the Field Chill Methodology

Using the field chill methodology, we also evaluated dormancy progression according to the bud type and pruning state for both cultivars (Figure 2). We found significant differences in GDH between cultivars (lower in ‘Chandler’ than in ‘Franquette’), shoot type (lower in decapitated shoots than in non-decapitated), and bud type (male earlier than vegetative). Significant differences were also observed among GDH in different years of the trials. Year-by-year variability increased with the abnormal year 2016, which showed much higher variability than previous years. We also calculated the dormancy release dates (30% budburst after 30 days, corresponding to 11,160 GDH) (Table 1). The dormancy release dates ranged from July 12 to July 31 for ‘Chandler’ and from July 28 to August 12 for ‘Franquette’ (Table 1). ‘Chandler’ required an average of 10.3 fields CPs less than ‘Franquette’ for dormancy breaking.
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FIGURE 2. Dormancy progression in ‘Franquette’ (years 2013, 2014, 2015, and 2016, A–D) and ‘Chandler’ (years 2012, 2013, 2014, 2015, and 2016, E–H) walnut cultivars using the field chilling methodology. Time to budbreak is expressed as heat requirements, using Growing Degree Hours (GDH°C) (Richardson et al., 1974), whereas field chill treatments are expressed in chill portions (CP) (Fishman et al., 1987a,b; Erez et al., 1990). Results are shown for vegetative and male (catkin) buds in decapitated and non-decapitated shoots. Dotted lines represent the GDH threshold for dormancy release. Vertical bars represent standard errors of the mean values.



TABLE 1. Chilling requirements for dormancy release of vegetative buds estimated using walnut non-decapitated cuttings (Field Chill) from ‘Chandler’ and ‘Franquette’ cultivars.

[image: Table 1]
The heat requirements of the cultivars (GDH) were reduced by continuous chill accumulation throughout the dormancy period studied.

As in the artificial chilling experiment, we found that decapitated shoots needed the equivalent of 3–5 days less GDH than non-decapitated shoots. Similarly, we found a decrease in GDH of up to 2 days in male vegetative buds with respect to vegetative buds. As for the cultivars, ‘Franquette’ needed an average of 2,163 GDH°C (equivalent to 6 days) more than ‘Chandler.’

The dormancy breaking dates and CR according to field chill accumulation are summarized in Table 1. High between-year variability was found in the dormancy breaking date and CR, with coefficients of variation of CP of 21.4 and 15.6 for ‘Chandler’ and ‘Franquette,’ respectively.

Once we calculated the CR using different methods, we evaluated the prediction of the CR calculated with the different chill models evaluated (Figure 3). We found a high coefficient of determination (R2: 0.9) between CU and CP and moderate ones (R2: 0.79 and 0.76) between CH and CU and CH and CP, respectively.
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FIGURE 3. Linear relationships between chilling requirements for dormancy breaking calculated the Utah model (Chill Units, CU) (Richardson et al., 1974), Dynamic model (Chill Portions, CP) (Fishman et al., 1987a,b; Erez et al., 1990), and Chill Hours model (Hours below 7°C, CH). CP-CU (A), CH-CU (B), and CH-CP (C).



Anatomical Changes Were Observed in Buds During the Endo-Ecodormancy Progression

On July 20, 2015, in the ‘Chandler’ cultivar, vertical sections of vegetative-mixed (female) terminal buds showed a flattened apex with an incipient ring of tissue at the edge, showing the initial development of the involucre (Figure 4A). The apex of the lateral bud was completely flattened in a less developed stage (Figure 4C). Inside the anthers, the four microsporangia were observed with the sporogenous tissue in formation (Figure 4E).
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FIGURE 4. Female (vegetative-mixed) and male (catkin) reproductive structures of two Juglans regia L cultivars (cv.) sampled on July 20 and 31 of 2015, respectively. Longitudinal section of the female floral primordium (Ffp) of an apical bud of ‘Chandler cv. (A) and ‘Franquette’ cv. (B). Longitudinal section of the Ffp of a lateral bud of ‘Chandler’ cv. (C) and ‘Franquette’ cv. (D). The center of each microsporangium (mi) contained sporogenous tissue (St) in ‘Chandler’ cv. (E) and ‘Franquette’ cv. (F). I, involucre.


In the ‘Franquette’ cultivar, on July 31, 2015, 11 days later than the sampling for the Californian ‘Chandler,’ vertical sections of female terminal buds showed that the meristematic tissue that generates the involucre was slightly more developed than in ‘Chandler,’ with two protrusions that indicated the start of the perianth as a second ring of tissue (Figure 4B). The development of the lateral bud (Figure 4D) and that of the anthers (Figure 4F) was similar to that observed in ‘Chandler’ on July 20, 2015. The similarity in anatomical structures agrees with the similar difference between the sampling dates (11 days) and the dormancy release dates in both cultivars (17 days, ‘Chandler’: 19 July; ‘Franquette’: 5 August; see Table 1).

In the cultivar ‘Chandler,’ on July 11, 2016, the longitudinal section of the apical bud showed the flower primordia with evident development of the involucral ring (Figure 5IA). In ‘Franquette,’ on the other hand, as expected, such development was only incipient (Figure 5IB). The longitudinal sections of the axillary bud of both cultivars showed the apical meristems of the primordia in a typically convex juvenile phase, that is, dome-shaped (Figures 5IC,D). The male buds of both cultivars had anthers in whose microsporangia the stem cells of the microspores could be observed, and there were no differences between cultivars in the degree of development of these structures (Figures 5IE,F). In this year, the dormancy release dates of the ‘Chandler’ and ‘Franquette’ cultivars were July 31 and August 12, respectively (Table 1).
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FIGURE 5. (I) Female and male reproductive structures of two J. regia L. cultivars (cv.), ‘Chandler’ cv. and ‘Franquette’ cv., sampled on July 11, 2016. Longitudinal section of a young floral primordium (Yfp) of an apical bud of ‘Chandler cv. (A) and ‘Franquette’ cv. (B). Longitudinal section of a Yfp of a lateral bud of ‘Chandler’ cv. (C) and ‘Franquette’ cv. (D). The microsporangia (mi) of ‘Chandler’ cv. (E) and ‘Franquette’ cv. (F) with microspore mother cells (mmc). Clmw, cell layers of the microsporangium wall. I, involucre; S, sepal. (II) Female and male reproductive structures of two J. regia L. cultivars (cv.), ‘Chandler’ cv. and ‘Franquette’ cv., sampled on August 24, 2016. Longitudinal section of a female floral primordium (Ffp) of an apical bud of ‘Chandler’ cv. (A) and ‘Franquette’ cv. (B). Longitudinal section of a Ffp of a lateral bud of ‘Chandler’ cv. (C) and ‘Franquette’ cv. (D). ‘Chandler’ cv. (E) microsporangia (mi) with microspore mother cells (mmc). ‘Franquette’ cv. (F) microsporangia with the sporogenous tissue (St). Clmw, cell layers of the mi wall.


In excised samples of female terminal buds on August 19, 2015, observation date (30 and 14 days after dormancy breaking in ‘Chandler’ and ‘Franquette,’ respectively; refer to Table 1), ‘Chandler’ showed the most developed involucre and the beginning of perianth (Figure 6IA), while ‘Franquette’ showed less development (Figure 6IB). On this date, the lateral bud and anther development in ‘Franquette’ and ‘Chandler’ were similar. The apex of the lateral buds showed involucre development (Figures 6IC,D), while in male buds, the wall of the microsporangia showed the first periclinal divisions destined to generate the four-cell layers located beneath the external epidermis (Figures 6IE,F).
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FIGURE 6. (I) Female (vegetative-mixed) and male (catkin) reproductive structures of two J. regia L. cultivars (cv.) sampled on August 19, 2015. Longitudinal section of the female floral primordium (Ffp) of an apical bud of ‘Chandler’ cv. (A) and ‘Franquette’ cv. (B). Longitudinal section of the Ffp of a lateral bud of ‘Chandler’ cv. (C) and ‘Franquette’ cv. (D). The center of each microsporangium (mi) contained sporogenous tissue (St). In ‘Chandler’ cv. (E) and ‘Franquette’ cv. (F). I, involucre; S, sepal. (II) Female and male reproductive structures of two of J. regia L. cultivars (cv.) sampled on September 30, 2015. Longitudinal section of the female floral primordium (Ffp) of an apical bud of ‘Chandler’ cv. (A) and ‘Franquette’ cv. (B). Longitudinal section of the Ffp of a lateral bud of ‘Chandler’ cv. (C) and ‘Franquette’ cv. (D). The microsporangia (mi) of ‘Chandler’ cv. (E) contained microspore mother cells (mmc). ‘Franquette’ cv. (F) microsporangia still presented the sporogenous tissue (st). Clmw, cell layers of the microsporangium wall; CZ, carpelar zone; I, involucre; S, sepal.


In the August 24, 2016 observations, involucre development was noted in the female apical bud of the cultivar ‘Chandler’ (Figure 5IIA). This was not the case in ‘Franquette,’ in which the meristematic apex appeared flattened with just the initiation of the involucre ring (Figure 5IIB). The longitudinal sections of the axillary buds in both cultivars showed the flower primordia with their apices already flattened (Figures 5IIC,D). In ‘Chandler,’ the anthers presented microsporangia with stem cells of the microspores (Figure 5IIE). In the cultivar ‘Franquette,’ sporogenic tissue was observed, with no differentiation of the microspore stem cells in the later genotype (Figure 5IIF).

On the September 30, 2015, sampling date, the apex of the apical female bud of ‘Chandler’ showed the involucre, and the four sepals already covered the apical meristem. The carpels formed a ring of tissue that left a small depression in the center. The lateral bud showed similar involucre development to the apical bud on the previous sampling date (Figures 6IIA–C). In the anther, all the cellular layers of the microsporangium wall were differentiated, and the microspore stem cells in the center could be observed (Figure 6IIE). In ‘Franquette,’ the development of the floral primordium in the apical and lateral buds was similar to that of the previous sampling date (Figures 6IIB–D). In the microsporangia wall, the layers that would generate the four-cell strata located below the external epidermis were evident, and the differentiation of the future stem cells from the microspores was more evident (Figure 6IIF).

The ‘Franquette’ male buds (Figure 7) did not reach a development equivalent to that observed in ‘Chandler’ on September 30, 2015, until October 19, 2015, sampling date. Both dates were prior to the respective cultivar bud burst stages.
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FIGURE 7. Sampling of male buds (catkins) from J. regia L. cv. ‘Franquette’ corresponding to October 19, 2015. Cross-section of an anther of a cv. ‘Franquette’ male bud. cmm, microspore stem cell. E, cell strata. M, microsporangium.


In the September 23, 2016 observations, the development reached by the flower primordia of the apical buds was similar in both cultivars. The development of the involucre and the sepals was very evident and, in turn, the carpelar leaf had begun to differentiate (Figures 8IA,B). In the floral primordium of the lateral bud of the cultivar ‘Chandler,’ a marked depression was observed in the carpelar area where the ovary would later differentiate (Figure 8IC). In the cultivar ‘Franquette,’ this development was incipient (Figure 8ID).
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FIGURE 8. (I) Female and male reproductive structures of two J. regia L. cultivars (cv.), ‘Chandler’ cv. and ‘Franquette’ cv., sampled on September 23, 2016. Longitudinal section of a female floral primordium (Ffp) of an apical bud of ‘Chandler’ cv. (A) and ‘Franquette’ cv. (B). Longitudinal section of an Ffp of a lateral bud of ‘Chandler’ cv. (C) and ‘Franquette’ cv. (D). Pollen sacs (Ps) of ‘Chandler’ cv. (E) with immature pollen grains (Pg). Microsporangium of ‘Franquette’ cv. (F) with microspore mother cells (mmc). Clmw, cell layers of the mi wall; CZ, carpelar zone; I, involucre; S, sepal. (II) Female and male reproductive structures of a J. regia L. cultivar, ‘Franquette’ cv., sampled on October 5 (A–C) and 15 (D) of 2016. Longitudinal section of a female floral primordium (Ffp) of an apical (A) and a lateral bud (B) in ‘Franquette’ cv. (C) Microsporangium (mi) with microspore mother cells (mmc) and ten days later (D) with mature pollen grains (Pg). Clmw, cell layers of the mi wall; CZ, carpelar zone; I, involucre; OW, ovary wall; Op, ovule primordium; S, sepal.


In ‘Chandler,’ the anther microsporangia showed immature pollen grains (Figure 8IE), whereas, in ‘Franquette,’ the microsporangia contained cells at the microspore stem cell stage (Figure 8IF).

On October 5, 2016, only ‘Franquette’ was sampled since its reproductive structures develop later than those of ‘Chandler.’ In fact, ‘Chandler’ was already in the bud burst stage in the field on this sampling date. In the flower primordia of the apical buds in ‘Franquette,’ advanced development of the involucre, sepals, and carpelar zone was observed (Figure 8IIA). The placenta appeared as a central column, free from the carpel wall (Figure 8IIB). In the floral primordium of the lateral bud, a depression could already be observed in the carpelar area where the ovary would later differentiate (Figure 8IIC). In the male buds, the anthers presented microsporangia with microspore stem cells (Figure 8IID).

Figure 9 shows a summary outline of the male and female reproductive structure development of the ‘Chandler’ and ‘Franquette’ J. regia L cultivars.
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FIGURE 9. Graphical summary of the mean (2015–2016) developmental state of male (a–g; anther cross-sections) and female (h–n, apical bud longitudinal sections) reproductive structures of the ‘Chandler’ (CH) and ‘Franquette’ (FQ) J. regia L. cultivars. Microsporangia with sporogenous tissue (a,b,d), microspore mother cells (c,f), and immature (e) and mature (g) pollen grains. Female floral primordiums (Ffp) with incipient (i) and more advanced involucre development (h). Ffp with involucral ring fully developed (j,k). Sepal primordiums have appeared in Chandler (j) only. Carpelar zone differentiation became evident as a depression in the center of the apical meristem (l,m). The ovary and an ovule primordium were present (n).




Quantification of Soluble Sugars, Sucrose, and Hexoses. High-Performance Liquid Chromatography Analysis

The anatomical analyses were complemented with the study of soluble sugars for one season in ‘Chandler,’ from July to September 2015. The soluble sugar progression showed a different pattern in female (vegetative mixed) buds (Figure 10A) and male buds (Figure 10B). In female buds, sucrose had already started decreasing by the beginning of September, whereas in male buds, sucrose increased until the middle of September and then decreased. The fructose and glucose levels were within the same range in female buds, whereas in male buds, glucose levels were higher than fructose throughout the period studied. In both types of buds, the decrease in sucrose preceded an increase in the fructose and glucose levels, with the latter prevailing.


[image: image]

FIGURE 10. Sucrose, glucose, and fructose content in vegetative -mixed- buds (A) and male buds (B) of the walnut cultivar ‘Chandler’ sampled from field shoots from July to September 2015.






DISCUSSION

The artificial chill accumulation methodology has been widely used in various fruit species including walnut (Citadin et al., 2001; Gariglio et al., 2006; Afshari et al., 2009; Aslamarz et al., 2009; Charrier et al., 2011; Vahdati et al., 2012; Li et al., 2016). Nonetheless, Dennis (2003) noted that, with this approach, the results are likely to be questionable outside of a controlled environment. In addition, Luedeling et al. (2009c) observed lower field CRs than artificial CRs in the walnut cultivar ‘Scharsh Franquette.’ These results agree with our own in this study, in which the artificial CRs were higher and showed lower between-year variability than field CRs (Figures 1, 2).

The field chill accumulation approach has also been broadly used in fruit tree research (Balandier et al., 1993; Ruiz et al., 2007, 2018; Guo et al., 2013; Zhuang et al., 2016; Hassankhah et al., 2017). Unlike artificial chill, field chill allows for the interannual variability of the air temperature during the subsequent autumn-winter months.

Several models have been suggested for calculating winter chill (Luedeling et al., 2009a,b,c). The Dynamic model has achieved widespread consideration in recent years due to its robust design based on more experimental data (Fishman et al., 1987a,b) and its satisfactory performance in different environments (Luedeling et al., 2009b,c; Darbyshire et al., 2011; Luedeling and Brown, 2011; Zhang and Taylor, 2011; Miranda et al., 2013).

In our results, the regression between the CU/CP models achieved a coefficient of determination of 0.9. Previous studies, in different fruit species, have also reported this high value between both parameters (Erez et al., 1990; Ruiz et al., 2007; Campoy et al., 2012). Consequently, for northern Patagonian field conditions, both models could be potentially used to estimate winter chill needs in walnut cultivars, although we would recommend the use of CP, as it is widely accepted in agricultural research (Luedeling, 2012; Campoy et al., 2013; Benmoussa et al., 2017a; Egea et al., 2021) and agricultural planning and management (Pérez et al., 2008; Luedeling and Brown, 2011). However, a lower coefficient of determination has been found between the CU or CP and CH models (R2: 0.79 and 0.76, respectively). This indicates that the Chill Hours Model, widely used by growers due to its simplicity and easy calculation, provides an indicative value of winter chill conditions for breaking dormancy in walnut, but its reliability is lower than that of the two methodologies mentioned above.

On this basis, the CRs for dormancy release of both walnut cultivars studied are satisfied in northern Patagonia (Martín, 2009; Musi Saluj, 2019). The conversion factor CH – CP is a good driver for the extrapolation of results among different variables and is site-specific (Luedeling and Brown, 2011). In this study, we present the first CH – CP ratio (12.8) for northern Patagonian conditions calculated in dormancy release experiments.

In artificial chill trials, the heat requirements for budburst showed an average decreasing rate of 6,000–7,000 GDH°C, with overexposure to chilling temperatures beyond 900 CH (70 CP) (‘Chandler’s’ dormancy break) and 1,050 CH (82 CP) (‘Franquette’s dormancy break) to 1,500 CH. In field chill trials, once the cultivars fulfilled the CP for dormancy break, chill overexposure resulted in even more decreases in GDH°C. These results agree with studies carried out in various fruit trees species (Couvillon and Erez, 1985; Gariglio et al., 2006; Okie and Blackburn, 2011; Campoy et al., 2012; Hussain et al., 2015; Li et al., 2016), as well as in walnut (Aslamarz et al., 2009; Hassankhah et al., 2017). Our results also showed ‘in parallel’ rather than ‘sequential’ chill-heat accumulation, in agreement with Okie and Blackburn (2011), and a negative correlation between chill and heat requirements, as shown for a wide number of temperate tree species (Wang et al., 2020).

In field chill trials, regardless of the cultivar or treatment, within-year variability for CP/HR was lower than between-year variability, especially due to the effect of the abnormal year 2016 (Figure 2). The 2016 season had atypical winter and spring thermal conditions (Musi Saluj, 2019), which translated into an outlier distribution of dormancy progression compared to previous years. The influence of environmental factors can thus induce variability in dormancy progression, probably associated with year-to-year atmospheric and soil conditions, such as temperature (Welling, 2003), nutrition (Almond and Young, 1990), sunlight, rain, or water stress (Buchanan et al., 1977). The notable variability of dormancy progression and CR in this study highlights the need for multi-year studies in order to capture the variability of CR of cultivars in a region, as previous studies have shown in walnut (Aslamarz et al., 2009; Vahdati et al., 2012).

Endodormancy release is driven by the fulfillment of CRs. In this study, the heat requirements were the main driver of ecodormancy progression until bud burst, and the flowering processes, insomuch as the winter chill needs of fruit trees in cold temperate areas are usually overfulfilled. These results agree with the findings of Alonso et al. (2005) in almond trees growing in the cold temperate conditions of Zaragoza in northeastern Spain. Conversely, in the Mediterranean climatic conditions of Murcia, in southeastern Spain, Alburquerque et al. (2008) concluded that CRs had the greatest influence on flowering dates in sweet cherry cultivars. In walnut, Aslamarz et al. (2009) observed that flowering date in late-flowering walnut cultivars in warm areas and milder winters (Karaj, Iran) was mainly determined by the winter chill needs, although late-flowering cultivars showed higher heat requirements than early-flowering cultivars. Therefore, in northern Patagonia, the accumulation of heat in early spring is the main driver for the differences in bud burst and flowering dates among cultivars.

Regarding the effect of paradormancy on dormancy progression, we found that, regardless of the experimental protocol used (artificial/field chill accumulation), bud type or cultivar, decapitated shoots showed earlier budburst dates than cuttings that retained apical buds. This is a direct signal of paradormancy or correlative inhibition processes in the cultivars of the species studied and contrasts with Cline and Deppong’s (1999) observations in other species. Moreover, pruning the apical bud advanced the bud burst dates of the lateral buds in both walnut cultivars studied. These results are consistent with studies in apricot in which decapitated shoots showed the highest sprouting rates (Campoy et al., 2011a). This is also consistent with the stimulating effect of cutting in overcoming dormancy and with the fact that lateral buds have a shallower endodormancy (they need fewer chill hours) than terminal buds during the dormancy period (Champagnat, 1983; Rageau and Mauget, 1987; Crabbé and Barnola, 1996). Although some studies in peach and walnut buds (Scalabrelli and Couvillon, 1986; Aslamarz et al., 2009) have shown that the terminal buds require less chill accumulation than the lateral ones, in these studies the experimental shoots contained a single bud (lateral or terminal). Vitasse and Basler (2014) proved that the results obtained using cuttings with multiple buds are physiologically closer to adult tree performance and achieve phenological responses similar to those of the donor trees. This effect of pruning upon dormancy release is of key importance in walnut management in order to minimize the risk of spring frosts in northern Patagonia. Concurrently, late frost mostly affects male walnut buds in this region. ‘Chandler’ and ‘Franquette,’ the most cultivated genotypes in the region, are both protandrous, i.e., bud burst occurs earlier in male buds than in female buds. This hinders self-pollination in the event of late frosts and severely affects productivity. In the first study in northern Patagonian conditions, del Barrio and Martín (2011) found a higher recurrent risk of damage due to late frosts in ‘Chandler’ (33%) than in ‘Franquette’ (17.5%). These values suggest the need to develop high-chill/heat walnut cultivars for cold-temperate regions to reduce the risk of spring frost damage. This goal could be met by exploring the genetic diversity of walnut (Bernard et al., 2018) through breeding programs (Artyukhova, 2021).

The microscopy observations carried out in buds confirm a delay of 11 days in the development of bud anatomical structures in ‘Franquette’ with respect to ‘Chandler.’ These findings are in line with the higher CRs for dormancy release and, fundamentally, the higher heat requirements for spring bud burst of the French genotype compared to the Californian one (Luedeling et al., 2009c).

The processes involved in the differentiation sequences of both the female and male buds described above vary according to the cultivar and the climatic conditions (Zhang et al., 1995; Polito and Pinney, 1997). According to Gao et al. (2014) this sequence lasts about 1 year, integrating two growing seasons.

In our July 2015 and 2016 microscopic observations, with the female buds in full endodormancy or prior to dormancy release, we observed meristematic structures in the tissues of both cultivars with a large nucleus whose primary function is dividing, so it does not initially need cytoplasm or other types of developed cellular organelles. These meristematic tissues are prepared to divide and to start a process of differentiation or specialization toward more complex cellular vascular and reserve structures (Taiz and Zeiger, 2002). In the August 2015 and 2016 bud observations, 15–30 days after endodormancy release and during the eco-dormancy stage, there were vacuolated cells, which reflects the opening of the xylemic conduction channels allowing for water transport (Figures 5II, 6I). This implied the progressive loss of cold resistance in buds and a progressive increase in the risk of late frost damage (Charrier et al., 2011).

In the latest observations, in September-October of 2015 and 2016, just in the pre-bud burst stage, the density of nuclei in the apical and lateral female buds drops substantially and a large vacuole can be seen in the cells (Figures 6II, 8I,II). This agrees with Charrier et al. (2013), who determined that the water content decreases significantly in walnut buds in the autumn–winter and then increases from early spring until bud burst. But they indicate that this rehydration diverges strongly according to the relative position of the buds on the branch and that the water content is significantly higher in the apical buds than in the lateral ones. The roots begin to absorb water again and the aerial plant tissues are rehydrated (Ewers et al., 2001; Turcotte et al., 2009). Améglio et al. (2002) showed that hydration in walnut trees occurs when soil temperatures at a depth of 50 cm rise above 8°C.

On the September 30, 2015 sampling date, the involucre and the four sepals of the ‘Chandler’ apical female buds already covered the apical meristem. The lateral buds, on the other hand, showed less evolution—their development was similar to that of the apical buds on the previous sampling date in August according to the paradormancy processes described above. In male buds, the anthers remained in the microspore stem cell stage. On the same sampling date, ‘Franquette’ was at an earlier stage than ‘Chandler.’ In fact, ‘Franquette’ male buds did not reach the stage of development found in ‘Chandler’ on September 30, 2015, until the October 19, 2015 sampling date (Figure 6II). It should be noted that the reproductive structures had not undergone meiosis in any of the samples analyzed.

When comparing the evolutions described with those corresponding to September 23, 2016, in both cultivars, the development of female apical and lateral buds and male buds showed a greater advance than the buds analyzed on the same date of the previous year (Figure 8I). In the ‘Chandler’ male buds, the microsporangia of the anthers had immature pollen grains, which indicates that, unlike in September 2015, meiosis had already occurred. On October 5, 2016, only ‘Franquette’ was sampled (‘Chandler’ had already sprouted in the field), and it showed microsporangia in the anthers with microspore stem cells, although meiosis had not yet occurred.

At this point, it is interesting to contrast these results with observations in other fruit species. Julian et al. (2011, 2014), for instance, established that the development of stamens in apricot (Prunus armeniaca) continues during the autumn, and the flower buds enter dormancy with fully developed sporogenic tissue. Once the CRs are met and dormancy breaks, meiosis occurs. In walnut, Luza and Polito (1985, 1988) determined that the differentiation processes in staminate flowering must be completed after having met the winter CRs. Kvaliashvili et al. (2006) determined that meiosis occurs in walnut during the first half of April for different locations in the northern hemisphere (October in the South). In the present investigation, the atypical winter and spring thermal conditions of the 2016 season were responsible for the different meiosis dates in the cultivar ‘Chandler.’ In the winter of 2016, the chill accumulation reached 78.7 CP on July 31, while this number of CPs did not accumulate in the winter of 2015 until September 1. This explains our observations in the present investigation, in particular those of the cultivar ‘Chandler’ during the 2016 season. At the same time, the meiosis requirements of the cultivar ‘Franquette’ remain unclear, so it would be worth replicating the tests in successive years to validate the results obtained in this study. This would deepen our understanding of the interrelationships between the processes of accumulation of winter chill for dormancy release and spring heat for budburst and flowering in relation to the temporal occurrence of meiosis. These interrelationships are surely specific to the different cultivars studied.

Regarding the soluble sugar content, the dynamics of reserve sugars are linked to the dormancy-growth cycle and frost resistance in walnut and other temperate fruit species (Poirier et al., 2004; Charrier and Améglio, 2011; Guàrdia et al., 2016). Decourteix et al. (2006, 2008) and Alves et al. (2007) determined that there are proton-sucrose, proton glucose, and proton-hexose co-transporters in walnut xylem parenchyma cells and analyzed the potential role of these sugars in the events related to the start of spring growth.

The HPLC results for July 2015 in ‘Chandler’ showed similar concentrations of the three soluble sugars studied during endodormancy release in female buds and somewhat higher levels of sucrose in male buds. However, subsequent observations in the ecodormancy stage (08/19/2015; 09/02/2015) highlighted a sharp increase in sucrose, which reached maximum concentrations 15–30 days after dormancy breaking and then later fell abruptly as spring bud burst approached. Glucose and fructose, on the other hand, maintained stable concentrations or slightly lower amounts than those found in the endodormancy-release stage in both female and male buds. This partially disagrees with some previous results in the same species (Charrier et al., 2013, 2018) that describe uniform dynamics for the three sugars during this process. Similarly, Farokhzad et al. (2018), working with medium- and high-chill (i.e., late growth) walnut genotypes, showed that soluble sugars decreased during the dormancy release period. Nonetheless, the significantly greater increase in glucose in male than in female buds is in accordance with the lower chilling requirements of the male buds and with the characteristic protandry of ‘Chandler.’

At this point, it should be noted that in this experiment the CRs for bud dormancy release were fulfilled between July 12 and 31 in ‘Chandler’ and July 28 and August 12 in ‘Franquette,’ according to the observed year-by-year variability. After this period, substantial overchilling occurs during August in the region. Hence, the maintenance of high concentrations of sucrose may be associated with a cryoprotection function for the meristematic tissues of the buds. This would explain the differential regulation of sucrose with respect to the other hexoses and suggests that the role of this disaccharide cannot be extended to all the soluble sugars imported from the xylem sap, or, in the case of fructose and glucose, potentially formed by the dissociation of sucrose. In our analyses, the main role of sucrose during winter seems clear: it accumulates in buds for cold resistance functions, while both glucose and fructose contribute to a lesser extent to the carbon supply at this stage. Tixier et al. (2017) proposed a novel mechanism for the maintenance of the spring carbohydrate translocation in fruit trees from distal locations before the photosynthetic independence of the leaves and absence of transpiration. These researchers postulated that the flow of sugars through the xylem is maintained with the recirculation of water through the phloem, which acts as a hydraulic pump to generate a flow of water in the xylem, allowing for the transport and mobilization of sugars. In addition to this, glucose and fructose are more efficient osmotically than sucrose, so they may act as osmolytes to trigger water recirculation, increasing the vessel pressure needed for the growth of both female and male buds. The higher amounts of glucose and fructose observed in spring are likely involved in the carbon demand required for budding and flowering as determined by Maurel et al. (2004) in peach trees.

Yet, considering the high number of metabolites potentially involved in dormancy release, non-targeted metabolite studies could be more powerful than targeted ones to determine new metabolites associated with endodormancy release. Along these lines, Guillamón et al. (2020) have recently shown that endodormancy release is mainly driven by prunasin and ascorbic acid, which could be used as endodormancy release biomarkers. The application of non-targeted metabolite studies may open new avenues for the development of biomarkers for dormancy release and shed more light on the control of this complex process.



CONCLUSION

We have presented a comprehensive dormancy progression study of two walnut cultivars, ‘Chandler’ and ‘Franquette,’ with markedly different CR. Our analyses of bud anatomical development and soluble sugar (sucrose, glucose, and fructose) dynamics in buds together with the artificial and field chill and heat trials provide an in-depth characterization of the dormancy release process in walnut in northern Patagonia.

The CR defined by artificial chill tests was higher than the field chill determinations. Moreover, the ‘Chandler’ cultivar required an average of 10.3 fields CPs (CP) and 2,163 Growing Degree Hours (GDH°C) less than ‘Franquette’ for dormancy release and bud burst, respectively. HR was the main driver in the phenology dynamics, as expected for a high-chill region like northern Patagonia.

These results were consistent with the anatomical and morphological changes observed in the shoot apex by light microscopy and the sugar profile determined by HPLC. The transition after dormancy release from microsporangia with sporogenous tissue to microspore mother cells supports the chilling requirement definition and the different CRs of the ‘Chandler’ and ‘Franquette’ cultivars. The decrease in sucrose 15–30 days after CR fulfillment could be a reliable biological marker for the transition from endodormancy to ecodormancy in walnut, while the increase in fructose and glucose is likely involved in the carbon demand required for budburst and flowering. In our experimental conditions, anther meiosis in ‘Chandler’ was observed in pre-sprouting. In addition, we have discussed the effects of paradormancy thanks to our non-decapitated/decapitated shoot experiment. Both cultivars showed signals of correlative inhibition processes among apical and lateral buds throughout dormancy progression.

Our results improve the current understanding of endo-ecodormancy progression in walnut and provide insightful results for walnut production and breeding. We provide a multi-year evaluation of the chilling requirements for the most representative cultivars used in northern Patagonia. Knowledge of a given cultivar’s chilling requirements and heat accumulation is key in selecting the most optimum cultivar for the most suitable areas. Regarding cultivation practices, late pruning is recommended to minimize the impact of spring frost. We have provided a complete data set for dormancy release for further application in dormancy modeling, which can be useful in inferring the ideotypes that should be bred for future climate conditions.

Finally, we have shown for the first time that anatomical and sugar dynamics support the definition of chilling and heat requirements in Persian walnut (J. regia) in northern Patagonia.
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Recent climate change has resulted in warmer temperatures. Warmer temperatures from autumn to spring has negatively affected dormancy progression, cold (de)acclimation, and cold tolerance in various temperate fruit trees. In Japan, a physiological disorder known as flowering disorder, which is an erratic flowering and bud break disorder, has recently emerged as a serious problem in the production of the pome fruit tree, Japanese (Asian) pear (Pyrus pyrifolia Nakai). Due to global warming, the annual temperature in Japan has risen markedly since the 1990s. Surveys of flowering disorder in field-grown and greenhouse-grown Japanese pear trees over several years have indicated that flowering disorder occurs in warmer years and cultivation conditions, and the risk of flowering disorder occurrence is higher at lower latitudes than at higher latitudes. Susceptibility to flowering disorder is linked to changes in the transcript levels of putative dormancy/flowering regulators such as DORMANCY-ASSOCIATED MADS-box (DAM) and FLOWERING LOCUS T (FT). On the basis of published studies, we conclude that autumn–winter warm temperatures cause flowering disorder through affecting cold acclimation, dormancy progression, and floral bud maturation. Additionally, warm conditions also decrease carbohydrate accumulation in shoots, leading to reduced tree vigor. We propose that all these physiological and metabolic changes due to the lack of chilling during the dormancy phase interact to cause flowering disorder in the spring. We also propose that the process of chilling exposure rather than the total amount of chilling may be important for the precise control of dormancy progression and robust blooming, which in turn suggests the necessity of re-evaluation of the characteristics of cultivar-dependent chilling requirement trait. A full understanding of the molecular and metabolic regulatory mechanisms of both dormancy completion (floral bud maturation) and dormancy break (release from the repression of bud break) will help to clarify the physiological basis of dormancy-related physiological disorder and also provide useful strategies to mitigate or overcome it under global warming.

Keywords: chilling requirement, cold accumulation, DAM, dormancy, floral bud maturation, warm temperature


INTRODUCTION

Asian pears (Oriental pears), such as Japanese pear (Pyrus pyrifolia Nakai), Pyrus bretschneideri, and Pyrus ussuriensis (family Rosaceae), are cultivated worldwide, but mainly in east Asian countries including Japan and China. Most areas of Japan are in the temperate or subarctic zone, but the southern islands (south of 25° north latitude) are in the tropical zone. In Japan, diverse fruit trees are cultivated to take advantage of the diverse climate. Japanese pear, a traditional deciduous fruit tree in Japan, is the third most productive fruit tree after satsuma mandarin (Citrus unshiu) and apple (Malus × domestica), with a production of 209,700 tons in 2019 [statistics from the Ministry of Agriculture, Forestry and Fisheries (MAFF)].1 In Japan, satsuma mandarin is grown mainly in warm regions and apple mainly in cold regions, while Japanese pears are cultivated nationwide from warm areas at low latitudes (31° North latitude) to cold areas at high latitudes (43° North latitude) (Figure 1 and Table 1). Since the 2000s, erratic flowering has occurred in Japanese pear trees in years with mild winters. This has been observed in trees growing in greenhouses (irrespective of artificial heating) and in warmer regions (low latitudes) and in field-grown (open-air) trees. The symptoms of this disorder include delayed blooming, flower bud abortion, reduced number of florets, smaller size of flowers and peduncles, injured or dead flower buds, lack of uniformity in bud break and blooming, lower bud break rate of both floral and vegetative buds, and ultimate bud loss, especially in the basal parts of the long (succulent) shoots (Sugiura et al., 2010; Figure 2). Flowering disorder symptoms have even been observed in greenhouse-grown trees of the ‘Kosui’ Japanese pear cultivar, which does not often suffer from cold injury, suggesting that abnormal flowering and dormancy progression caused by warm winter weather may underlie flowering disorder. Worldwide, the same phenomena have been observed in warmer regions such as New Zealand, Israel, Brazil, and South Africa (Klinac and Geddes, 1995; Nakasu et al., 1995; Erez, 2000).
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FIGURE 1. Locations of prefectures where Japanese pear is produced. Black markers indicate main production prefectures (>8,000 tons) [statistics from MAFF]1. White markers indicate northernmost and southernmost prefectures producing Japanese pear. Squares indicate locations of flowering disorder surveys.



TABLE 1. Geographical and meteorological data [statistics from JMA]a for 30 years (1991–2020) in prefectures where Japanese pear is produced (modified from Ito et al., 2018).
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FIGURE 2. Typical symptoms of flowering disorder at blooming. (A) Healthy (normal) flower. Pear flower bud is a mixed flower bud, with one or two floral primordia (constituted of several florets) and sometimes leafy primordia. (B–D) Flowers with only one or two florets blooming. (E,F) Flowers with shortened peduncle. (G) Flowers with all florets aborted and only elongated leaf primordia. (H) Flower buds located at distal parts (on long or spur shoots) bloomed but those on basal parts were delayed or did not flower.


In this review, we first introduce the developmental characteristics of floral buds of Rosaceae fruit crops in relation to dormancy phase transitions. We then introduce the long-term temperature shift in Japan and the impact of warmer temperatures from autumn to spring on Japanese pear production. As the main issue, we focus on recent reports of flowering disorder in ‘Kosui’ and the putative mechanisms behind it. The obtained knowledge about how global warming is affecting fruit tree blooming provides clues as to what will happen in the future.



UNIQUE REPRODUCTIVE DEVELOPMENT CHARACTERISTICS OF ROSACEAE FLORAL BUDS DURING THE TREE DORMANCY PHASE

In Rosaceae fruit trees such as apple, peach (Prunus persica), and Japanese pear, the flowering period between the formation of the floral meristem (i.e., structural conversion of the shoot apical meristem to the inflorescence or flower meristem) and anthesis spans several months over autumn and winter. The developmental characteristics during this reproductive phase differ from those of other temperate fruit trees such as kiwifruit (Actinidia spp.) and grape (Vitis spp.), in which visible floral initiation and differentiation appears to occur after bud break in spring.

In pome fruit trees in the Rosaceae, including Japanese pear, the tree bears floral buds at terminal and upper lateral positions of 1-year-old shoots. These are mixed buds containing inflorescence and vegetative meristems and floral primordia. Esumi et al. (2007) observed the reproductive development of floral buds at the spur position on Japanese pear ‘Hosui’ grown in Japan. Their observations of early inflorescence development indicated that floral differentiation occurs in late June to mid-July. However, within individual trees, the flower initiation period may differ among floral buds across shoots and branches, considering that floral meristem formation occurs after terminal bud set, and the timing of terminal bud set differs across shoots. Spurs cease growing in summer, while middle and long shoots continue to grow until autumn (Yang et al., 2021). Therefore, the times when growth ceases and subsequent floral initiation occur cannot be clearly defined for Japanese pear. Although the timing of floral initiation may vary among buds, the blooming time is usually uniform among buds in Rosaceae fruit trees. Therefore, from floral initiation in summer and autumn until blooming in spring, robust mechanisms allow buds to align at a certain developmental stage, thereby preventing unexpected blooming until spring, and ensuring uniform blooming in spring.



FLORAL BUD DORMANCY CHARACTERISTICS IN ROSACEAE FRUIT TREES

From after bud set until bud break in spring, buds are in the dormant state where their outgrowth is relatively repressed. Bud dormancy in the Rosaceae is often categorized into two different phases, based on physiologically-based definitions, endodormancy and ecodormancy (Lang, 1987). During endodormancy, bud break is repressed by unknown endogenous factors. During ecodormancy, unfavorable external conditions rather than endogenous factors repress bud break. Endodormancy is established through environmental cues, especially low temperature in the case of apple and pear (Heide and Prestrud, 2005). A genotype-dependent prolonged period of low temperature is necessary for endodormant buds to regain the potential for active bud outgrowth (chilling requirement). The depth and length of endodormancy are not evident unless the levels of bud break competency are assessed in a forcing environment. Generally, shoots or potted trees are incubated in growth-forcing conditions for certain periods, and seasonal observations of the bud break rate are conducted. Then, the relative bud break rate or days to bud break are used to estimate the depth of endodormancy. When the bud break rate under forcing conditions is over than certain percentage (often 50%), chilling requirements are supposed to be fulfilled and buds are considered to be released from endodormancy in Prunus (Fan et al., 2010; Fadón et al., 2020). During ecodormancy until bud break and blooming, there is a genotype-specific heat requirement (i.e., a certain amount of warm temperatures) that is required for ecodormancy release and bud break under natural conditions. Recently, changes to dormancy terminology was proposed by Considine and Considine (2016) and ecodormancy is also referred to quiescence.

Floral bud dormancy has been morphologically characterized for several fruit tree species in the Rosaceae. The onset of floral bud dormancy, also known as the rest phase or developmental arrest, occurs after inflorescence development and floral organ differentiation (Goeckeritz and Hollender, 2021; Yamane et al., 2021). The rest phase exists in Prunus fruit trees: its onset in floral buds occurs after all four floral whorls have differentiated. After breaking of the rest phase, microsporogenesis occurs in anthers and macrosporogenesis occurs in carpels (Julian et al., 2011; Fadón et al., 2018; Goeckeritz and Hollender, 2021; Hsiang et al., 2021b). Saito et al. (2015) reported that, in field-grown Japanese pear, the floral bud size does not change during winter, but rapidly enlarges at the end of the ecodormancy stage just before bud break. In the case of terminal floral buds on long shoots of the apple cultivar ‘Fuji’, inflorescence meristems were found to develop slowly during endodormancy. However, the developmental speed differs among cultivars with contrasting chilling requirements (Nishiyama et al., 2021). To date, inflorescence meristem development with respect to the chilling requirement is yet to be characterized in Japanese pear.

In conclusion, in the case of Rosaceae floral buds, internal inflorescence meristems and flower primordia develop continuously during when bud break is repressed, in which floral buds can mature but meiosis does not occur towards blooming progression. In other words, floral bud dormancy progresses accompanying with flower development and maturation. In this context, global climate change from autumn to spring influences both flowering and dormancy in Rosaceae fruit trees. It is still unclear whether flowering disorder of Japanese pear results from abnormal flowering or abnormal dormancy or both. Because this disorder mainly occurs in reproductive organs (flowers) but not or rarely in vegetative organs (leaves) (see Figure 2G), we hereafter refer to this physiological disorder as “flowering disorder.” However, because significant changes in floral organ formation are not the main symptoms of this disorder, it is still unclear whether it should be defined as a flowering disorder or a dormancy disorder.



LONG-TERM CLIMATIC CHANGES IN JAPANESE PEAR GROWING AREAS AND THE EFFECT ON JAPANESE PEAR PRODUCTION

With recent global warming, the annual temperature in Japan has risen at a rate of 0.124°C/decade from 1898 to 2019 (Sauter et al., 1996). The forward trend in fruit tree flowering has been reported in Europe (Menzel, 2003; Chmielewski et al., 2011; Legave et al., 2013), North America (Nemani et al., 2001), and the Southern Hemisphere (Grab and Craparo, 2011; Webb et al., 2011). In Japan, it has been observed in Japanese pear (Ito and Ichinokiyama, 2005; Toya and Kawase, 2011) and apple (Fujisawa and Kobayashi, 2010; Sugiura et al., 2013).

Temperatures in Japan have risen over a long period since the end of the 19th century. In the last 50 years, this increase was particularly large in the 1990s. The changes in the decadal mean temperature in the main Japanese pear production areas did not change noticeably from the 1960s to the 1980s, but rose markedly in the 1990s and have continued to rise gradually ever since (Figure 3A).
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FIGURE 3. Mean temperature and temperature differences over the last 60 years. (A) Changes in decadal mean temperature in main production areas of Japanese pear. (B) Seasonal increase in mean temperature from the 30-year period in 1960–1989 to the subsequent 30-year period (1990–2019). Temperature data were recorded at Japan Meteorological Agency observatories [statistics from JMA]a.


Figure 3B shows the seasonal increase in mean temperature from the 30-year period of 1960–1989 to the subsequent 30-year period (1990–2019). In many areas, much of the period from November to January corresponds to the endodormancy period of Japanese pear, and that from February to April corresponds to ecodormancy and the blooming period. In most areas in Japan, the increase in the mean temperature from February to April has been larger than the increase in the annual mean temperature.

The most widely grown cultivar of Japanese pear in Japan is ‘Kosui’, which accounted for 39.9% of all Japanese pear production in 2018 [statistics from MAFF]2, followed by ‘Hosui’, ‘Niitaka’, ‘Nijisseiki’, and ‘Akiduki’. ‘Hosui’ and ‘Akiduki’ have a low chilling requirement for breaking of endodormancy, while ‘Kosui’ has mid- and ‘Niitaka’ and ‘Nijisseiki’ have high-chilling requirements (Tamura et al., 2001; Takemura, 2012). In the following paragraphs, the phenological changes of Japanese pear are described using ‘Kosui’ as the example.

Due to global warming, the flowering date of the Japanese pear is becoming earlier throughout the country. The blooming time of Japanese pear in the field in Mie Prefecture (Ito and Ichinokiyama, 2005) and Chiba prefecture (Toya and Kawase, 2011) has advanced at a rate of 3 days/decade. This is mainly due to the exponential increase in the developmental rate of buds during the ecodormancy period as the temperature rises (Sugiura et al., 1991).

Although there are no historical records, it is estimated that the endodormancy breaking date of Japanese pear has gradually become later. Figure 4 shows past endodormancy breaking dates of ‘Kosui’ in Tsukuba estimated by adapting observed temperatures to a development rate (DVR) model (Sugiura and Honjo, 1997). This DVR model is a chill unit model, and it was developed by subjecting potted Japanese pear trees to different temperature treatments in a growth chamber. The chilling requirement to break endodormancy of ‘Kosui’ was estimated to be 750 h below 6°C and 1,160 h at 9°C, with no break in endodormancy above 12°C. The endodormancy breaking date of ‘Kosui’ was estimated to have been delayed at a rate of 2.4 days/decade.
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FIGURE 4. Endodormancy breaking date of Japanese pear ‘Kosui’ in Tsukuba. Endodormancy breaking date estimated from the DVR model (Sugiura and Honjo, 1997) and observed hourly temperature. DOY, day of the year (number of days from January 1).


In Japanese pear production, flowering disorder is the main problem caused by changes in temperature during the dormancy period. Consequently, we have focused on flowering disorder in this review. However, it is noteworthy that rising temperatures during spring, corresponding to the flowering period following dormancy, also cause other major problems in Japanese pear production.

First, global warming has shortened the period of market availability nationwide. To supply the market with high-quality Japanese pears for a long period, the regional differences in harvest time are just as important as varietal differences. Because Japanese pear fruits do not require additional ripening and cannot be stored, they are shipped immediately after harvest. Because the length of the period from blooming to maturity varies little among regions, Japanese pears are shipped earlier in warmer areas where blooming occurs earlier than it does in colder areas. However, because regional differences in the blooming period have become smaller, the regional differences in the harvest period have also become smaller. The regional differences in blooming time have become smaller because rising temperatures have delayed the breaking of endodormancy with various levels depending on the regions. The long daily chilling hours in cold regions can compensate for the delayed breaking of endodormancy, so that this delay is shorter in colder regions than in warmer ones. This means that the acceleration of the blooming time is greater in colder regions than in warmer ones. Consequently, the difference in the beginning of the harvest of ‘Kosui’ between Kagoshima and Ibaraki prefectures has been reduced from about 15 days to about 8 days in the 30 years since 1987. The period when ‘Kosui’ can be shipped has become shorter in Japan, resulting in an imbalance between supply and demand.

Second, earlier bud break in the spring increases the possibility of encountering cold temperatures after blooming, and thus increases the risk of frost damage (Cannell and Smith, 1986; Murray et al., 1989; Heide, 1993; Myking and Heide, 1995). If spring temperatures increase, the last frost date should be earlier as well. However, in some areas, blooming occurs earlier than the last frost. The risk of late frost damage is higher in cold climates because the blooming date has become earlier to a greater extent in those areas.



MAIN FLOWERING DISORDER SYMPTOMS IN FIELD-GROWN JAPANESE PEAR TREES ARE COLD INJURY AND FLORET ABORTION CAUSED BY WARM WINTERS

To gain information about flowering disorder in Japanese pear, a field survey of blooming in ‘Kosui’ and ‘Niitaka’ pear trees in several orchards at different latitudes was conducted from 2011 to 2016 (Ito et al., 2018). ‘Kosui’ is the main cultivar grown in Japan. Compared with ‘Kosui’, ‘Niitaka’ has a longer chilling requirement for dormancy break: ‘Kosui’ requires 1,159 chill units (CUs) and ‘Niitaka’ requires 1,438 CUs, so they are classified as mid- and high-chill cultivars, respectively (Tamura et al., 2001; Takemura, 2012). On the basis of these observations, several possible causes of flowering disorder in pear trees subjected to warm winters were identified. Flowering disorder was pronounced only in the spring of 2016 in trees growing at lower latitudes. In the year when flowering disorder was not problematic (e.g., spring, 2015, shown in Table 2): (i) the incidence of dead flower buds was lower in ‘Kosui’ than in ‘Niitaka’; (ii) the proportion of dead flower buds on trees at Tsukuba (lat. 36°N) and Uki (lat. 32°N) was approximately 1%, which did not restrict commercial fruit production; and (iii) more flowers died on trees at Kagoshima (the lowest latitude site, lat. 31°N), resulting in approximately 3 and 10% dead flower buds on trees of ‘Kosui’ and ‘Niitaka’, respectively. The number of florets per flower bud did not differ significantly among locations for ‘Kosui’ in the 2014–2015 season, but it was significantly decreased in trees of ‘Niitaka’ growing at lower latitudes (Table 2). In contrast, more flowers died in the 2015–2016 season than in other years, with more than 3% dead flower buds at all locations for both cultivars (Table 2). The flower survival rate was much lower at Kagoshima (lat. 31°N) than at other locations (lat. 32–36°N), with approximately 30% dead flower buds in both cultivars. In addition, the number of florets per flower bud varied among locations in both cultivars; with the highest number at Tsukuba (lat. 36°N), followed by Uki (lat. 32°N) and then Kagoshima (lat. 31°N) (Table 2). The temperatures from autumn 2015 to spring, 2016 were much warmer than normal (as seen in CUs in Table 2). For both cultivars, the chilling requirement for endodormancy break was satisfied during the 2014–2015 season at all locations, but was close to being unsatisfied for ‘Niitaka’ at Kagoshima (lat. 31°N) during the 2015–2016 season (Table 2). Additionally, temperatures during the 2015–2016 season sometimes dropped suddenly, and showed large fluctuations. Between 23 and 25 January 2016, a large cold air mass advanced over the southern part of Japan, and the temperature at lower latitudes (Uki, Hikawa, and Kagoshima, lat 31–32°N) dropped abruptly. This explained the difference between the 2015–2016 season (serious flowering disorder symptoms) and the 2014-2015 season (no or light flowering disorder symptoms).


TABLE 2. Properties of blooming at five and three experimental sites for the Japanese pear cultivars ‘Kosui’ and ‘Niitaka’ in the 2014–15 and 2015–16 seasons (modified from Ito et al., 2018).
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To understand the formation and development of flowering disorder symptoms, florets under scale leaves were observed regularly during the dormant season (Ito et al., 2018). There was no difference among regions in the numbers of total florets [living (no or light damage) + dead (damaged styles and stamens or entire floret was brown)]. Florets were differentiated to approximately eight in ‘Kosui’ and seven in ‘Niitaka’ at the induction of dormancy. However, abortion and death in florets or flower buds occurred close to blooming, and the numbers of flower buds and florets that actually bloomed were decreased. There were significant variations among regions in the number of aborted and dead florets, and consequently, in the flowering rate and/or the number of blooming florets per flower bud.

The floret damage/injuries observed during dormancy could be classified into two types: (ii) “floret injury,” where the surface and/or the inside of the floret was partly or completely brown (e.g., Figures 5B,C); and (ii) “floret abortion,” where the floret was shrunken, completely brown, or had dropped from the base (e.g., Figures 5D,E). Compared with basal florets, the distally positioned florets were aborted more frequently.
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FIGURE 5. Typical appearance of flower buds of two cultivars after removing outer scale leaves. Trees were grown at five localities and observed in the 2015–2016 season. Rectangles indicate floret damage, ovals indicate floret abortion. (A) Healthy florets, (B,C) injured florets, (D,E) (distal) florets aborted in winter (modified from Ito et al., 2018).


The incidence of floret injury was similar in ‘Kosui’ and ‘Niitaka’ at the same latitude (Figure 6) and showed the highest rate at Kagoshima (lat. 31°N). Floret injury was not observed in the samples collected before 27 January. A large cold mass passed over the area on 23–25 January and the temperatures dropped abruptly. Thus, any injuries observed were caused by freezing damage. The freezing tolerance [lethal temperature for 50% survival: LT50 (°C)] of flower buds was assessed approximately monthly during the dormant period. The seasonal patterns of flower bud freezing tolerance (LT50) were quite similar between ‘Kosui’ and ‘Niitaka’ at the same locations (Figure 7). At all locations except for Kagoshima, the freezing tolerance increased as the temperatures became colder and reached their maximum levels between late-December and early January. In Kagoshima, however, the freezing tolerance remained at a low level (approximately −5°C) throughout the season both in ‘Kosui’ and ‘Niitaka’, whereas the minimum air temperature on 25 January dropped to −6.6°C (lower than the LT50). Thus, the trees at lower latitudes had a higher risk of failing to acclimate to the upcoming freezing temperatures.
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FIGURE 6. Proportion of injured florets out of total number of florets counted at blooming (observed in March 2016) (modified from Ito et al., 2018).
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FIGURE 7. Seasonal changes in freezing tolerance of axillary flower buds of two cultivars grown at five or three localities (2015–16 season) (modified from Ito et al., 2018).


The incidence of distal floret abortion was higher in the high-chill cultivar ‘Niitaka’ than in the mid-chill cultivar ‘Kosui’. The actual number of aborted distal florets was difficult to judge, because some of them dropped from the base, so they could not be observed during regular monitoring. Therefore, the number of aborted distal florets was defined as the difference between the number of florets that bloomed and the number that actually differentiated (i.e., maximum floret number recorded during the dormant period). The rate of distal floret abortion (number of aborted florets/number of differentiated florets) was negatively correlated with CU up to approximately 1,900 in ‘Kosui’ and 2,500 in ‘Niitaka’ (Figure 8), suggesting that insufficient chilling may have caused distal floret abortion. Since Japanese pear florets differentiate from the basal to distal sites, the deficiencies in low temperature may have stronger negative impacts on distal florets because they differentiate later, thus inhibiting their subsequent development.
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FIGURE 8. Relationship between chill units and rate of distal floret abortion in ‘Kosui’ (open symbols) and ‘Niitaka’ (closed symbols) (modified from Ito et al., 2018).


The degree of the influence whether freezing damage or cold shortage has a greater impact depends largely on the weather conditions of the year. For example, the winter of 2015–2016 observed to have enlarge the damage caused by freezing under large fluctuations of temperatures (especially abrupt and transient low temperatures around January 24), but similarly warm 2016–2017 had relatively small fluctuations in temperatures and consequently a small incidence of cold injury (cold injury incidence in spring, 2017: Tsukuba 2.4%; Kagoshima 0%, both ‘Kosui’ and ‘Niitaka’ included). The rates of the dead flower bud (%) were high, and more frequently observed in Kagoshima (13.2%) than in Tsukuba (0%) for ‘Kosui’, and similar in Tsukuba (7.9%) and Kagoshima (5.6%) for ‘Niitaka’.



FLOWERING DISORDER OCCURS IN SOME SPECIFIC TREES UNDER WARM CLIMATE CONDITIONS AND REPEATEDLY OCCURS IN THE SUBSEQUENT SEVERAL YEARS

Flowering disorder was rarely observed in open field-grown trees after 2009, but occurred again in 2016, mainly in low-latitude areas (Ito et al., 2018). In contrast, flowering disorder in greenhouse-grown pear trees has been observed since the beginning of 2000 and continues to occur every year, with greater severity than in open field-grown trees, although there are inter-annual differences in the degree of occurrence (Fujimaru, 2004; Matsuda, 2004). In Fukuoka Prefecture (Figure 1 and Table 1), about 25% of ‘Kosui’ trees are grown in greenhouses [statistics from Fukuoka Prefecture]3, and flowering disorder occurs every year and has become a serious problem.

To understand the current status of flowering disorder in greenhouse-grown pear trees in commercial orchards, the occurrence of flowering disorder in trees grown in heated greenhouses was observed from 2014 to 2017 (Tominaga et al., 2019, 2021). In this cultivation system, the greenhouses are covered with plastic film from late January to early February, and the heating was set at 5°C during the night. The flowering rate (proportion of flowering buds out of total buds per tree at full bloom) was visually evaluated and scored at nine rating levels. It was judged that the lower the flowering rate, the more severe the occurrence of flowering disorder. Almost all flower buds bloomed normally in trees with a flowering rate of over 90%. Conversely, in trees with a low flowering rate, delayed flower bud break, dwarf floral organs, decreased number of florets, and flower bud abortion occurred, like in field-grown trees (Figure 2). In trees with a flowering rate of less than 30%, these symptoms were observed throughout the whole tree.

Trees with a flowering rate of lower than 30% were defined as “severe flowering disorder trees,” and the proportion of these trees out of all trees in the greenhouse was defined as the “severe tree rate.” A survey of eight greenhouses (greenhouses A–H) revealed that the “severe tree rate” varied widely from 0 to 58.7% (the maximum was in greenhouse C in the 2015–2016 season), and the rate differed among years and among greenhouses (Figure 9). The highest annual mean “severe tree rate” of 16.6% in the 2015–2016 season, which had a mild winter. In addition, flowering disorder tended to occur in the same trees, with 67.5% of trees in greenhouse A and 85.7% of trees in greenhouse B showing symptoms of flowering disorder in the three consecutive years (Tominaga et al., 2021). Thus, some specific trees in greenhouses were prone to flowering disorder, and once flowering disorder occurred in a tree, it was more likely to occur in the same tree in subsequent years.
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FIGURE 9. Annual trends in severe tree ratez in heated greenhouses (A–H greenhouses) (taken from Tominaga et al., 2019 with the permission by JSHS). zTrees with a flowering rate of lower than 30% were defined as “severe flowering disorder trees.” Proportion of severe trees out of all trees in the greenhouse was defined as the “severe tree rate.”




LOWER EXPRESSION LEVELS OF DORMANCY-ASSOCIATED MADS-box GENES IN TREES WITH FLOWERING DISORDER SUGGEST THAT IMPAIRED DORMANCY ONSET MAY INDUCE FLOWERING DISORDER


Identification and Characterization of Potential Dormancy and Flowering Regulators in Japanese Pear

It is important to clarify the mechanisms of bud dormancy in fruit trees to better understand the mechanism of flowering disorder. Our understanding of the molecular regulators of bud dormancy–activity cycles has increased substantially in the last decade. In Rosaceae fruit trees, the potential dormancy regulators encoded by DORMANCY-ASSOCIATED MADS-box (DAM) genes, which belong to the SHORT VEGETATIVE PHASE (SVP)/AGAMOUS LIKE 24 subfamily in the MADS-box superfamily, have been widely and extensively studied across different genera and species (Falavigna et al., 2019; Quesada-Traver et al., 2020; Hsiang et al., 2021a; Yamane et al., 2021; Yang et al., 2021). Details about the identification of dormancy-related SVP/AGL24 subfamily MADS-box genes and the molecular regulatory network involving DAMs have been described in detail by Falavigna et al. (2019) and Yang et al. (2021), respectively. Although there are inconsistencies in the numbers and nomenclature of DAM genes identified in Asian pears (Yang et al., 2021), three DAM genes were first identified in the genome of ‘Kosui’ (Ubi et al., 2010; Saito et al., 2013), namely PpyMADS13-1/2/3. Subsequently, four DAMs (PpyDAM1–DAM4) were identified from Chinese pear ‘Suli’ (Liu et al., 2012; Niu et al., 2016; Yang et al., 2021). Several genetic studies have indicated the potential functions of DAMs in dormancy regulation. Studies on the peach evergrowing (evg) mutant strain that cannot set terminal buds indicated that the evg phenotype is caused by a deletion mutation in the peach DAM1–4 genes and low or no expression of DAM5 and DAM6 (Bielenberg et al., 2008). This was partially supported by a functional evaluation. Transgenic poplar trees overexpressing the Japanese apricot PmDAM6 gene, whose expression is up-regulated during dormancy induction and down-regulated during dormancy break in vegetative buds, exhibited inhibited growth and early bud set (Sasaki et al., 2011). Additionally, PmDAM6-overexpressing transgenic apple trees exhibited reduced growth and early bud set, and reduced bud break capability of vegetative buds during dormancy, dormancy breaking, and bud break stage (Yamane et al., 2019). In apple, MdDAM1 and MdDAM4 expression patterns were found to be correlated with the seasonal dormancy process, and to differ among cultivars with contrasting chilling requirements for bud break (Moser et al., 2020). Silencing of MdDAM1 and MdDAM4 expression eliminated terminal bud formation and dormancy induction in apple, similar to the evg mutant phenotype in peach (Moser et al., 2020). The overexpression of MdDAMb repressed bud break in apple (Wu et al., 2017). Silencing of all SVPs and DAMs in apple resulted in an evergrowing phenotype (Wu et al., 2021). The results of those functional evaluation studies suggest that Rosaceae DAMs may participate in dormancy regulation by acting as growth inhibitors and bud break repressors. In pear, virus-induced gene-silencing of PpyDAM1, PpyDAM2, and PpyDAM4 resulted in early bud break (Gao et al., 2021). Tuan et al. (2017) suggested that MADS13-1 (also named PpDAM1) is involved in dormancy regulation via activating abscisic acid (ABA) biosynthesis (Tuan et al., 2017). Genome-wide transcriptome studies have been conducted for Japanese pear (Nishitani et al., 2012; Bai et al., 2013; Takemura et al., 2015) and Chinese pear (Liu et al., 2012). Other than DAMs, proposed dormancy regulator genes in pears include Inducer of CBF expression1 (ICE1), dehydrin-responsive element binding factor (DREB), ethylene-responsive factor (ERF) (Takemura et al., 2015), GA-stimulated transcript1 (GAST1) (Yang et al., 2019), and and Pyrus pyrifolia HD-zip (PpHB22) (Yang et al., 2018).

Regarding the molecular regulation of flowering in fruit trees, orthologs of two well-known flowering regulators in Arabidopsis, the flowering promoter encoded by FLOWERING LOCUS T (FT) and the flowering repressor encoded by TERMINAL FLOWER 1 (TFL1) (Kurokura et al., 2013), were intensively studied. In apple, a close relative of pear, two FT homologs MdFT1 and MdFT2 have been identified, and their flowering promoting roles have been confirmed by overexpression in Arabidopsis (Kotoda et al., 2010). Bai et al. (2017) identified PpFT1a and PpFT2a from Japanese pear. PpFT2a was found to be expressed during reproductive development after floral induction and is assumed to function in floral development. Among the TFL1 homologs, PpTFL1 is associated with floral induction in Japanese pear (Esumi et al., 2007; Bai et al., 2017). RNAi silencing of pear TFL1 resulted in an early flowering phenotype in European pear (Freiman et al., 2012). FT and TFL1 homologs affect dormancy and bud break in some woody species. In poplar, FT represses growth cessation (Böhlenius et al., 2006) and promotes bud break (Busov, 2019), while CEN/TFL1 regulates dormancy break (Mohamed et al., 2010). Plum (Prunus domestica) plants overexpressing poplar FT1 were unable to enter dormancy (Srinivasan et al., 2012). Ito et al. (2016) found that blooming time may be mediated via the balance between the flowering-related genes FT and TFL1, whereas bud break may be regulated by DAM genes. Although Japanese pear FT and TFL1 are yet to be functionally evaluated in genetic studies, the results of studies on related species suggest that Japanese pear FT and TFL1 may participate in the regulation of flowering and dormancy.



DAM and FT/TFL1 Expression in Field-Grown Japanese Pear Trees With Flowering Disorder

Ito et al. (2018) compared the expression of pear DAMs in trees growing at different five latitudes, and found that the maximum transcript levels of DAM in ‘Kosui’ tended to be lower at lower latitudes. In ‘Niitaka’, both the increase and decrease in DAM transcript levels were delayed at lower latitudes (Ito et al., 2018). In contrast, the transcript levels of FT (PpFT2a) during the blooming period were lower at lower latitudes in both cultivars, whereas those of TFL1 (PpTFL1-2a) during the dormant season were higher at lower latitudes. Some studies have suggested that there is a relationship between high autumn temperatures and the delay of both dormancy progression and bud burst/blooming in woody perennials (Heide, 2003; Yamamoto et al., 2010). Malagi et al. (2015) compared the dormancy dynamics of apple buds under temperate and mild winter climate conditions, and found that cold winter temperatures were strongly correlated with both the entry into, and the depth of, dormancy. These data suggest that higher temperatures before and/or at the onset of endodormancy might decrease the degree of endodormancy in ‘Kosui’, as shown by the lower maximum transcript levels of DAM, and heterogenous blooming of the flower buds. Higher temperatures before endodormancy break might interrupt endodormancy progression in ‘Niitaka’, as shown by the delay of the onset of the increase and decrease in DAM transcript levels. Ito et al. (2018) also emphasize that the expression of TFL1 (PpTFL1-2a) during the dormant period was found to be negatively correlated with the ability to bloom. We can infer that chilling may be the primary cue for endodormancy break (i.e., to allow the flower bud to break), but other supplementary cue(s) may be involved in the fine-tuning of the blooming time. The balance of FT/TFL1 expression may have a significant role in regulating this process, but further research is required to confirm this.



Expression Analysis of DAM and FT in Greenhouse-Grown Japanese Pear Trees With Flowering Disorder

Tominaga et al. (2021) defined trees with a consecutive flowering rate of 60% or lower from 2014 to 2016 as “flowering disorder trees” (FDTs), and those with a flowering rate higher than 70% were defined as “normal trees” (NTs). These trees were studied in the 2016–2017 season. The flowering rate of FDTs in the 2016–2017 season was lower than 30% and their flowering was significantly delayed compared with that of NTs. Analyses of gene expression in the flower buds of dormant branches revealed lower transcript levels of PpFT2a, a flowering-related gene, in FDTs than in NTs just before flowering (February 27, 2017) (Figure 10A). Because PpFT2a is highly similar to apple MdFT2, which is involved in the process of floral organogenesis (Kotoda et al., 2010), it is possible that FDTs delayed flowering due to delayed development of floral organs. To investigate dormancy depth, cut branches were subjected to forcing conditions (3 weeks at 25°C). These analyses revealed that the lower the bud break rate, the deeper the depth of dormancy (Tominaga et al., 2021). The dormancy depths of NTs deepened on November 11 and February 3, which were considered to be the deepest stages of endo- and eco-dormancy, but that of FDTs remained shallow until February 3, before the trees were covered with plastic film, and the dormancy stage was unclear (Figure 11). During this period, the transcript level of DAM (MADS13-3), a dormancy-related gene, increased in NTs on November 11 and from January 13 to February 3, showing a negative correlation with the depth of dormancy. No such correlation was detected in the FDTs. These results suggest that flowering disorder of FDTs may be caused by abnormal dormancy progression between the endodormancy and ecodormancy periods. Future studies on the associations between abovementioned dormancy-related genes and flowering disorder will provide further clues about the dormancy status of trees with flowering disorder.


[image: image]

FIGURE 10. Changes in dormancy- and flowering-related gene expression in normal trees (NTs) and flowering disorder trees (FDTs) (taken from Tominaga et al., 2021 with the permission by JSHS). (A) Transcript levels of PpFT2a. (B) Transcript levels of PpMADS13-3. Relative gene transcript levels were normalized to that of PpHistonH3. Vertical bar indicates standard error (n = 3–4 axillary flower buds). Different letters indicate significant differences at 5% significance level (Tukey–Kramer test).
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FIGURE 11. Depth of dormancy in normal trees (NTs) and flowering disorder trees (FDTs) (taken from Tominaga et al., 2021 with the permission by JSHS). (A) Dormancy depth and (B) changes in dormancy depth. Vertical bar indicates standard error (n = 3).





HOW DO DEFICIENCIES IN LOW TEMPERATURE INDUCE FLOWERING DISORDER?


Possible Relationship Between Lower Carbohydrate Metabolism and Flowering Disorder Induced by Warm Temperatures

Many studies have revealed that changes in primary and secondary metabolites in dormant buds are associated with dormancy progression. Changes in the contents of phytohormones (Liu and Sherif, 2019), sugars and carbohydrates (Tarancón et al., 2017; Zhang et al., 2018), lipid bodies (Saito et al., 2017; Grimberg et al., 2018; Veerabagu et al., 2020), and reactive oxygen species (Beauvieux et al., 2018) have been identified as dormancy-associated characteristics. Recent studies have determined the effects of chilling and chilling deprivation on the metabolomic profile of Japanese pear during dormancy progression. Ito et al. (2021) proposed that ABA levels did not coincide with endodormancy break in Japanese pear, in contrast with sweet cherry where decreased ABA levels are associated with endodormancy break (Vimont et al., 2021). It was also proposed that phytohormones regulate dormancy progression upon sensing ambient conditions, raising the possibility that the floral buds of Japanese pear are more susceptible to temperature changes than are those of sweet cherry. Several studies have determined the effects of mild winter conditions on the metabolic profile of Japanese pear. Rakngan et al. (1996) reported that cold deprivation decreased the contents of sugars and starch in shoots during the dormancy phase, resulting in less vigorous branches in the next growing season. Another study found that warm winter conditions not only affected carbohydrates, but also the fatty acid composition of lipids (Gemma, 1995). Yamamoto et al. (2010) exposed ‘Housui’ plants to 600 chilling hours below 7.2°C, less than the chilling requirement, and found that this cold deprivation treatment did not inhibit bud break but resulted in floral primordia necrosis, which was associated with low water mobility and water content (Yamamoto et al., 2010) and inhibition of carbohydrate metabolism (Horikoshi et al., 2017). The metabolic profiles of Japanese pear floral buds obtained by gas chromatography–time of flight–mass spectrometry (GC-TOF-MS) were compared between floral buds treated with constant chilling (6°C) and fluctuating chilling (6/18°C) (Horikoshi et al., 2018). Compared with constant chilling, the thermal fluctuation treatment resulted in lower levels of metabolites related to energy production. Together, the results of those studies show that warm conditions can alter the abundance of metabolites that are necessary for flower development and dormancy progression during the dormant phase. However, because sugars and carbohydrates are also associated with cold tolerance (Sauter et al., 1996), it remains unclear whether lower carbohydrate contents in warm conditions affect dormancy progression, or cold tolerance, or both. Ito et al. (2013) investigated the effects of low temperatures during winter on the sugar dynamics in Japanese pear shoots, and proposed that sugar metabolism and transport may be associated with both dormancy progression and freezing tolerance but through different mechanisms. So far, however, no metabolomics studies have been conducted on trees with flowering disorder.



Process of Chilling Exposure, Rather Than Total Amount of Chilling, May Be Important to Ensure Precise Dormancy Progression and Robust Blooming

Field surveys have revealed that flowering disorder in field-grown Japanese pear is due to both distal floret abortion and freezing damage. The risk of flowering disorder is higher in high-chill Japanese pear cultivars than in low- or mid-chill ones, and higher at lower latitudes than at higher ones. Therefore, it is likely that warm climate conditions increase the risk of flowering disorder and also enhance the risk by interacting with the genetic regulation of the chilling requirement for the breaking of endodormancy.

In pear trees, exposure to low temperature is a prerequisite both for the induction and breaking of endodormancy (Heide and Prestrud, 2005; Takemura et al., 2011). Additionally, chilling exposure may induce floral bud maturation. For example, bulb species that are not exposed to a prolonged low-temperature period, which is necessary for normal floral organ development, produce deformed floral organs with short floral stems and abnormal petals (De Hertogh, 1974). Therefore, we propose that exposure to sufficient chilling promotes flower development by allowing dormancy to progress from endodormancy to ecodormancy, so that floral buds can develop normally. The successful progression of this process is necessary to achieve a high blooming rate and uniform flowering in spring. In contrast, the freezing tolerance of trees increases in response to shorter days, and is reinforced by low and freezing temperatures (e.g., reviewed in Junttila and Kaurin, 1990; Welling and Palva, 2006). Taken together, the results of many previous studies indicate that the higher temperatures of autumn and winter at lower latitudes may interrupt the acquisition of freezing tolerance and the progression of dormancy, resulting in a higher frequency of flowering disorder.

Considering only the chilling amounts in the 2014–2015 and 2015–2016 seasons, the theoretical chill requirement was fulfilled for ‘Kosui’ and ‘Niitaka’ at all locations. However, in experiments where potted pear trees were treated with different amounts of chilling initiated at different times and their bud break (scale leaf elongation) and flowering properties were compared, chilling provided at non-optimal times did not promote blooming (Ito et al., 2016). Thus, chilling temperatures during a certain period may allow (potential) flower buds to mature and acquire the ability to bloom, similar to the process of vernalization in cereal crops. Therefore, not only a reduced quantity, but also poor timing of the low temperature period may amplify the risk of flowering disorders. This may explain why disorders occur more frequently in floral growth than in vegetative growth (see Figure 2G). The mild winters both in recent times and in the future may retard not only dormancy progression but also flower bud maturation in perennial tree crops.

The causal factors of flowering disorder in greenhouse-grown Japanese pear trees may be not only the warmer climate, but also unknown tree factors that interfere with the response to chilling accumulation. The severity of flowering disorder depends on tree age (Klinac and Geddes, 1995), the tree training system (Mooney et al., 1992), nitrogen fertilization (Sakamoto et al., 2017), and the propensity of pear cultivars to the disorder (Klinac and Geddes, 1995; Goncalves et al., 2014). As mentioned above, a lack of chilling can lead to lower carbohydrate accumulation. This may be one of the tree factors that amplifies flowering disorder and causes it to recur in consecutive years. Tominaga et al. (2021) suggested that transient high temperatures over 20°C in winter may trigger the abnormal dormancy progression that occurs in trees with flowering disorder. In their experiments, the day with the largest difference between the mean temperature and the climatological “normal” temperature was December 22, 2016, with a maximum temperature of 20°C. Flower buds in NTs sampled on this date showed very low transcript levels of DAM (MADS13-3) (Figure 10), suggesting that exposure to temperatures over 20°C decreased the transcription of this gene. Because epigenetic regulation system may exist in Rosaceae DAMs transcription regulation (Ríos et al., 2014), it would be intriguing to further explore how high temperatures decrease DAM expression in Japanese pear dormant floral buds. High temperatures reset the chilling requirement needed to break dormancy (devernalization) in vegetables, such as radish and model plants including Arabidopsis (Purvis and Gregory, 1945; Bouche et al., 2015). This phenomenon has also been reported for fruit trees (Erez, 2000; Sugiura et al., 2003, 2007). Based on previous studies and the results of gene expression analyses of NTs and FDTs, the depth of endodormancy of NTs and FDTs may become shallower because of the effect of high temperatures to reset the chilling requirement.

On the basis of the knowledge gained so far, the hypothetical mechanisms of flowering disorder in greenhouse-grown Japanese pear can be summarized as follows: (1) FDTs encounter high temperatures, resulting in shallow endodormancy. (2) This leads to abnormal endodormancy progression in FDTs. (3) Consequently, farmers cover FDTs with plastic film after inappropriate dormancy progression. (4) Exposure to high temperatures due to the plastic film covering may cause flowering and bud break disorders, probably because of reduced accumulation of growth-promoting factors such as starch. (5) In the next growing season, bud break and the onset of endodormancy are delayed in trees with flowering disorder. (6) The trees that have not been exposed to chilling at the optimal time show abnormal induction and progression of dormancy. (7) As a result, these trees repeatedly show flowering disorder.




CONCLUSION AND FUTURE REMARKS

In Japan, flowering disorder occurred in the spring of 2016 with greater severity in the high-chill Japanese pear cultivar ‘Niitaka’ than in the mid-chill cultivar ‘Kosui’, and with a higher frequency in trees located at lower latitudes (lower chilling accumulation) than in those at higher latitudes (higher chilling accumulation). The causes of this flowering disorder are attributed both to freezing injuries and to disruption of bud growth related to the shortage of chilling temperatures. Warmer autumn–winter temperatures delay the cessation of growth and interrupt the acquisition of freezing tolerance before the trees encounter midwinter freezing temperatures. Additionally, insufficient chilling hours between autumn and winter may disrupt the establishment and progression of endodormancy. Consequently, the risks of both freezing damage and endodormancy interruption may increase with increasing autumn and winter temperatures in Japan (Figure 12).
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FIGURE 12. Proposed mechanism underlying flowering (dormancy) disorder in Japanese pear due to global warming.


Further climate warming will increase the size of the area where flowering disorder occurs, and will increase its severity. In the long term, it is necessary to select appropriate tree species and cultivars that can adapt to the warmer temperatures predicted in the future. It also is important to continue our efforts to develop new cultivation techniques that support present productivity to mitigate the possible (catastrophic) decrease in food production in the future. The incidence of flowering disorder differs depending on the bud position within a tree. Thus, to reduce damage caused by flowering disorder, it is essential to use more robust and elastic flower buds for sustainable fruit production. Because flowering disorder occurs more frequently on the basal axillary flower buds on long shoots than on apical or distal ones, pruning methods should be adjusted to retain apical or distal flower buds (either on spurs or long shoots) rather than axillary ones. The lower frequencies of flowering disorder in apical buds than in basal buds may be related to their higher priority for growth and development (i.e., apical dominance). A full understanding of the molecular regulatory mechanisms of dormancy and flowering in Japanese pear could help to clarify the physiological and molecular basis of physiological disorder.

For greenhouse-grown Japanese pear, robust models and/or biomarkers that precisely predict the chilling requirement fulfillment dates are urgently needed. Some farmers in warm areas force trees of the early season cultivar ‘Kosui’ in plastic greenhouses so that the shipping period is earlier. Because farmers cannot visually judge whether the chilling requirement has been satisfied, flowering disorder is likely to occur if forcing conditions are applied before sufficient chilling. Flowering disorder has been observed in grape and peach in forcing cultivation. The DVR model developed in Japan provides a specific development index (DVI) value (usually DVI = 1–1.2) that serves as an index of endodormancy completion and fulfillment of the chilling requirement (Tominaga et al., 2021). However, the results of several studies suggest that the total amount of chilling exposure cannot be directly linked to the fulfillment of the chilling requirement. Rather, the process of chilling exposure during autumn to spring is more important for buds to progress through dormancy towards flowering. For example, for stone fruits produced in the United States, a dynamic model (Fishman et al., 1987) that considers not only the chilling amount but also the method of chilling is often used. This model can successfully predict the effects of chilling to fulfill the chilling requirement. Additionally, even though chilling is necessary for not only for bud break (dormancy break) but also for flower bud maturation (dormancy completion and progression), dormancy-related thermal models including the DVR model and the dynamic model are based only on bud break competency. To predict the floral bud maturation point, it will be important to monitor appropriate molecular and/or metabolic biomarkers. In peach, chilling requirement of different peach varieties were evaluated through the expression of five key genes (Leida et al., 2012). Studies on the molecular and metabolomic characteristics of Japanese pear floral buds and the responses of gene expressions and metabolites to mild winter conditions are important to identify appropriate biomarkers.
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Bud break timing in peach [Prunus persica (L.) Batsch] is determined by the sequential fulfillment of a chilling requirement (CR) and a heat requirement (HR) for development. Genotypic variation in CR has been well characterized in peach. Adapting peaches to low chilling environment through reduced CR can make them susceptible to crop destroying spring frosts, if bloom occurs too early. Potential variation in HR between accessions has received less attention due to the methodological difficulty in assessing HR independently of CR. HR could vary in the magnitude of growing degree hours (GDHs) and/or the base temperature at which GDH accumulation begins. Characterizing HR traits in peach accessions could allow improved bloom time modeling and selection of phenotypes with improved spring frost avoidance through delayed bloom. We estimated GDH and apparent base temperature for floral bud break by observing time to floral bud break at several constant forcing temperatures. We evaluated 54 peach accessions (representing a range of CR) in which chilling had been saturated after >1,700 h at 3°C. Accessions differed widely in both the GDH requirement (2,015 to 11,191°C⋅h) and apparent base temperature (−1.85 to 8.69°C) for GDH accumulation. GDH and apparent base temperature were negatively correlated. A simulation exercise was performed to assess relative importance of varying base temperature vs. GDH for delaying bloom at different chilling accumulations at three locations in the southeastern United States using 30 years of historical weather data. The aim of this study was to determine whether there may be unrecognized diversity in peach germplasm for two HR traits (base temperature and thermal time) to enable breeding efforts to delay floral bud break and reduce the frost exposure risk of developing flowers and fruits. Our results suggest that selecting cultivars for increased GDH would be a safer, more reliable strategy for delaying bloom than increasing base temperature for GDH accumulation.

Keywords: heat requirement, chilling requirement (CR), germplasm (genetic) resources, thermal time, bloom time


INTRODUCTION

Peach floral buds are cold hardy during endodormancy, but lose cold hardiness during bud burst and bloom after which open flowers and developing fruit are highly sensitive to freezing temperatures (Lang, 1987). Postbloom, freezing exposures as short as a few hours can result in partial to total loss of the annual crop (Bassi and Monet, 2008). The interval between floral bud break and the last frost of the spring is, therefore, a critical period of risk exposure to producers.

Two temperature requirements act to determine floral bud break and avoid potentially lethal freezing temperatures in the spring. Peach floral buds must experience a quantitative exposure to chilling temperatures [chilling requirement (CR)] to allow bud development to proceed in response to quantitative accumulation of warm temperatures [heat requirement (HR)]. Variety CR has long been recognized as a major determinant of bloom timing, with breeding for later bloom dates resulting in selection for increased CR (Topp et al., 2008).

Producers are constrained in cultivar use by the reliable minimum chilling accumulation expected in their location (Campoy et al., 2019). Planting cultivars whose CR is not met results in disrupted development or in low or no fruit set (Li et al., 2016). Conversely, planting low CR cultivars, which are certain to have their chilling fulfilled, will guarantee bloom occurs, but this bloom is easily triggered during a short period of warm weather (a “false spring”) that greatly increases the risk of crop loss from a subsequent return to freezing conditions (Chen et al., 2016; Chamberlain et al., 2019). As the first environmental hurdle to bloom, genetic diversity in CR has received the most attention in the scientific literature, while potential genetic diversity in HR has been relatively unexplored (Topp et al., 2008; Bielenberg et al., 2015; Anzanello and Biasi, 2016).

Breeding for floral bud HR may be an unexploited mechanism for adapting peach trees to avoid exposure to freezing conditions and reduce crop losses following chilling fulfillment, but has received less attention due to the methodological difficulty of estimating variety HR from field experiments (Okie and Blackburn, 2011a,b). HR is the quantitative thermal time, which must be accumulated to reach the developmental stage of bud break. Thermal time is often described in units of degree days or degree hours (i.e., °C⋅d or°C⋅h, respectively). Interpretation of thermal time for development requires a description of the relationship between developmental rate and different temperatures. Development rate increases between a minimum threshold temperature, i.e., base temperature (Tb) and an optimum temperature (To), while development rate decreases from the optimum temperature to a critical maximum temperature (Tc) (Trudgill et al., 2005). A linear relationship between the development rate and temperature between cardinal temperatures (Tb to To and To to Tc) has been observed in many poikilothermic species and is commonly seen in seed germination studies (Alvarado and Bradford, 2002; Trudgill et al., 2005; Okie and Blackburn, 2011a,b). However, curvilinear relationships are also observed in studies on temperature-driven plant development, based upon a variety of sigmoidal-shaped functions (Yan and Hunt, 1999; Shafii and Price, 2001).

Despite recognition that cardinal temperatures vary between individuals or populations in many plant species, information on whether this is also true in peach is lacking. Efforts to quantify variety HRs among Prunus spp. have generally made use of a heat accumulation response curve developed in the 1980s for Prunus cerasus “Montmorency” with an assumed Tb of 4.4°C (Anderson et al., 1986). The model for estimating completion of rest in peach trees proposed by Richardson et al. (1974) has recently been used to map HR in segregating peach progenies revealing major quantitative trait locus (QTL) for delaying of bloom by increasing HR (Cirilli et al., 2021). These efforts to phenotype HR have assumed that the cardinal temperatures and the response curves do not vary genetically, with differences between species/cultivars deriving only from differences in required quantitative thermal time. Anzanello and Biasi (2016) demonstrated that this assumption may not hold with their observation that Tb for vegetative bud break in two selected cultivars of peach differed considerably (2.2 vs. 6.3°C). However, floral bud break was not examined in that study (Anzanello and Biasi, 2016). Similar situation where the most common models use the same parameters in CR quantifications for all the species and cultivars is recently discussed by Egea et al. (2020) and Luedeling et al. (2021). We hypothesize that the use of the same HR model considering the same Tb for all the species and cultivars may provide insufficient information, as there is evidence of genetic diversity for both traits.

Therefore, the aim of this study was to determine whether there may be unrecognized diversity in peach germplasm for two HR traits (Tb and thermal time), which could inform breeding efforts to delay floral bud break and reduce the frost exposure risk of developing flowers and fruits.



MATERIALS AND METHODS


Plant Material

A total of 54 peach tree accessions grown at the Clemson University Musser Fruit Research Center (latitude: 34.639038, longitude: −82.935244, and elevation: 210 m.a.s.l) were selected for the experiment. In total, 48 of these accessions were siblings from a segregating F2 population resulting from selfing of an F1 seedling (01-06245) obtained from a cross between high (“Hakuho”) and low (“UFGold”) CR parents. These individuals have been extensively phenotyped for bloom characteristics and show wide variation in CR and bloom date (Bielenberg et al., 2015). Three additional commercial cultivars (Contender, Elberta, and JuneGold) were included because of previous use in phenology modeling (Schwartz et al., 1997). Trees were at least 5 years old and grown on Guardian® rootstock and trained to a perpendicular V canopy structure.



Sample Collection, Chilling, and Warm Forcing Treatment

A total of 25 50 cm long, current year stem segments were collected from each tree (approximately 1 cm in diameter) when 105 h below 7.2°C had accumulated in the field (17 November 2018) and buds were assumed to be endodormant. Most trees had fully abscised leaves at sampling, but some retained the most apical leaves, which were removed at collection. Stems from each tree were tied in a bundle and wrapped in plastic bags with moist paper towels to avoid desiccation. Plastic bags with stems were placed in a temperature-controlled chamber without light at 3°C to provide chilling accumulation.

Chilling saturated stems were removed from the 3°C treatment at approximately 1,560 h of chilling accumulation. This duration of chilling treatment was selected to ensure that all the trees had fully saturated their chilling requirement to at least 1.5× their previously determined CR (Bielenberg et al., 2015) to avoid the confounding effects of insufficient chilling accumulation on HR (Harrington et al., 2010; Okie and Blackburn, 2011a).

Stems were trimmed to approximately 40 cm in length (removing terminal segments) and buds from the lower third of the stem removed as these would potentially be submerged. Five stems from each variety were placed in each of five containers of 2 × strength Floralife® Crystal Clear [Floralife, Walterboro, South Carolina (SC), United States]. One set of five stems was placed in each of five temperature-controlled chambers for warm forcing at temperature set points of 12, 14, 16, 18, or 20°C with a 12-h photoperiod provided by red light-emitting diodes (LEDs) (Okie and Blackburn, 2011b). Temperature chambers used in this experiment were described by Bielenberg and Gasic (2019). Observed average chamber temperature was measured with dataloggers as 11.8, 13.6, 15.9, 17.8, and 20.1°C and these values were used in subsequent calculations. Temperature levels were selected to be above temperatures (9.1°C) at which additional chilling could accumulate by the Utah model (Cesaraccio et al., 2004) and below the assumed optimal temperature of 25°C (Anderson et al., 1986).



Bud Break Observation

Total initial floral bud numbers were counted for each temperature × accession combination, taking advantage of the “triple bud” arrangement of peach where two floral buds flank a central vegetative bud at each node. Total floral bud number per temperature × accession combination ranged between 100 and 150. Bud break progress was observed 3 times per week, starting 24 h after experiment setup, until no changes occurred for three consecutive observations. Buds were considered open when bud scales were separated and patch of coloration (sepals or petals) was visible (stage 5, inflorescence emergence, BBCH 51) (Lancashire et al., 1991). Open floral or vegetative buds were removed on each observation date to reduce water and carbohydrate demand on the stem from floral or leaf expansion and enhance stem longevity. Floral bud break fraction was calculated as the cumulative number of buds opened relative to the initial number of floral buds present on the stems.



Calculation of Apparent Tb and Thermal Time for Bud Break

At each temperature, hours of forcing to reach 0.5 bud break fraction were calculated by linear interpolation between the two observations, which bracketed the 0.5 value. If the bud break fraction of an accession and forcing temperature combination did not reach 0.5 and the bud fractions were no longer changing, it was not included for further analysis. A linear regression was fitted to the relationship between forcing temperature and development rate (hours–1 to reach 0.5 bud break fraction). The X-axis intercept and slope of this regression were used to determine the apparent Tb and thermal time, respectively, using the equations below.
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where, b = the Y-axis intercept and m = the slope of the linear relationship between forcing temperature and development rate (hours–1 to reach 0.5 bud break fraction). The term apparent Tb is used here because in all the cases, the X-axis intercept value was outside of the range of the values used to create the regression and was not directly observed. The Equation 1 was used to relate linear development rate and temperature.



Simulation of Bud Break Dates From Historical Weather Data

To investigate if adjusting Tb or thermal time [growing degree hour (GDH)] would provide better opportunity to manipulate heat requirement in peach in the southeast United States, we obtained complete temperature records spanning 1989 through July 2019 from the United States National Oceanic and Atmospheric Administration (NOAA) and National Centers for Environmental Information “Integrated Surface Database” using the “rnoaa” package in R (Smith et al., 2011; Chamberlain, 2019; R Core Team, 2019). Stations KABY (Southwest Georgia Regional Airport, Albany, GA, United States; 31.53556°, −84.19444°), KGSP (Greenville–Spartanburg International Airport, Greer, SC, United States; 34.8842°, −82.2209°), and KRDU (Raleigh–Durham International Airport, Morrisville, NC, United States; 35.8923°, −78.7819°) were selected for the completeness of their records and position along a rough southwest to northeast transect along which commercial peach production occurs and to represent contrasting winter climate regimes, from warmest to coldest, respectively (Supplementary Figures 1, 2 and Supplementary Table 1). Mean hourly temperatures were used to calculate chilling accumulation from 01 October, which is typically used in the eastern United States, of each winter using the simple accumulated hours <7.2°C model of Weinberger (1950). Thermal time accumulation was calculated as the running total accumulation of the hourly difference between a minimum Tb and the observed temperature with observed temperatures below the Tb resulting in zero accumulation.

The hypothetical impact of different Tb and thermal time trait combinations on simulated bud break timing was assessed by comparing five HR trait combinations (7.3°C, 3,000°C⋅h; 4.2°C, 5,000°C⋅h; 2.2°C, 7,000°C⋅h; 0.6°C, 9,000°C⋅h; and −0.6°C, 11,000°C⋅h) that fell on the line fit to the apparent Tb and thermal time data of our measured accessions (Figure 3) to the average Tb and thermal time across locations, 2.2°C, 7,000°C⋅h. Heat accumulation and date of completion of thermal time were evaluated for each location from the day on which 500, 750, or 1,000 chilling hours had accumulated in each year to assess whether the HR trait effects would be sensitive to differences in chilling requirements among accessions. Chilling accumulation reached 1,000 h in only five of the 30 years at the KABY location.




RESULTS


Bud Break and Tb

Bud break fraction with time followed a sigmoidal curve shape in each temperature and accession, as shown for “Hakuho” and “UFGold” in Figure 1. Bud break was delayed in each successively lower temperature (Figure 1). Maximum bud break fraction for 52 accessions ranged between 0.83 and 1.0. Two accessions, “Contender” and C021, did not reach 0.5 bud break fraction in any temperature treatment and were not included in further analysis.
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FIGURE 1. Bud break fraction with warm forcing time (left panels) in ‘Hakuho’ or ‘UFGold’ at five constant temperatures. Rate to 0.5 bud break fraction (right panels) at five temperatures calculated from data on the left in ‘Hakuho’ or ‘UFGold.’ Dashed lines are linear regressions extended to the X-axis intercept (y = 0). Arrows indicate apparent base temperature (Tb). Gray area represents 95% CI.


Bud break rate (hours–1 to 0.5 bud break fraction) linearly responded to temperature in all the accessions with a mean R2 of 0.96 (Figures 1, 2 and Supplementary Table 2).
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FIGURE 2. Effect of temperature on bud break rate (h– 1 to 0.5 bud break fraction) in warm forced cuttings of 52 peach accessions. The first 48 panels show F2 siblings from a population segregating for chilling requirement and bloom time (Bielenberg et al., 2015). The final four panels are ‘Elberta,’ ‘Hakuho,’ ‘Junegold,’ and ‘UFGold,’ respectively.
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FIGURE 3. Scatterplot of apparent base temperature (Tb) and estimated thermal time (°C⋅h) of 52 peach accessions and logarithmic relationship. Gray dashed lines represent Tb (2.2) and thermal time (7,000) average observed in the data and used as a reference. White circles designate heat requirement trait combinations (Tb, thermal time) from (left) to (right): 7.3, 3,000; 4.2, 5,000; 2.2, 7,000; 0.6, 9,000; and –0.6, 11,000.


Extrapolation of the linear relationship between bud break rate and temperature to the temperature at which no bud break would occur [x(y = 0)] was used to estimate the apparent Tb (Figures 1, 2).

Apparent Tb ranged from −1.85 to 8.69°C (Figure 3). Thermal time to 0.5 bud break was calculated for each accession and ranged from 2,015 to 11,191°C⋅h (Figure 3). Apparent Tb appeared to be inversely correlated to thermal time across the accessions evaluated in a logarithmic fashion (Figure 3). Low correlation was found between accession CR and accession apparent Tb or thermal time (Supplementary Figure 3).



Impact of Different Tb and Thermal Time Trait Combinations on Simulated Bud Break

The assessment of hypothetical impact of different Tb and thermal time trait combinations on simulated bud break timing revealed shifting of HR traits to a lower Tb and higher thermal time than the reference 2.2°C, 7,000°C⋅h combination and a delay of simulated bud break date in all the locations and for each chilling accumulation (Figure 4). Significant differences between evaluated Tb thermal time combinations and reference were observed for all the combinations, except 7.3°C, 3,000°C h combination at 1,000 chill hours (CH) at KGSP location, at 750 CH at KGSP and KRDU locations, and at 500 CH at KRDU location (Supplementary Table 3). While this delay in simulated bud break was as much as 11 days in one location and year combination (KRDU/1999), the median delay in the −0.6°C, 11,000°C⋅h combination was between 3 and 6 days by location and chilling hour accumulation. Shifting HR traits to a higher Tb and lower thermal time resulted in a nearly symmetrical advance of simulated bud break dates at the KABY location relative to the lower Tb and higher thermal time. When HR traits were shifted to higher Tb and lower thermal time at the KGSP and KRDU locations, simulated relative bud break dates became highly variable among years with as much as a 27.5-days advance (KRDU, 500 chill hours) or a 25.5-days delay (KGSP, 500 chilling hours) in bud break (Figure 4). Despite the larger variation in simulated bud break dates, the simulated median bud break for the 7.3°C, 3,000°C⋅h combination among years only differed from the 2.2°C, 7,000°C⋅h combination by 1 day either advanced or delayed (Figure 4).
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FIGURE 4. Simulation of 0.5 floral bud break fraction advance or delay following different chilling accumulation at three locations in the southeastern United States. Heat accumulation was calculated following 500 (left panels), 750 (center panels), or 1,000 (right panels) chill hour accumulation (hours < 7.2°C) at three NOAA weather stations [KABY, Georgia (GA), United States; KGSP, South Carolina (SC), United States; KRDU, North Carolina (NC), United States]. Data were shown only for years in which location reached the chilling requirements shown in figure (e.g., 500, 750, and 1,000). Red horizontal lines indicate the median days of change in bud break.


A total of 50 accessions in this study have 7 years of common garden bloom data (2006–2012) available from a previous study where their chilling requirement was also determined (Bielenberg et al., 2015). In total, 14 of these 50 accessions have a chilling requirement estimated to be between 650 and 750 chilling hours (Bielenberg et al., 2015). Apparent Tb and thermal times of these fourteen accessions ranged from 1.3 to 7.1°C and 3,405 to 7,766°C⋅h, respectively, potentially allowing observation of effects of HR trait variation on bloom date, while minimizing the effect of variety differences in CR. Effect of the estimated thermal time (°C⋅h) to bud break determined in this study was compared to the day of 50% bloom in the field across 7 years (Figure 5) with the assumption that variety differences in GDH to reach 0.5 bud break would still be present at 50% of full bloom. Spread in bloom dates differed by year with < 10 day spread in 2006, 2010, and 2011 and 15–25 day spreads in the other years (Figure 5). There was a trend of delayed 50% bloom with increasing thermal time (°C⋅h) of accession. However, slopes of the linear regressions between thermal time and day of 50% bloom were not significantly different from zero except for 2007.
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FIGURE 5. Effect of °C⋅h to bud break compared to the day of 50% bloom in the field across 7 years (2006–2012). Data represent field bloom day of fourteen accessions with estimated 650–750 chilling hour requirements, but differing thermal times for 0.5 bud break fraction. Slopes of linear regression (y = mx + b) analyses were not significantly different (P < 0.001) from zero except for 2007.





DISCUSSION

Diversity in HR for floral bud break among peach cultivars (and other Prunus spp.) has been assumed to primarily be based on different thermal time requirements calculated from a common base temperature (Okie and Blackburn, 2011a; Maulión et al., 2014). Our results demonstrate that this assumption is not justified (Figure 3). Cultivar differences in apparent Tb and thermal time requirement could provide additional sophistication to improve models of bloom timing in the spring for grower decision-making.

While we have highlighted an important area of unrecognized diversity in heat requirement behavior in peach, we should note that the methods used in this study have two important caveats. First, we have termed our Tb values as “apparent Tb” because they are extrapolations below our lowest observed forcing temperature of 12°C. It is possible that the linearity of our forcing data does not hold to the extrapolated Tb values. Our selection of temperatures was driven by following concerns: (A) even though we provided excess chilling prior to the experiment, we wished to avoid temperatures where both the chilling and heat accumulation can occur simultaneously; (B) our relatively “warm” temperatures caused faster development and lowered the risk of losing stem cuttings to blockages of water transport and desiccation during prolonged forcing; and (C) at the lower temperatures (<10°C), stem cuttings would have to be kept longer, which would reduce our ability to keep them alive and prevent flower opening due to stem death and not to the experimental treatment. Even at 12°C, some accessions in this study required more than 50 days to complete floral bud break and some never reached 0.5 bud break fraction in any temperature treatment. The reason for some accessions not being able to reach 0.5 bud break fraction is unclear and needs to be further researched. We suspect that it is biological and associated with inability to tolerate extended period of maintenance as cuttings in water. Working with leaf buds (which are more resilient to forcing duration survival and can be maintained for >100 days), Anzanello and Biasi (2016) showed a positive linear relationship between temperature and bud break from 0 to 10°C across several species, which suggests our linear extrapolation may not be unfounded. Assuming linear positive relationship between temperature and bud break, we clearly show that there were different response curves for the evaluated cultivars, which supported our hypothesis of existing genetic diversity that could be exploited in breeding. Despite uncertainty in determining Tb under temperature regimes used in this study and discussed above, the observed differences in apparent Tb in peach germplasm included in this study clearly support our hypothesis. In addition to the study by Anzanello and Biasi (2016) on Tb of peach, plum, grape, pear, and kiwi, similar evidence of differences in Tb among cultivars within a single fruit species, apple, was also reported (Putti et al., 2000; Anazanello, 2012).

Second, we have likely underestimated the thermal time requirements of the eighteen accessions whose apparent Tb falls below 3°C. We designed our experiment to avoid an overestimation of thermal time that can result when buds have only received the minimum chilling to be competent to break (Harrington et al., 2010; Okie and Blackburn, 2011a). Stem cuttings of all the accessions were chilled at 3°C for 65 days (approximately 1,560 h). CR of accessions with apparent Tb below 3°C ranged from 400 to 1,000 chill hours, a duration which would be between 1.5× and 4.0× the estimated minimal chilling requirement of these accessions. The further below 3°C the Tb of the accession, the greater degree of underestimation of the thermal time should be expected. Accessions with lower CR will also have a greater degree of underestimation; due to the increased length of time; they would have been accumulating heat following chilling satisfaction. Our thermal time values for these accessions should; therefore; be considered as minimums. The curvilinear relationship between thermal time and apparent Tb below 3°C (Figure 3) should, therefore, be used with caution.

We observed an unexpected degree of variation in both the apparent Tb and thermal time. It should be noted that 48 of the accessions we observed are F2 siblings derived from a self-pollinated F1 individual resulting from a cross between high CR and low CR parents (Bielenberg et al., 2015). Therefore, much of the observed variation arose from the diversity of loci/alleles present in that single F1 individual. Even though plant material evaluated in this study included accessions known to differ in CR and bloom time, we had no a priori reason to suspect significant variation in HR traits. The full extent of the phenotypic diversity in the species (Monet and Bassi, 2008) has not been assayed here, as thousands of peach cultivars exist from breeding programs in many countries and climates. The range of Tb and thermal time found in these few accessions suggests that there may be enough diversity in HR traits to potentially include HR traits as a selection trait in breeding programs. A critical first step in this process will be screening material in germplasm repositories to assess the full extent of diversity available.

The negative relationship between apparent Tb and thermal time (Figure 3) poses a conundrum about which trait would be the most profitable to manipulate for the goal of delayed bloom time. Increasing either Tb or thermal time requirement would result in delayed bud break. However, the negative correlation between the two traits suggests increasing one cannot be achieved without decreasing the other. Assuming the negative relationship between apparent Tb and thermal time is the result of an underlying linkage (genetic or mechanistic) in the traits, the choice of a desirable phenotype for new cultivars is not obvious. We, therefore, investigated the bud break behavior of trees with five different hypothetical combinations of HR traits representing different positions along the line fitted to the 52 combinations of thermal time and apparent Tb observed in this study using historical weather data (Figure 4).

While increasing apparent Tb alone was expected to delay bloom, the correlated decrease in thermal time actually resulted in accelerated bloom dates, resulting in advanced bloom at the warmer GA location and highly variable but, on average, unchanged bloom timing in the SC and NC locations (Figure 4). The significant advances in simulated bud break date observed at the warmest location, KABY, could be due to warm temperatures before complete endodormancy release boosting the dormancy-breaking process, as suggested by Harrington et al. (2010). The advance of bloom in approximately half of the years (in SC or NC) when thermal time requirement is reduced would increase bloom/fruit exposure to potential frost exposure, dramatically increasing risk of crop loss. Increasing thermal time requirement appeared to consistently delay bloom time in all the three locations, despite the expected increase in daily thermal time accumulation resulting from a decreased Tb (Figure 4). The non-linear shape of the correlation between apparent Tb and thermal time likely explains this asymmetry of response, as apparent Tb is not decreasing as quickly as thermal time requirement is increasing at the high thermal time portion of the relationship. Our underestimation of thermal time requirement in accessions with apparent Tb values below 3°C noted above means that we have underestimated the delaying effect shown here.

Acknowledging the fact that our conclusion might be heavily biased due to the small number of peach varieties and type of the material used in this study (individuals from a single cross), we propose that focusing on increased thermal time for bud break of peach would be a more reliable strategy to delay bloom than increasing the Tb for thermal time accumulation in the southeastern United States. In addition, chill hours model used in this study, due to its simplicity, is not the most suitable for warm areas such as KABY location, as negation effect produced by warm temperatures is not captured. Other models such as Dynamic and or Utah models would be more appropriate to capture them and provide more refined results (Benmoussa et al., 2017). However, this study has focused on diversity of heat requirement traits in peach germplasm as less researched traits and deliberately did not expand on chilling accumulation. Even with all the flaws of chill hour model, °C⋅h shows diversity in the peach germplasm that is available for breeding. As chilling requirement of fruit cultivars, including peach, is provided in chill hours (Gasic et al., 2020), there is a need to also provide a chill portions to allow researchers and growers to more accurately predict climate effect on fruit tree production.

It remains to be determined if the correlation between apparent Tb and thermal time requirement can be broken. If apparent Tb and thermal time requirement are not closely genetically linked, it could be possible to independently manipulate them. Our observations suggest that there is some latitude to alter one without affecting the other (Figure 3). It is also possible that there is a yet unknown physiological mechanism linking these two characters, which would not allow them to be independently selected. Negative correlations between thermal time and base temperature for developmental milestones in plants and other poikilothermic species have been observed (Trudgill et al., 2005), raising the possibility that there may be a fundamental mechanistic linkage between these two traits.

Since CR has a profound effect on bloom date before HR traits can be expressed, it is difficult to observe the effects of variation in HR traits in the field. In an attempt to connect estimated GDH to field behavior and assuming that variety differences in GDH to reach 0.5 bud break would still be present at 50% full bloom, we have observed effects of HR trait variation on bloom date in 14 siblings with similar CR. Even though we have no information on whether GDH from bud break to bloom radically changes in a variety-dependent fashion in a different pattern than that from dormant to bud break, we found some evidence that increased thermal time requirement results in a greater likelihood of delayed bloom across multiple years (Figure 5). The delayed bloom behavior was evident despite the variation in CR (between 650 and 750 h < 7°C) and apparent Tb (−1.1 to 6°C) of these accessions, which could mask the effect of variation in thermal time requirement. Despite issues in estimating Tb discussed above, the observed large differences in thermal time requirement between individuals from a single cross show that there is a possibility to distinguish the responsiveness of an individual to temperature/forcing. These observations support our hypothesis that breeding for increased thermal time requirement could be a viable strategy to delay bloom and avoid exposure to potential crop destroying frosts. In a future of decreasing winter chilling, but continued possibilities of short duration frost events, delaying bloom through altered HR traits could be a valuable means of increasing resilience in peach or other spring blooming perennial crops. The information on genetic diversity of HR traits in peach germplasm could potentially also be used to advance bloom time in environments where late spring frosts are not an issue for production and in combination with reduced CR, to target certain ripening windows and position the product in the market.

Overall, this study can be considered as a first attempt to find out two important aspects of temperate fruit tree phenology: genetic variation of HR traits and their possible relationship with CR, if there is any. There are still many uncertainties and more experimentation and data analyses must be carried out. As discussed earlier, the methodology for estimating Tb and GDH from experiments should be improved. The results of these experiments could help in driving breeding programs toward development of new cultivars that adapt to novel scenarios of climate change by combining low CR and high HR to minimize frost risk.
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Supplementary Figure 1 | Mean daily (A) and monthly (B) temperatures observed at the three stations KABY [Albany, GA, United States; 31.53556°, −84.19444°], KGSP [Greer, SC, United States; 34.8842°, −82.2209°], and KRDU (Morrisville, NC, United States; 35.8923°, −78.7819°] during 1989–2019 within the chill accumulation period of 01 October to 28 February. Data represent averages calculated from the hourly temperatures obtained for each day in each month. Only years for which data for all the three stations were available were shown. Mon.Day—month and day.

Supplementary Figure 2 | Chill accumulation at the three stations KABY (Albany, GA, United States; 31.53556°, −84.19444°), KGSP (Greer, SC, United States; 34.8842°, −82.2209°), and KRDU (Morrisville, NC, United States; 35.8923°, −78.7819°) during 1989–2019. Data represent total chill hours (A) and chill portions (B) accumulated within the chill accumulation period of 01 October to 28 February. Only years for which data for all the three stations were available were shown.

Supplementary Figure 3 | Correlation between chilling requirement (CH), base temperature (Tb), and thermal time [growing degree hour (GDH)] in F2 siblings from a population segregating for chilling requirement and bloom time (Bielenberg et al., 2015) and four cultivars such as Elberta, Hakuho, Junegold, and UFGold, respectively.
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SHORT VEGETATIVE PHASE (SVP) is an important regulator of FLOWERING LOCUS T (FT) in the thermosensory pathway of Arabidopsis. It is a negative regulator of flowering and represses FT transcription. In poplar trees, FT2 is central for the photoperiodic control of growth cessation, which also requires the decrease of bioactive gibberellins (GAs). In angiosperm trees, genes similar to SVP, sometimes named DORMANCY-ASSOCIATED MADS-BOX genes, control temperature-mediated bud dormancy. Here we show that SVL, an SVP ortholog in aspen trees, besides its role in controlling dormancy through its expression in buds, is also contributing to the regulation of short day induced growth cessation and bud set through its expression in leaves. SVL is upregulated during short days in leaves and binds to the FT2 promoter to repress its transcription. It furthermore decreases the amount of active GAs, whose downregulation is essential for growth cessation, by repressing the transcription of GA20 oxidase. Finally, the SVL protein is more stable in colder temperatures, thus integrating the temperature signal into the response. We conclude that the molecular function of SVL in the photoperiodic pathway has been conserved between Arabidopsis and poplar trees, albeit the physiological process it controls has changed. SVL is thus both involved in regulating the photoperiod response in leaves, modulating the timing of growth cessation and bud set, and in the subsequent temperature regulation of dormancy in the buds.
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INTRODUCTION

Photoperiod is an important environmental cue that controls diverse developmental processes in plants, for example, flowering in Arabidopsis and timing of growth cessation in Populus trees (Pin and Nilsson, 2012). At the center of the mechanism, with which plants sense day length, is the CONSTANS/FLOWERING LOCUS T module. This module is partially conserved between Populus and Arabidopsis, but best understood in the latter. In Arabidopsis, FT expression is tightly regulated by many factors and becomes a hub for the integration of different signals, which fine-tunes the response. In addition to photoperiod (Kobayashi et al., 1999), it is regulated by age (Wang, 2014), vernalization (Searle et al., 2006), and ambient temperature (Lee et al., 2007). SHORT VEGETATIVE PHASE (SVP) is part of the latter pathway and represses FT expression by binding to its promoter (Lee et al., 2007). In Populus two FT orthologs have been identified, called FT1 and FT2. Only FT2 has a comparable expression pattern to the Arabidopsis FT, being expressed in leaves under long photoperiods, while FT1 is only expressed in buds during winter (Hsu et al., 2011).

For trees in boreal forests, fine-tuning of the photoperiod response is critical for survival; they need to adapt to the rapidly changing seasons. Especially during the autumn months, temperature and day length are decreasing quickly. Once the day length falls under the critical day length, a threshold for growth permitting conditions, the trees stop their growth and set terminal buds, which protect the enclosed leaf primordia and shoot apical meristems from the subsequent low temperatures (Rohde and Bhalerao, 2007). These short days (SDs) are a reliable signal, with which the trees can anticipate the onset of winter. The signal is transmitted through FT2, which is downregulated within a few days after shifts to SDs (Böhlenius et al., 2006; Hsu et al., 2006). Trees failing to downregulate FT2 are unable to respond to the SD signal and continue growth indefinitely, while plants with reduced FT2 expression respond more quickly (Böhlenius et al., 2006), leading to early growth cessation and bud set.

CO and GI have been identified as positive regulators of FT2 in long days (LDs). However, their expression profiles do not dramatically change upon shift to SDs (Ding et al., 2018). Arabidopsis CO is rapidly degraded in the dark, thus unable to induce FT in SDs (Valverde et al., 2004), and it is so far unclear if the same is true for poplar CO. However, the lack of induction by CO is not enough to explain the rapid downregulation of FT2 in SDs, especially since GI is still expressed and of higher relative importance for FT2 expression (Ding et al., 2018). GI might contribute to the release of repressive activity on FT2 expression, as has been shown for poplar CYCLING DOF FACORS (Ding et al., 2018). Such repressors might therefore contribute to the downregulation of FT2 expression in response to shorter photoperiods. Another possible candidate for such a repressor would be SVP, a MADS domain-containing gene and a strong repressor of FT expression in Arabidopsis (Hartmann et al., 2000).

SVP homologs have been found in other tree species. For example, in peach trees, six DAM (dormancy-associated MADS-box) genes have been associated with the non-dormant phenotype of the evergrowing mutant (Bielenberg et al., 2008). DAM1 and DAM4 peak in their expression at the end of summer and are hypothesized to be involved in the regulation of growth cessation (Li et al., 2009). Also, in apple, DAM- and SVP-like genes have been suggested to control bud set and dormancy (Wu et al., 2017, 2021; Falavigna et al., 2019, 2021; Moser et al., 2020). Recently, a Populus SVP ortholog named SVL has been shown to be expressed in buds where it is involved in dormancy establishment and maintenance (Singh et al., 2018, 2019). However, all analysis so far has been focused on the role of SVP/DAM genes in the buds, and their role in regulating the photoperiodic response in leaves is still unclear.

Besides FT2, another important factor of the short-day response is gibberellins (GAs, Eriksson et al., 2000). GAs are growth-promoting hormones and work both through and independently of FT2 (Eriksson et al., 2015). A decrease in the levels of active GAs is essential for growth cessation and bud set (Eriksson et al., 2000). So far it is poorly understood how the levels of active GAs are regulated upon shift to SD. In short-day grown Arabidopsis, SVP represses the expression of GA20 oxidase, a gene encoding a rate-limiting enzyme in the GA biosynthesis pathway, thereby keeping the amount of bioactive GAs low (Rieu et al., 2008; Andrés et al., 2014). If this function of SVP was conserved in trees, it could be another mechanism through which SVL could potentially control growth cessation.

The ability of SVP to control FT expression and GA biosynthesis in Arabidopsis as well as the involvement of MADS genes in the phenology of other tree species prompted us to investigate the role of SVL in the regulation of growth cessation and bud set in Populus. Our data show that SVL expression in the leaves modulates the timing of SD-induced growth cessation and is able to repress both FT2 and GA20 oxidase by binding to their promoters. Thus, SVPs mode of action has been conserved between Arabidopsis and Populus, even though the biological process it is involved in has changed.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Hybrid aspen (Populus tremula × tremuloides) clone T89 was used as WT control and all genetic modifications were done in this background. Plants were cultivated on ½ Murashige and Skoog medium under sterile conditions for 4 weeks or until they had rooted (max. 8 weeks). After transfer to soil, plants were grown in growth chambers in LD (18 h light, 20°C/6 h dark, 18°C) and with weekly fertilization (10 ml NPK-Rika S/plant). To induce growth cessation, plants were moved to SD (14-h light, 20°C/ 10-h dark, 18°C) and fertilization was stopped. For dormancy release, plants were treated with cold (8 h light, 6°C/16 h dark, 6°C). In both SD and LD, previously published bud scores (Ibáñez et al., 2010) were used to assess effects on bud development (set/flush). For year-around gene expression analysis, a ca. 40-year-old local (Umeå, Sweden) aspen tree was sampled once a month around midday (May to August leaves, buds from September to April).



Phylogenetic Analysis

Protein sequences of SVP homologues were aligned in CLC main workbench (Qiagen) and a Maximum Likelihood Phylogeny was constructed with neighbor-joining method and 1,000 bootstrap replicates.



Cloning of Plasmids

To generate SVL RNAi plants, the RNAi fragment was amplified by PCR using PtSVLRNAiF and PtSVLRNAiR primers, which contain attB1 and attB2 sites, respectively. The fragment was introduced into the pDONOR 201 vector (Invitrogen) by BP recombination. The PttSVLRNAi fragment was then transferred to the final destination vector pK7GWIGWI (Karimi et al., 2002) with Invitrogen LR recombinase, creating a double-stranded RNAi molecule driven by the constitutive Cauliflower Mosaic Virus 35S promoter. For construction of PttSVLoe—(35S::PttSVL:Myc), full-length PttSVL CDS was amplified from hybrid aspen mRNA with oxPttSVLF and oxPttSVLR primers and cloned into pDONOR 201 with BP clonase (Invitrogen). The fragment was then transferred to the destination vector pGWB18 (Karimi et al., 2002). Primers used for construct generation are listed in Supplementary Table S1. All cloning reactions were performed according to the manufacturer’s instructions. Hybrid aspen was transformed as previously described (Nilsson et al., 1992). Arabidopsis thaliana was transformed by using the floral dip method (Clough and Bent, 1998). The svp-32 (Salk_072930) mutant seeds were ordered from Nottingham Arabidopsis Stock Centre (NASC).



Analysis of SVP-Overexpressing Arabidopsis Plants

Arabidopsis thaliana WT Col-0, svp-32, and PttSVLoe plants were grown on soil in LD (16 h light/8 h dark, 22°C). To measure flowering time, rosette leaves and cauline leaves of 10 plants per line were counted until first flowers were visible.



RNA Extraction and Quantitative Real-Time PCR

Poplar leaves (youngest fully expanded leaves) were ground to fine powder, of which 100 mg were used for RNA extraction with CTAB extraction buffer (Chang et al., 1993; 2% CTAB, 100 mM Tris-HCl (pH 8.0), 25 mM EDTA, 2 M NaCl, 2% PVP). The samples were incubated at 65°C for 2 min and extracted twice with an equal volume of chloroform–isoamyl alcohol (24:1). Nucleic acids were precipitated at −20°C for 3 h with ¼ volumes 10 M LiCl. Precipitate was collected by centrifugation (13,000 rpm, 4°C, 20 min) and washed with 70% EtOH. After drying it was dissolved in 60 μl H2O (DEPC treated). Contamination of genomic DNA was removed from 2,5 μg total nucleic acid by DNase treatment (TURBO DNA-free™ Kit, Ambion®), and 1,000 ng RNA were used for cDNA synthesis with iScript™ cDNA Synthesis Kit (Bio-Rad). The cDNA was diluted 50 times for downstream applications. Quantitative real-time PCR (qPCR) was run on a LightCycler® 480 with SYBR Green I Master (Roche). All kits and machines were used according to the manufacturer’s instructions. The reaction protocol started with 5 min pre-incubation at 95°C, followed by 50 cycles of amplification consisting of 10 s denaturation at 95°C, 15 s annealing at 60°C and 20 s elongation at 72°C. For the acquisition of a melting curve, fluorescence was measured during the step-wise increase in temperature from 65°C to 97°C. Relative expression levels were obtained using the 2-ΔΔCq method (Livak and Schmittgen, 2001). GeNorm (Vandesompele et al., 2002) identified UBQ and 18S as most stable reference genes. All used primers had an efficiency of >1,8 and their correct product was confirmed by sequencing. A complete list of primer sequences can be found in Supplementary Table S1.



GA Quantification

Material (about 150 mg fresh weight of the youngest fully expanded leaves) was suspended in 80% methanol–1% acetic acid containing internal standards and mixed by shaking during 1 hour at 4°C. The extract was kept a − 20°C overnight and then centrifuged and the supernatant dried in a vacuum evaporator. The dry residue was dissolved in 1% acetic acid and passed through a Oasis HLB (reverse-phase) column as described in (Seo et al., 2011). The dried eluate was dissolved in 5% acetonitrile–1% acetic acid, and the GAs were separated using an autosampler and reverse-phase UHPLC chromatography (2.6 μm Accucore RP-MS column, 100 mm length x 2.1 mm i.d.; Thermo Fisher Scientific) with a 5 to 50% acetonitrile gradient containing 0.05% acetic acid, at 400 μl/min over 21 min.

The hormones were analyzed with a Q-Exactive mass spectrometer (Orbitrap detector; Thermo Fisher Scientific) by targeted Selected Ion Monitoring. The concentrations of GAs in the extracts were determined using embedded calibration curves and the Xcalibur 4.0 and TraceFinder 4.1 SP1 programs. The internal standards for quantification were the deuterium-labeled hormones.



RNA Sequencing Analysis

For RNA sequencing experiments RNA was isolated as described above and purified with RNeasy kit (Qiagen) according to the manufacturer’s instructions. DNAse treatment was performed on column (Qiagen). Concentration and quality of RNA were assessed using Qubit™ RNA BR Assay Kit (Invitrogen) and Bioanalyzer (Agilent), respectively. 3 μg total RNA with RIN ≧8 were sent for sequencing to SciLife Lab, Stockholm. Library preparation was carried out with an Agilent NGS Bravo workstation in 96-well plates with TruSeq Stranded mRNA kit (Illumina) according to the manufacturer’s instructions. mRNA was purified through selective binding to poly dT-coated beads and fragmented using divalent cations under elevated temperature. cDNA was synthesized using SuperScript II Reverse Transcriptase (Thermo Fisher Scientific), cleaned with AMPure XP solution (Thermo Fisher Scientific), 3′ adenylated, and ligated to adapters. Fragments were cleaned with AMPure XP beads (Thermo Fisher Scientific), amplified by PCR, and purified with AMPure XP beads (Thermo Fisher Scientific). After washing with 80% ethanol, they were eluted in EB (Qiagen). The quality and concentration of the adapter-ligated libraries were checked on the LabChip GX/HT DNA high sensitivity kit and by Quant-iT, respectively. The libraries were then sequenced using the Illumina NovaSeq-6,000 platform, generating from 20 to 110 million paired-end reads (2 × 150 bp) per sample.



Pre-processing of RNA-Seq Data and Differential Expression Analyses

The data pre-processing was performed as described here: http://www.epigenesys.eu/en/protocols/bio-informatics/1283-guidelines-for-rna-seq-data-analysis. The quality of the raw sequence data was assessed using FastQC.1 Residual ribosomal RNA (rRNA) contamination was assessed and filtered using SortMeRNA [v2.1 (Kopylova et al., 2012); settings--log --paired_in --fastx--sam --num_alignments 1] using the rRNA sequences provided with SortMeRNA (rfam-5 s-database-id98.fasta, rfam-5.8 s-database-id98.fasta, silva-arc-16 s-database-id95.fasta, silva-bac-16 s-database-id85.fasta, silva-euk-18 s-database-id95.fasta, silva-arc-23 s-database-id98.fasta, silva-bac-23 s-database-id98.fasta and silva-euk-28 s-database-id98.fasta). Data were then filtered to remove adapters and trimmed for quality using Trimmomatic [v0.39 (Bolger et al., 2014); settings TruSeq3-PE-2.fa:2:30:10 LEADING:3 SLIDINGWINDOW:5:20 MINLEN:50]. After both filtering steps, FastQC was run again to ensure that no technical artefacts were introduced. Filtered reads were pseudo-aligned to v1.1 of the P. tremula transcripts {retrieved from the PopGenIE resource (Sundell et al., 2015) using salmon [v1.1.0 (Patro et al., 2017)], with non-default parameters --gcBias--seqBias --validateMappings} against an index containing the P. tremula v1.1 genome sequence as decoy. Statistical analysis of single-gene differential expression between conditions was performed in R (v4.0.0; R Core Team 2020) using the Bioconductor [v3.10 (Huber et al., 2015)] DESeq2 package [v1.28.1 (Love et al., 2014)]. FDR adjusted values of p were used to assess significance; a common threshold of 1% was used throughout. For the data quality assessment (QA) and visualization, the read counts were normalized using a variance stabilizing transformation as implemented in DESeq2. The biological relevance of the data—for example, biological replicates similarity—was assessed by principal component analysis and other visualizations (e.g., heatmaps), using custom R scripts, available from https://github.com/DomeniqueA/SVL. The raw data are available from the European Nucleotide Archive2 under the accession number PRJEB46749.



Protein Stability Assay

WT and SVLoe plants were grown in LD (18 h light, 20°C/6 h dark, 18°C) for 4 weeks before the experiment started. Upon shift to SD, half of the plants were transferred to regular SD (14 h light, 20°C/ 10 h dark, 18°C), while the other half were transferred to cold SD (14 h light, 15°C/10 h dark, 10°C). Proteins were isolated and visualized on a Western blot using anti-myc antibodies (Agrisera).



Chromatin Immunoprecipitation Analysis

WT and SVPoe plants were grown in LD. Per genotype, one fully expanded leaf was harvested from each of four biological replicates at ZT 18 and cut into small pieces. These were cross-linked in 50 ml PBS buffer +1% formaldehyde and vacuum (4 times 5 min). The reaction was stopped with addition of glycine to a final concentration of 100 mM. The pieces of leaves were frozen in liquid N2 and ground to fine powder. Nuclei were extracted, lysed in nuclei isolation buffer [50 mM HEPES pH 7.4, 5 mM MgCl2, 25 mM NaCl, 5% sucrose, 30% glycerol, 0.25% Triton X-100, 0.1% ß-mercaptoethanol, 0.1% proteinase inhibitor cocktail (Sigma)] and sonicated, resulting in DNA fragments of 500–1,000 base pair length. For immunoprecipitation, 300 μl of the nuclear extract were homogenized with 200 μl IP buffer (80 mM Tris-HCl pH 7.4, 230 mM NaCl, 1.7% NP40, 0.17% DOC) followed by 1 μl 1 M DTT, 1 μl protease inhibitor cocktail, 1 μl 10 mg/ml RNase A and 5 μl of a monoclonal myc antibody (ab32, Abcam). The mixture was incubated under soft agitation at 4°C over night and centrifuged at full speed for 15 min at 4°C. 40 μl Protein A beads were added into the supernatant and incubation was continued for another 2 hours with soft agitation at 4°C. Protein beads were first washed two times with ice-cold low salt buffer (20 mM Tris-HCl pH 8, 150 mM NaCl, 0.1%SDS, 1% Triton X-100, and 2 mM EDTA), and two times with high salt buffer (20 mM Tris-HCl pH 8, 500 mM NaCl, 0.1%SDS, 1% Triton X-100, and 2 mM EDTA). Then, beads were washed two times with ice-cold LiCl buffer (10 mM Tris-HCl pH 8, 250 mM LiCl, 1% Igepal Ca-630, 1% DOC, and 1 mM EDTA). Chromatins were eluted from the beads with elution buffer (100 mM NaHCO3, 1% SDS) at 65°C for 20 min. To de-crosslink the extract, it was incubated with proteinase K (10 ng/ml) for 1 hour at 55°C. Afterward, DNA was extracted by Chromatin immunoprecipitation (ChIP) DNA Clean & Concentrator Kits (Biosite D5205). Quantities of immunoprecipitations were quantified using SYBR green (Roche) and the iQ5 light cycler (Bio-Rad). A similarly treated extract from WT without tagged protein was used as control. Primers used for amplification of genomic fragments are listed in Supplementary Table S1.




RESULTS


SVL Is Functionally Similar to AtSVP

Populus has one orthologous gene to Arabidopsis SVP called SVL (Singh et al., 2018; Supplementary Figure S1A). AtSVP and PtSVL share 66% identity on the amino acid level, making SVL the only likely SVP ortholog compared to other MADS domain-containing genes in Populus (Supplementary Figure S1A; Singh et al., 2018). Because of the high similarity to SVP (Supplementary Figure S1B), we hypothesized that SVL could act like SVP in Arabidopsis by having a function in the photoperiodic response in leaves. The svp mutant is early flowering (Hartmann et al., 2000) and we tested whether SVL could rescue this phenotype. For this we expressed SVL cDNA under the control of the 35S promoter in svp-32 plants. Flowering time was determined by counting rosette and cauline leaves. These plants produced significantly more leaves than svp-32 mutants and wild-type (WT) Arabidopsis plants before developing the first flowers (Supplementary Figure S2). These results imply that the functionality of has been conserved between Arabidopsis SVP and Populus SVL.



Expression of Populus SVL Is Induced in Leaves During Short Days

Populus SVL function has previously been described in the shoot apex in relationship to the regulation of bud dormancy (Singh et al., 2018, 2019). We wanted to investigate to what extent leaf-expressed SVL also contributes to the regulation of growth cessation and bud set. Investigation of the SVL annual expression pattern in local adult aspen trees (Umeå, Sweden) sampled in the middle of the day showed that it is highly expressed in leaves during the short days (SDs) of late summer and early autumn (Figure 1A), after FT2 expression declined (Supplementary Figure S3), and to higher levels than what can be detected in buds. To test whether this expression pattern is consistent in juvenile trees grown in controlled growth conditions, we checked the diurnal expression pattern of SVL in leaves first in long days (LD) and after 2 weeks of SD treatment (Figure 1B). In these conditions, one of the first genes to respond is FT2 which shows a clear downregulation after 2 weeks in 14 h SD (Ding et al., 2018). In long days, SVL displayed a minor peak of expression at ZT 6–8 (Figure 1B). The SVL expression increased after shift to SD and showed a prominent morning peak at around 4 hours after dawn, suggesting a role for SVL in the photoperiodic response in leaves. We then also wanted to know if a decrease in ambient temperature could increase the stability of the SVL protein, as has been shown for Arabidopsis SVP (Lee et al., 2013). When plants expressing myc-tagged SVL from a constitutive promoter were exposed to lower temperatures than our standard SD treatment, the accumulation of SVL protein was increased (Figures 1C,D). This indicates that there could be a role for leaf-expressed SVL in response to both short photoperiods and lower temperatures.
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FIGURE 1. SVL is expressed during the autumn. (A) SVL expression in field-grown mature Populus tremula over the course of 1 year. Samples were taken at 2 p.m. in the middle of each month. May–August leaves, September–April terminal buds. Values are relative to the expression in January samples. Error bars indicate standard error of biological replicates, n = 3. (B) Relative SVL expression in WT during long days (18 h light/6 h dark) and after 2 weeks of short days (14-h light/10-h dark) treatment. Lowest expression in LD was set as 1. The asterisks indicate a statistically significant difference between LD and SD samples by two-way ANOVA Fisher’s test. Error bars indicate standard error of biological replicates, n = 3. **Indicate p < 0.01. (C) Western blot showing that the myc-SVL protein accumulates in leaves of 35S::myc:SVL-expressing plants during SD treatment at both 21°C and 15°C day temperature. (D) Relative protein abundance of myc-SVL in leaves of 35S::myc:SVL-expressing plants after 1 week and 2 weeks of SD treatment at both 21°C and 15°C day temperature. All values are relative to the protein amount at 14-day SD at 21°C. The asterisks indicate a statistically significant difference between two temperature samples by Welch’s test. Error bars indicate standard error of biological replicates, n ≥ 6. **Indicate p < 0.01.




SVL Is Promoting SD Induced Growth Cessation

To test the role of SVL, we generated SVL RNAi and SVL over-expressing (SVLoe) trees. Downregulation was up to 80% effective, while overexpression resulted in a six-fold increase of SVL expression at ZT17 compared to wild-type T89 (WT; Supplementary Figure S4). Neither downregulation nor overexpression of SVL had a striking effect on vegetative growth; all transgenic lines were indistinguishable from WT controls after 3 weeks in LD (Figure 2A). After shift to SD, poplars respond with growth cessation and bud set. We used previously described bud scores (Ibáñez et al., 2010) to test the speed of SD response in three independent transgenic lines per construct. SVL RNAi plants showed a small but consistent delay of bud set compared to WT (Figure 2B). Both growth cessation (score 2) and bud set (score 1) were delayed by ca. 1 week. SVLoe plants on the other hand ceased growth several weeks earlier than WT (Figure 2C). This indicates that SVL is a repressor of vegetative growth and promoter of SD-induced growth cessation.

[image: Figure 2]

FIGURE 2. SVL controls growth cessation and bud set. (A) Photograph of SVLoe, WT, and SVL RNAi plants after 3 weeks in LD. (B) Plot of bud scores showing that growth cessation and bud set of three independent SVL RNAi lines were delayed compared to WT. Error bars indicate standard error of biological replicates, n = 9. (C) Plot of bud scores describing growth cessation and bud set of three independent SVLoe lines compared to WT. SVLoe plants stopped growth earlier than WT. The asterisks indicate statistically significant difference of each transgenic line from WT by two-way ANOVA Fisher’s test. Error bars indicate standard error of biological replicates, n = 9. **Indicate p < 0.01. (D) Plot of bud scores showing growth cessation of WT, SVL RNAi, and grafts thereof. a, significant differences were observed from multiple comparisons of WT vs. SVLRNAi, WT vs. WT/SVLRNAi, WT vs. SVLRNAi/WT, and SVLRNAi vs. SVLRNAi/WT. b, significant differences were observed from multiple comparisons of WT vs. SVLRNAi, WT vs. WT/SVLRNAi, and WT vs. SVLRNAi/WT. Statistic significance was determined by two-way ANOVA Fisher’s test (p < 0.05). Error bars indicate standard error of biological replicates, n ≥ 6.




SVL Acts in Both Leaf and Shoot Apex to Promote SD-Induced Growth Cessation

Expression of both FT2 and GA20oxidase in rootstocks of grafted trees is sufficient to significantly delay growth cessation and bud set (Miskolczi et al., 2019). We then asked if the role of SVL in modulating the timing of growth cessation is due to SVL activity in the leaf or shoot apex or both. To investigate this we performed reciprocal graftings of SVL RNAi and wild-type trees and compared the timing of growth cessation to trees where scions had been grafted to their own stock. In both types of heterografts growth cessation was delayed to the same extent as in SVL RNAi homografts suggesting that SVL modulates the timing of growth cessation trough activity both in the leaf and in the shoot apex (Figure 2D).



SVL Regulates Growth Cessation Through Repression of FT2 Expression and Gibberellin Biosynthesis

We then tested whether the different speeds of response in transgenic lines were due to altered expression of FT2. After 2 weeks of SD treatment, FT2 expression had ceased in WT and SVLoe, while it was still strongly expressed in the SVL RNAi lines (Figure 3A). In addition to FT2, gibberellins are also known to affect growth cessation and bud set. We therefore analyzed the expression of a GA20 oxidase2, a key enzyme in gibberellin biosynthesis and found that it was increased in the leaves of SVL RNAi lines, while being reduced in SVLoe (Figure 3B). We focused on GA20 oxidase2 because we have found that it is the predominantly expressed GA20 oxidase gene in leaves (not shown). Consequently, the amount of the active gibberellin GA1 was increased in leaves of SVL RNAi lines in both LD and SD (Supplementary Figure S5) compared to wild type. This suggests that SVL can influence the timing of growth cessation through a repression of both the expression of FT2 and the biosynthesis of gibberellins.

[image: Figure 3]

FIGURE 3. SVL is a transcriptional repressor and is associated with the promoters of its targets. (A,B) Gene expression of FT2 (A) and GA20 oxidase2 (B) after 2 weeks of SD (14 h light/10 h dark) treatment. In both cases expression was increased in SVL RNAi and decreased in SVLoe lines. Lines that do not share letters are significantly different from each other according to post-two-way ANOVA Fisher’s test (p < 0.05). Error bars indicate standard error of biological replicates, n = 3. (C,D) Relative enrichment of promoter fragments after ChIP quantified by qPCR of FT2 (C) and GA20 oxidase2 (D). Values are normalized against input. Position of putative SVL binding sites, CArG boxes, shown to bind to Arabidopsis SVP in leaves (Gregis et al., 2013), are indicated. The asterisks indicate a statistically significant difference from WT by Welch’s test. Error bars indicate standard error of biological replicates, n = 4, **indicate p < 0.01.




SVL Binds to the Promoters of Its Downstream Targets

We then asked if FT2 and GA20 oxidase2 are direct targets of SVL. Since SVL is a MADS-box transcription factor, we tested the ability of the SVL protein to bind to the promoter region of these genes. For that we performed a chromatin immunoprecipitation assay in leaves of WT and our myc-tagged SVLoe lines. Quantification by qPCR showed significant enrichments of six fragments surrounding the FT2 transcriptional start site, up to 2.5 kb upstream and 1 kb downstream (Figure 3C). Enrichment at the GA20 oxidase2 promoter was significant for four of six fragments (Figure 3D). No enrichment could be detected at a control locus (Figures 3C,D). These results show that SVL can associate with the promoters of FT2 and GA20 oxidase2 and potentially repress their expression through direct binding.



SVL Has a Minor Influence on the Leaf Transcriptome

To better understand what role SVL plays in leaves during SD treatment, we performed RNA sequencing analysis on leaves of wild-type and SVL RNAi plants. Samples were harvested at ZT17 during LD and after one, two, three and 10 weeks of SD treatment, respectively. Major transcriptional changes happened after the shift from LD to SD in both WT and SVL RNAi lines with more than 10,000 genes being differentially expressed between the two time points (Figure 4A; Supplementary Figure S6). However, no further significant changes were detectable after two and 3 weeks of SD. At the individual time points, only a small number of differentially expressed genes (DEG) could be detected between the two lines (Figure 4B; Supplementary Figure S6) and gene ontology (GO) enrichment resulted in no specific terms. These results indicate that the role of SVL in leaves might be limited to the regulation of a very limited set of genes.
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FIGURE 4. Global transcriptional changes in response to SD treatment. (A) Heatmap of gene expression in WT and SVL RNAi in LD and SD (week 1 to week 3). (B) Number of differentially expressed genes between WT and SVL RNAi over time.





DISCUSSION


AtSVP and PtSVL Are Functionally Conserved and Repress FT

AtSVP is a known floral repressor (Hartmann et al., 2000), acting on the FT promoter (Lee et al., 2007). Here we show that PtSVL (hereafter SVL) is functionally conserved as was recently shown for apple (Falavigna et al., 2021) and previously also, for instance, Kiwi SVP-like genes, (Wu et al., 2012). Both SVP and SVL proteins share 66% identity and SVL overexpression was sufficient to complement the Arabidopsis svp-32 mutant phenotype. ChIP analysis showed that SVL could bind to both FT2 and GA20 oxidase promoters, repressing their transcription. This suggests that SVL expression in the leaf can fulfil a similar role in poplar as in Arabidopsis, modulating the photoperiodic regulation of FT and GA20 oxidase expression. To repress downstream targets, AtSVP forms heterodimers with MADS-box proteins like FLM and FLC (Lee et al., 2007, 2013; Posé et al., 2013). In apple, it has recently been shown that the SVP-like protein MdSVPa can form transcriptional complexes with various MADS-box proteins that are expressed in buds at different dormancy-specific phases (Falavigna et al., 2021). It remains to be shown if the SVL activity in the Populus leaf is also dependent on one or more MADS-box proteins.



Cold Temperatures Promote SVL Activity

In Arabidopsis, SVP is part of the thermosensory pathway, which inhibits flowering in cold conditions (Lee et al., 2007), partially mediated by a stabilization of the SVP protein at colder temperatures (Lee et al., 2013). Temperatures drop during autumn and we could show that SVL protein was more abundant in a combination of short-day treatment and cold (Figure 1C), mimicking autumn conditions. While the timing of growth cessation is mainly regulated by photoperiod, integration of temperature signals through SVL could give trees more flexibility to fine-tune their SD response, it could also be an important factor contributing to SVLs function in buds during the induction of dormancy.



SVL Regulates Growth Cessation Through FT2 and GAs

There is no strict correlation between the downregulation of FT2 and the upregulation of SVL in the year-around samples (Figure 1A; Supplementary Figure S3) confirming that SVL is not the primary regulator of the photoperiodic response and the regulation of FT2. However, alteration of SVL expression levels influenced the timing of growth cessation and bud set upon short-day (SD) treatment. We could show that this was caused by an effect on FT2 expression and levels of GAs. Consistently, SVL RNAi lines had increased FT2 expression and a delayed growth cessation, while SVLoe plants had strongly reduced FT2 expression and early growth cessation. Furthermore, levels of the bioactive gibberellin GA1 were increased in SVL RNAi plants. This suggests that the role of SVL is to modulate the timing of the photoperiodic response.

The interest for the role of SVP-like genes in the regulation of dormancy originally stemmed from studies of the evergrowing mutant (evg) in peach (Prunus persica), which fails to form terminal vegetative buds and continues to grow indeterminately under dormancy-inducing conditions. The evg locus was mapped and found to contain a large deletion of six tandemly repeated SVP-like genes called DAM genes (Bielenberg et al., 2008). The simultaneous downregulation of the expression of three SVP/DAM genes in apple through RNAi also caused an evergrowing phenotype (Wu et al., 2021). Because of the focus on the expression and function of these genes during dormancy-induction in the bud, to our knowledge, there appears to be no characterization of the photoperiodic regulation of expression of FT-like genes in leaves of the evergrowing mutants. It is an interesting possibility that the loss of SVP/DAM-like expression in the leaves of peach and apple could contribute to an inability to keep FT expression down in response to the short-day signal. Since downregulation of FT expression appears to be a prerequisite for growth cessation and bud set (Böhlenius et al., 2006), this could at least partially explain the fact that the evergrowing mutants are not only failing to establish dormancy, but are also not able to enter into growth cessation and bud set—which is also a prerequisite for the entry into dormancy.

There are several other SVP-like and DAM-like genes in Populus (Supplementary Figure S1). In order to fully understand the role of the individual genes, it will be important to know if complete knockouts of SVL expression through CRISPR-Cas9-mediated gene editing, or combinations of the deactivation of several SVP/DAM-like genes, also leads to an evergrowing phenotype in poplar trees.



SVL Regulates Growth Cessation and Bud Set in Both Leaves and Shoot Apices

Previous studies showed the role of SVL in the shoot apex, both during the establishment of dormancy during SD (Singh et al., 2019) and its release during winter (Singh et al., 2018). Both pathways work through differential regulation of gibberellin biosynthesis with SVL inducing GA2 oxidase in the developing bud, presumably in order to reduce the amount of active GAs that can reach the shoot apex, while, at the same time, repressing the expression of GA20 oxidase to downregulate GA biosynthesis. We show that SVL functions through a similar pathway in leaves. Grafting studies in Populus have shown that not only FT2 but also GA20 oxidase expression in leaves, clearly affect growth cessation and bud set (Miskolczi et al., 2019), suggesting that both FT2 and GAs are moving from leaf to shoot apex in order to modulate this process. Our data show that SVL affects the expression of both FT2 and GA20 oxidase in leaves and that SVL associates with both the FT2 and GA20 oxidase2 loci that both contain putative SVL binding sites in the form of CArG boxes shown to bind to Arabidopsis SVP (Gregis et al., 2013). However, in contrast to our findings here, Singh et al. (2019) could not detect an interaction between SVL and the GA20 oxidase loci. This discrepancy could be attributed to the use of different protocols and primers for the ChIP assay, but could also be related to the fact that we looked for interactions in leaf samples rather than in shoot apex samples as used by Singh et al. (2019). SVP-like proteins acts in complexes with other MADS-box proteins and co-transcription factors. These other factors are likely to differ between leaf and shoot apex samples and might affect the SVL binding. They might also contribute to an indirect binding to the GA20 oxidase locus in the ChIP assay.

One of the direct targets of FT2 in the shoot apex is the gene Like-AP1 (LAP1) which in turn mediates the regulation of cell cycle-related genes that are downregulated during growth cessation. (Azeez et al., 2014). Is it possible that LAP1 is also a SVL target? Although our grafting experiments did not allow us to collect enough material to analyze the expression of target genes in the shoot apex, we did check for LAP1 expression in leaves of SVL RNAi plants. LAP1 is normally expressed to very low levels in leaves, but is dramatically upregulated in leaves of SVL RNAi trees (Supplementary Figure S7). The LAP1 locus also contain several potential SVL binding sites (Supplementary Figure S7). Although the relevance of the LAP1 regulation in the leaf is unclear, it shows a potential for SVL to also control growth cessation through a repression of LAP1 expression in the shoot apex that could be part of the explanation to the contribution of SVL expression for growth cessation in both leaf and shoot apex (Figure 2D).

Our data suggest that SVL has only minor effects on the leaf transcriptome, suggesting that it might have relative few targets in the leaf compared to in the shoot apex. When the dataset was specifically quired both FT2 and GA20 oxidase2 were not found to be higher expressed in the SVL RNAi dataset compared to wild type after the shift to SD (not shown). The reason for these genes not appearing in the DEG list is probably due to relatively low expression levels and/or the fact that this was samples from a single time-point at the end of the day when expression was not significantly different.

Additionally, SVL has been shown to affect FT1 expression in buds. Thus, SVL is involved in three similar pathways regulating different aspects of the annual growth cycle of Populus trees (Figure 5); First through a regulation of the photoperiod response in leaves, contributing to the downregulation of FT2 and GA20 oxidase, leading to growth cessation and bud set (this study); Then as an inducer of GA2 oxidase and CALLOSE SYNTHASE 1 in the buds to prevent growth-inducing signals to reach the shoot apex to establish dormancy (Singh et al., 2019); And finally, its expression is reduced in response to low temperatures in winter, leading to a relieved repression of FT1 and reduced expression of TCP18/BRC1, hypothesized to lead to bud break (Singh et al., 2018). Consequently, SVL serves as an important regulator of both the beginning and end of the growing season as well as the establishment of winter dormancy. Interestingly, these three different phases of SVL regulation corresponds to three different clusters of expression profiles for DAM and SVP-like genes from different fruit tree species (Falavigna et al., 2019, 2021). In Rosaceae, DAM and SVP-like genes have evolved into different clades. In apple, the SVP-like protein SVPa provides DNA-binding activity to different complexes with DAM proteins that are specifically expressed during different phases of the dormancy cycle (Falavigna et al., 2021). Our data from growth cessation together with the previous data from bud set and bud break (Singh et al., 2018, 2019) suggest that this could also be true in Populus trees, with SVL serving as the central DNA-binding hub.
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FIGURE 5. Different roles of SVL in the annual growth cycle. Green color indicates growth-promoting factors, while orange color indicates repressors. Boxes represent genes and circles represent hormones. SD = short day, CT = cold treatment.
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In perennial fruit and berry crops of the Rosaceae family, flower initiation occurs in late summer or autumn after downregulation of a strong repressor TERMINAL FLOWER1 (TFL1), and flowering and fruiting takes place the following growing season. Rosaceous fruit trees typically form two types of axillary shoots, short flower-bearing shoots called spurs and long shoots that are, respectively, analogous to branch crowns and stolons in strawberry. However, regulation of flowering and shoot architecture differs between species, and environmental and endogenous controlling mechanisms have just started to emerge. In woodland strawberry (Fragaria vesca L.), long days maintain vegetative meristems and promote stolon formation by activating TFL1 and GIBBERELLIN 20-OXIDASE4 (GA20ox4), respectively, while silencing of these factors by short days and cool temperatures induces flowering and branch crown formation. We characterized flowering responses of 14 accessions of seven diploid Fragaria species native to diverse habitats in the northern hemisphere and selected two species with contrasting environmental responses, Fragaria bucharica Losinsk. and Fragaria nilgerrensis Schlecht. ex J. Gay for detailed studies together with Fragaria vesca. Similar to F. vesca, short days at 18°C promoted flowering in F. bucharica, and the species was induced to flower regardless of photoperiod at 11°C after silencing of TFL1. F. nilgerrensis maintained higher TFL1 expression level and likely required cooler temperatures or longer exposure to inductive treatments to flower. We also found that high expression of GA20ox4 was associated with stolon formation in all three species, and its downregulation by short days and cool temperature coincided with branch crown formation in F. vesca and F. nilgerrensis, although the latter did not flower. F. bucharica, in contrast, rarely formed branch crowns, regardless of flowering or GA20ox4 expression level. Our findings highlighted diploid Fragaria species as rich sources of genetic variation controlling flowering and plant architecture, with potential applications in breeding of Rosaceous crops.

Keywords: Fragaria, flowering, axillary bud, temperature, photoperiod, TERMINAL FLOWER1, GA20ox4, Rosaceae


INTRODUCTION

The Rosaceae family contains economically important perennial crops, ranging from herbaceous species, such as strawberries (Fragaria spp.) to fruit trees like apples (Malus × domestica Borkh.) or peaches [Prunus persica (L.) Batsch; Kurokura et al., 2013]. In strawberries and Rosaceous fruit trees, floral induction takes place during summer or autumn, and flower initials continue developing until late autumn. As the season advances toward winter, these species gradually enter a period of dormancy that is broken during winter after a genetically determined period of cold temperatures called chilling requirement. As the growing season begins in the spring, vegetative growth resumes and blooming occurs (Wilkie et al., 2008; Bangerth, 2009; Kurokura et al., 2013; Costes et al., 2014). Similarities in the seasonal growth cycles of strawberries and Rosaceous fruit trees suggest that species, such as woodland strawberry (F. vesca L.) and other diploid strawberries, may be successfully used as models for studying developmental events during the seasonal cycle.

The cues required for floral induction and subsequent floral initiation differ from species to species and may depend on environmental, developmental, agricultural, or genetic factors. For instance, in apple and sweet cherry (Prunus avium L.), floral initiation depends on temperature, with species-specific optima (Sønsteby and Heide, 2019; Heide et al., 2020). In the perennial herbaceous model species F. vesca, floral induction is highly dependent on the interaction of temperature and photoperiod, and natural populations exhibit differences in their responses to these environmental cues. In some populations, cool temperature of 9°C is sufficient to induce flowering independently of photoperiod, whereas in other populations grown at cool temperature, the promoting effect of short days (SD) is evident (Heide and Sønsteby, 2007). Moreover, a population sampled from the North of Norway shows a strikingly altered yearly growth cycle with an obligatory requirement for vernalization (Heide and Sønsteby, 2007; Koskela et al., 2017). Given that such variation in environmental responses exists within a single species, it is imaginable that extending these studies to other related diploid strawberry species could reveal further adaptations to local environments. Characterizing the available diversity within the Fragaria genus may prove useful not only for researchers but also for breeders looking for novel breeding targets to improve climatic adaptation of Rosaceous crops.

As developmental events depend on the timing of meristem differentiation and the meristematic fate itself, studies on meristem fate may provide insights into climatic adaptation of plants. In Rosaceous species, shoot apical meristems (SAMs) located at shoot tips can either generate new vegetative tissues, develop terminal inflorescences, or in some species abort spontaneously (Costes et al., 2014). Meristems located in leaf axils develop axillary buds (AXBs), which can remain latent, develop into vigorously growing long shoots (called stolons in strawberries) or into short shoots (also known as spurs or dwarf shoots in fruit trees and branch crowns in strawberries) with limited extension growth and a rosette-like appearance. In many Rosaceous species strawberries included, terminal meristems borne on short shoots are more prone to receiving the floral induction stimulus and initiating flowers than meristems borne on vigorously growing long shoots (Hytönen et al., 2004; Heide and Sønsteby, 2007; Wilkie et al., 2008; Sønsteby and Heide, 2019). Therefore, the balance between short and long shoots defines the yield potential and affects the choice and expenses of cultural practices, such as pruning or training.

Molecular studies in F. vesca (Koskela et al., 2012; Rantanen et al., 2015) and cultivated strawberry Fragaria × ananassa Duch. (Koskela et al., 2016) have highlighted the role of TERMINAL FLOWER1 (TFL1) as a floral repressor. In F. vesca, photoperiodic pathway culminates in the regulation of SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (FvSOC1), which activates FvTFL1 in long days (LDs), and flower induction occurs in SDs after gradual downregulation of FvSOC1 and FvTFL1 (Koskela et al., 2012; Mouhu et al., 2013; Rantanen et al., 2015; Kurokura et al., 2017). However, this photoperiodic pathway regulates flowering only within a narrow temperature range between 13 and 20°C (Rantanen et al., 2015). Lower temperatures repress FvTFL1 and induce flowering independently of photoperiod, while higher temperatures activate FvTFL1 and inhibit flowering regardless of the photoperiod (Rantanen et al., 2015).

The function of TFL1 in Rosaceous species is conserved. Silencing or knocking out TFL1 homologs in apple and pear (Pyrus communis L.) result in reduced juvenility, precocious flowering, and even perpetual flowering (Kotoda et al., 2006; Flachowsky et al., 2012; Freiman et al., 2012; Charrier et al., 2019). Likewise, loss of function of TFL1 homologs in roses (Rosa spp.) and F. vesca lead to perpetual flowering (Iwata et al., 2012; Koskela et al., 2012; Bai et al., 2021). The seasonal expression pattern of TFL1 is highly connected to the yearly growth cycle in apple, F. vesca, and roses, as TFL1 is activated in the SAM during the vegetative growth phase and downregulated before the floral induction to allow flower initiation (Mimida et al., 2011; Iwata et al., 2012; Kurokura et al., 2013; Koskela et al., 2017). With such a conserved function and expression patterns across rosaceous species, it is reasonable to expect that results from studies on TFL1 in one species are applicable to other species.

Regulation of AXB fate in Rosaceae has been mainly studied at the phenotype level, perhaps because the molecular processes taking place within the well-protected AXB are difficult to examine. However, recent reports in F. vesca demonstrated that stolon development requires GIBBERELLIN 20-OXIDASE4 (FvGA20ox4) that is activated within the AXBs under LD conditions via an FvSOC1-dependent photoperiodic pathway at 18°C (Mouhu et al., 2013; Tenreira et al., 2017; Andrés et al., 2021). Higher temperature of 22°C upregulates FvGA20ox4 independently of FvSOC1, whereas at cooler temperature (11°C), FvGA20ox4 is de-activated in both SD and LD conditions (Andrés et al., 2021). Cool temperatures, as well as SDs at 18°C, promote BC development instead of stolons in the seasonal flowering F. vesca, and although the same environmental cues induce flowering, these two processes can occur independently (Andrés et al., 2021). However, the fate of the youngest AXB located immediately below the SAM is directly dependent on the vegetative/generative status of the SAM; if the SAM is induced to flower, the youngest AXB develops a branch crown to continue the growth of the plant in a sympodial fashion (Sugiyama et al., 2004; Andrés et al., 2021).

Studying phenotypic and genetic variation present in related species is based on the rationale that species sampled from diverse environments have faced different selection pressures, leading to evolution of local adaptation and phenotypical differences. We took advantage of this rationale to study environmental responses in wild diploid species of Fragaria originating from a wide geographical range. Our collection of wild diploid Fragaria included accessions native to high altitude (F. bucharica and F. nubicola Lindl. from the Himalayas) as well as accessions endemic to less harsh environments (F. iinumae Makino growing in the Japanese archipelago and F. nilgerrensis and F. pentaphylla Losinsk. from South East Asia). In addition, we included our Finnish reference accession of F. vesca that is adapted to temperate climate, F. viridis Weston from Central Europe and F. chinensis Losinsk. from North Western China. We analyzed the collection in terms of flowering habits and vegetative development and selected F. bucharica and F. nilgerrensis for detailed analysis together with F. vesca. Our results indicated that TFL1 homologs are key integrators of temperature and photoperiodic cues in these three species and that altered regulation of TFL1 may explain variation in their flowering habits. We also found that the activities of GA20ox4 homologs correlated with AXB fate in the studied species.



MATERIALS AND METHODS


Plant Material

Fourteen accessions of seven wild diploid strawberry species (Supplementary Table 1), provided by the Professor Staudt Collection maintained by Hansabred GmbH Co. KG in Dresden, Germany, were included in initial screening of flowering responses. If there is any interest on the plant material, the corresponding author or Hansabred1 should be contacted. Other experiments included F. nilgerrensis accession #1, F. bucharica accession #1, and seasonal flowering F. vesca accession FIN56 (PI551792, National Clonal Germplasm Repository, Corvallis, OR, United States) as a control. All plant materials used in this study were propagated from stolon cuttings in a greenhouse. Plants were first grown on jiffy pellets (Jiffy Products International) for 3 weeks and then transplanted to 8 cm × 8 cm pots with fertilized peat (Kekkilä, Finland). Liquid fertilizer (Kekkilä, N-P-K: 17-4-25, Finland) was given to the plants biweekly.



Treatments and Observations

Plants were grown in a greenhouse under 18 h LD at 18°C for 4 weeks before the experiments started. In the greenhouse, plants were illuminated by natural light, and high-pressure sodium lamps (Airam 400 W, Kerava, Finland) at a photosynthetic photon flux density (PPFD) of 120 μmol m−2 s−1 were used to extend the day length. Temperature (11 and 18°C) and photoperiod (12-h SD and 18-h LD) treatments were carried out in growth chambers equipped with LED lamps (AP67, Valoya, Finland; 200 μmol m−2 s−1 of PPFD). The experimental details are described in the figure legends. During the experiments, the number of leaves, stolons, and BCs were observed weekly, and stolons were removed after recording. For flowering time observations, both the numbers of leaves from the primary leaf rosette and the number of days when the first fully open flower emerged were recorded. In this study, the BC number referred to the number of axillary leaf rosettes excluding the sympodial BC arising from the topmost axil upon floral initiation.



Gene Expression Data

Shoot apex samples were collected for gene expression analysis. Total RNA was extracted as described by Koskela et al. (2012) and treated with rDNase (Macherey-Nagel GmbH, Düren, Germany) according to the manufacturer’s instructions. cDNA was synthesized from 500 ng of total RNA using ProtoScript II Reverse Transcriptase according to manufacturer’s instructions (New England Biolabs). SYBR Green I master mix was used for quantitative real-time PCR (qRT-PCR) in a total reaction volume of 10 μl and analyzed by LightCycler 480 instrument (Roche) as described by Koskela et al. (2012). Four biological replicates and three technical replicates were used for qRT-PCR analysis using the primers listed in Supplementary Table 2. Relative expression levels were calculated by ΔΔCt method as described by Pfaffl (2007). FvMSI1 (MULTICOPY SUPPRESSOR OF IRA1) was used as a reference gene for normalization.



Statistical Analyses

Either logistic regression or ANOVA was conducted to test the main factors, and pairwise comparisons were performed by Tukey HSD. The statistical analyses were done using R.4.1.0 (R Core Team, 2021), the stats (v4.1.0; R Core Team, 2021), and the DescTools (v0.99.42; Andri et al., 2021) packages.




RESULTS


Flowering Time Variation Among Diploid Strawberry Species

To get the first insights into flowering responses to environmental cues in different diploid strawberry species, 14 accessions of seven species were subjected to 18 h LD and 12 h SD treatments at 11°C for 6 weeks, followed by flowering observations in LDs at 18°C. Eleven accessions showed clear flowering response to at least one of the treatments (Figure 1A). All the plants of two F. bucharica and three F. viridis accessions flowered after both LD and SD treatments, showing a similar photoperiod-independent flowering response to cool temperature as SD genotypes of F. vesca (Heide and Sønsteby, 2007; Rantanen et al., 2015). In the two F. chinensis accessions, floral induction took place in all the LD-grown plants, whereas only roughly half of the plants were induced under SD conditions. Opposite photoperiodic response was found in two accessions of F. nilgerrensis, in which SDs resulted in a higher percentage of flowering plants. In F. nilgerrensis #1, as well as in F. iinumae #1 and F. nubicola #1, flowering occurred only after the SD treatment (Figure 1A). Finally, flowering was not observed in F. nubicola #2 and the two F. pentaphylla accessions under either photoperiod. There were also significant differences in flowering time between the species and accessions (Figure 1B). Accessions of F. bucharica and F. viridis flowered rapidly after the temperature treatment independently of photoperiod, except for F. viridis #3 in which LDs promoted flowering, while F. iinumae and F. nilgerrensis accessions flowered significantly later.
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FIGURE 1. Flowering responses of diploid species to 12 h short day (SD) and 18 h long day (LD) treatments at 11°C. Percentage of flowering plants (A) and days to the first open flower (B). Stolon-propagated plants were grown under 18- or 12-h photoperiod at 11°C for 6 weeks followed by LDs (18-h) at 18°C. Flowering was recorded every other day, starting after the treatments. Error bars represent the SEM (n = 7–11), and different letters indicate significant differences calculated by ANOVA and Tukey’s test (p < 0.05). For accessions that remained vegetative, the number of days recorded is shown (>90).


Because we were not able to induce F. nubicola #2 and the two F. pentaphylla accessions to flower under SDs or LDs at 11°C, we tested if a prolonged cold treatment could induce them to flower. After 1 months in 12 h SD at 14°C–15°C, plants were moved to 5°C–6°C for about 4 months. This treatment induced flowering in all the plants of both F. pentaphylla accessions that did not flower after 11°C treatment (Supplementary Table 3). However, F. nubicola #2 did not flower, and inductive conditions for this accession remained an enigma. Furthermore, F. iinumae #1 did not flower, although it flowered in a previous experiment. In conclusion, the screening experiment with 14 Fragaria accessions revealed an interesting diversity of flowering responses.



The Effect of Photoperiod on Flowering Time and AXB Fate at 18°C

Next, we studied flowering responses of two accessions in more detail and compared them with the seasonal flowering F. vesca reference genotype, FIN56. We selected F. bucharica #1 because it flowered first in the initial screening experiment and F. nilgerrensis #1 because it flowered late and had a clear photoperiodic response at 11°C (Figure 1; the rest of the experiments included only one genotype per accession and therefore F. bucharica #1 and F. nilgerrensis #1 are referred to as F. bucharica and F. nilgerrensis from here onward). First, we decided to subject the three species to LDs or SDs at 18°C, because the phenotypical responses and gene expression profiles in F. vesca are well characterized under these conditions.

A 6-week SD treatment at 18°C induced early flowering in both F. vesca and F. bucharica (Figure 2). However, also LD-grown control plants of both species flowered, but significantly later than SD-grown plants, and longer delay was observed in F. vesca. In contrast, F. nilgerrensis did not flower under either photoperiod at 18°C.
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FIGURE 2. Flowering time in three diploid strawberry species grown in SDs or LDs at 18°C. Number of days (A) and number of leaves developed (B) until the first flower opened. Stolon-propagated plants were grown in LDs (18-h) or SDs (12-h) at 18°C for 6 weeks followed by LDs (18-h) at 18°C. Flowering time was recorded every other day and leaf number was scored at flowering time. Error bars represent the SEM (n = 10), and different letters indicate significant differences calculated by ANOVA and Tukey’s test (p < 0.05). For plants that remained vegetative, the number of days recorded (>80) or the number of leaves observed (>16) is shown.


Fragaria vesca ceased stolon development after 3 weeks of SDs. The final number of stolons in F. vesca at the end of the experiment was significantly higher in LDs than in SDs (Figure 3A). Fragaria bucharica did not stop stolon development under either photoperiod, although LDs slightly promoted stolon development also in this species (Figure 3A). Stolon development in F. nilgerrensis ceased after 5 weeks in SDs at 18°C, whereas LDs promoted stolon development until the end of the experiment (Figure 3A).
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FIGURE 3. Axillary bud fate of three diploid strawberry species grown in SDs or LDs at 18°C. Number of stolons (A) and branch crowns (B) per plant. Stolon-propagated plants were grown in LDs (18-h) or SDs (12-h) at 18°C for 6 weeks followed by LDs (18-h) at 18°C. Number of stolons and branch crowns was recorded weekly until week 9. Error bars represent the SEM (n = 10) and different letters indicate significant differences calculated by ANOVA and Tukey’s test (p < 0.05).


The three species behaved very differently in terms of BC development at 18°C. In F. vesca, BC development was observed in both photoperiods, with SDs promoting BC development (Figure 3B). Intriguingly, F. bucharica did not develop any BCs under either photoperiod. In F. nilgerrensis, 6 weeks of SDs at 18°C strongly promoted BC development whereas the LD-grown F. nilgerrensis did not develop any BCs (Figure 3B). Taken together, all species responded to photoperiod, but showed contrasting responses; in F. vesca, photoperiod affected both flowering and AXB fate, F. bucharica showed SD promotion of flowering but no strong photoperiodic effects on AXB fate, while in F. nilgerrensis, photoperiod affected only AXB fate.



Altered Expression of Key Genes Is Associated With Different Phenotypical Responses at 18°C

To gain an initial idea of how the photoperiodic pathway functions in F. bucharica and F. nilgerrensis, we decided to study the expression of SOC1, TFL1, and GA20ox4 in these species in comparison to F. vesca. The SOC1 genes had a very clear photoperiodic response in all three species and the expression patterns were very similar. SOC1 remained active in LDs at 18°C, whereas SDs downregulated the gene (Figure 4A), suggesting that the photoperiodic regulation of SOC1 at 18°C is conserved in these diploid species.
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FIGURE 4. Gene expression patterns in three diploid strawberry species grown under SDs or LDs at 18°C. SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) (A), TERMINAL FLOWER1 (TFL1) (B), and GIBBERELLIN 20-OXIDASE4 (GA20ox4) expression (C) in shoot apical samples is shown. Stolon-propagated plants were grown in LDs (18-h) or SDs (12-h) at 18°C, and shoot apical samples were collected at the beginning of the treatments, and 2 and 4 weeks later. Week 0, Fragaria vesca samples were used as a calibrator for relative expression analysis. Error bars represent the SEM (n = 3–4).


Earlier experiments in F. vesca have shown that FvTFL1 is gradually de-activated after transferring the plants to SD conditions (Koskela et al., 2012). In our current experiment, TFL1 expression dropped to low levels in both F. vesca and F. bucharica within 2 weeks under SD conditions, and the expression further declined until week 4 (Figure 4B). In F. nilgerrensis, TFL1 expression in SDs remained at higher level than in the other two species, although there was still a clear photoperiodic effect, indicating that the high activity of TFL1 may inhibit floral induction in the experimental conditions used. Moreover, regulation of TFL1 in F. nilgerrensis (FnTFL1) does not follow the expression pattern of SOC1, implying that FnTFL1 is regulated by factor(s) other than the SOC1-dependent pathway. The analysis of available F. vesca and F. nilgerrensis genomic sequences showed extensive variation in putative regulatory regions of TFL1 (Supplementary Figure 1; Edger et al., 2017; Zhang et al., 2020), which may explain differential regulation of TFL1 in these species.

GIBBERELLIN 20-OXIDASE4 was rapidly downregulated upon exposure to SDs in both F. vesca and F. nilgerrensis (Figure 4C). Concurring with the stolon phenotype, we found that the expression of GA20ox4 in F. bucharica remained at a high level in LDs and SDs at 18°C. The finding in F. bucharica suggests that in this species the regulation of GA20ox4 is uncoupled from the expression of SOC1, leading to continuous and photoperiod-independent development of stolons at 18°C.



Three Diploid Fragaria Species Exhibit Distinct Phenotypic Responses at 11°C

Next, we wanted to study the phenotypical responses of the three Fragaria species at 11°C at a more detailed level. We repeated the photoperiodic experiment at 11°C and observed flowering and AXB fates. It has been earlier shown in F. vesca that cool temperature induces flowering independently of photoperiod (Heide and Sønsteby, 2007; Rantanen et al., 2015; Andrés et al., 2021). We found similar photoperiod-independent response in both F. vesca and F. bucharica after 6 weeks at 11°C with significantly later flowering in F. bucharica, while the control plants grown under LD conditions at 18°C remained vegetative until the end of the experiment (Figure 5). By contrast, no flowering plants were observed in F. nilgerrensis in this experiment, and only 50% of plants flowered in the initial screening under SDs at 11°C, indicating that a 6-week treatment at 11°C is not sufficient for complete floral induction in this species.

[image: Figure 5]

FIGURE 5. Flowering characterization of three diploid strawberry species grown under SDs or LDs at 11°C. Number of days (A) and number of leaves developed (B) until the first flower opened. Stolon-propagated plants were grown in LDs (18-h) or SDs (12-h) at 11°C for 6 weeks followed by LDs (18-h) at 18°C. Control plants were grown in LDs (18-h) at 18°C from the beginning of the experiment. Flowering time was recorded every other day, starting after the treatments. Error bars represent the SEM (n = 10) and different letters indicate significant differences calculated by ANOVA and Tukey’s test (p < 0.05). For plants that remained vegetative, the number of days recorded (>90) or the number of leaves observed (>18) is shown.


We found differences in the environmental regulation on AXB fate among the three diploid strawberry species. Overall, in all species, the control plants developed stolons continuously at a relatively stable speed throughout the experiment (Figure 6A). Cool temperature strongly suppressed stolon development in F. vesca and stolon development did not resume after returning the plants to 18°C. Similarly to F. vesca, stolon development ceased in F. bucharica after 3 weeks at 11°C under both LD and SD conditions, but in contrast to F. vesca, F. bucharica started stolon development again 2 weeks after the treatments. In F. nilgerrensis, stolon development was markedly slowed down at cool temperature compared with the control plants, but no clear cessation of stolon development was observed. On the other hand, F. bucharica and F. nilgerrensis plants subjected to LDs at 11°C had significantly more stolons on week 9 than plants grown in SDs. In F. vesca, such a photoperiodic effect was not observed.
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FIGURE 6. Axillary bud fate in three diploid strawberry species grown under LDs or SDs at 11°C. Number of stolons (A) and branch crowns (B) per plant. Stolon-propagated plants were grown under LDs (18-h) or SDs (12-h) at 11°C for 6 weeks and subsequently in LDs (18-h) at 18°C Control plants were grown continuously under LDs (18-h) at 18°C. Number of stolons and branch crowns were recorded weekly until week 9. Error bars represent SEM (n = 10) and different letters indicate significant differences calculated by ANOVA and Tukey’s test (p < 0.05).


The three Fragaria species differed in terms of branch crown development. Fragaria vesca started to develop BCs independently of the photoperiod immediately after the 6-week period at 11°C (Figure 6B). On the contrary, F. bucharica developed very few BCs after the photoperiodic treatments at 11°C, although it behaved similarly to F. vesca in terms of stolon development and all the plants flowered. F. nilgerrensis started to develop BCs after the photoperiodic treatments at 11°C with SDs promoting BC development (Figure 6B). It is noteworthy that BC development in F. nilgerrensis occurred independent of floral induction, as none of the plants flowered. The control plants grown continuously under LDs at 18°C did not develop BCs in these species. Taken together, our data indicate that AXB fate in the three studied Fragaria species is controlled by different mechanisms; in F. vesca, cool temperature of 11°C promotes BC development and suppresses stolon development independently of photoperiod, while AXB fate in F. nilgerrensis is clearly dependent on photoperiod. Moreover, BC development in F. bucharica appears to be endogenously regulated, as neither photoperiod nor temperature affected BC development.



The Expression of Key Genes Correlates With Flowering and AXB Fate at 11°C

Next, we wanted to examine whether the phenotypical differences observed in the three Fragaria species at 11°C could be explained by altered expression of key genes. Earlier studies in F. vesca suggest that FvSOC1 is activated by LDs at 10°C, albeit to a lesser extent than at higher temperatures (Rantanen et al., 2015). In our current experiments at 11°C, we saw clear SD-dependent downregulation of SOC1 in F. vesca, as well as in F. bucharica (Figure 7A; Supplementary Figure 2). In F. nilgerrensis, the pattern of SOC1 expression was not very clear, although by week 6 the level of SOC1 mRNA was lower in SDs than in LDs.
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FIGURE 7. Gene expression patterns in three diploid strawberry species grown in SDs or LDs at 11°C. SOC1 (A), TFL1 (B), and GA20ox4 expression (C) in shoot apical samples. Stolon-propagated plants were grown in LDs (18-h) or SDs (12-h) at 11°C, and shoot apical samples were collected at the beginning of the treatments, and 2, 4, and 6 weeks later. Week 0, Fragaria vesca samples were used as calibrator for relative expression analysis. Error bars represent the SEM (n = 3–4).


As shown earlier by Rantanen et al. (2015), FvTFL1 in F. vesca is de-activated independently of photoperiod at 11°C. TFL1 was gradually downregulated at 11°C also in our current experiments in both F. vesca and F. bucharica, and F. bucharica showed stronger downregulation of TFL1 than F. vesca (Figure 7B; Supplementary Figure 2). On the contrary, downregulation of TFL1 in F. nilgerrensis occurred slower, and at week 6, TFL1 expression was still higher in F. nilgerrensis than in the other species.

We also analyzed the expression of GA20ox4. The effect of 11°C treatment on GA20ox4 activity was very clear for all the species. In F. vesca and F. bucharica, the expression level was much lower after 6 weeks at 11°C than in the beginning of the experiment, correlating with the lack of stolon development in these two species (Figure 7C). Results in these species also showed that this downregulation occurred gradually in both photoperiods (Figure 7C; Supplementary Figure 2). By contrast, although GA20ox4 expression in F. nilgerrensis also declined gradually, it was clearly more downregulated in SDs than in LDs from week 2 onward. The difference between photoperiods was even more evident by week 6, being in line with the effect of photoperiod on stolon development in this species.




DISCUSSION

The molecular mechanisms regulating floral induction and AXB fate as a response to environmental conditions are starting to emerge in the diploid model species F. vesca (Hytönen and Kurokura, 2020; Andrés et al., 2021). To gain a broader view on the diversity of regulation of flowering and AXB fate within the Fragaria genus, we studied these responses in a panel of wild diploid strawberry species with diverse geographical origins ranging from Asia to Europe. Some of these species inhabit very local habitats while some are widely spread around the Northern Hemisphere (Liston et al., 2014). Here, we characterized the flowering habits of 14 accessions from seven wild diploid strawberry species under controlled environmental conditions. Based on their diverse flowering responses, we further selected two representative species, F. bucharica and F. nilgerrensis, and analyzed their flowering habits, AXB fate, and expression of key genes related to these biological processes in comparison to the reference model species F. vesca.


Diversity of Flowering Responses in Diploid Fragaria Species

We discovered a diversity of flowering responses in our collection of diploid Fragaria species. F. bucharica and F. viridis were clearly photoperiod-insensitive at cool temperature and flowered rapidly after both SD and LD treatments at 11°C, similarly to the model species F. vesca (Figure 1; Rantanen et al., 2015). These results were in line with the earlier field observations on facile floral induction in these species; F. bucharica flowered twice during the growing season when grown in Germany (Staudt, 2006), and F. viridis was described as “remontant” under field conditions in South East England (Sargent et al., 2004), as also observed in the Professor Staudt Collection in Germany (data not shown). In contrast to these species, the promoting effect of SDs was obvious in F. iinumae, F. nilgerrensis, and F. nubicola #1, while LDs advanced flowering in F. chinensis at 11°C, a response that has not been previously described in Fragaria (Figure 1). Finally, F. pentaphylla and F. nubicola #2 did not flower at all after 11°C treatments. The diverse responses observed in our collection warrant further investigation to uncover mechanisms controlling flowering time variation in these species.

In general, diploid strawberries flower in their original habitats in spring/summer after overwintering (Staudt et al., 2003; Staudt, 2005, 2006, 2009), and all tested accessions of F. iinumae, F. nilgerrensis, F. nipponica, F. nubicola, F. pentaphylla, F. viridis, and F. vesca flowered and produced fruits after overwintering in the field in South East England (Sargent et al., 2004). Likewise, a long-term exposure to 5°C–6°C in a greenhouse without supplemental light promoted flowering in the majority of the accessions we tested, excluding F. iinumae and F. nubicola #2 (Supplementary Table 3). In contrast, Bors and Sullivan (2005) reported that a 2-month period at constant −1°C could not induce some accessions of F. nilgerrensis, F. nubicola, F. pentaphylla, and F. viridis to flower and an additional floral induction treatment under 10-h SDs at 18/15°C (day/night) was necessary. As the experimental conditions, as well as the plant materials, differ between the studies (Sargent et al., 2004; Bors and Sullivan, 2005), direct comparisons are difficult. The contrasting results highlight the need for experimentation under controlled climate to uncover the exact environmental conditions required for floral induction in Fragaria species. Furthermore, observations in the Professor Staudt Collection indicate that plant age should also be considered (data not shown).



Variation in TFL1 Regulation Correlates With Contrasting Flowering Habits in Three Diploid Fragaria Species

TERMINAL FLOWER1 is a strong floral repressor in different Rosaceous species (Kotoda et al., 2006; Flachowsky et al., 2012; Freiman et al., 2012; Iwata et al., 2012; Koskela et al., 2012, 2016; Charrier et al., 2019). We found a clear association between FvTFL1 de-activation and flowering in F. vesca, corroborating the earlier findings by Rantanen et al. (2015), and a similar association was found in F. bucharica. In both species, SDs suppressed TFL1 and promoted flowering at 18°C, whereas TFL1 downregulation and floral induction occurred independently of photoperiod at 11°C (Figures 2, 4B, 5, 7B). However, we were unable to induce flowering in F. nilgerrensis in SDs at 18°C, and after 6-week treatments at 11°C, flowering was observed only in some plants in one of the two experiments. As F. nilgerrensis TFL1 mRNA showed overall higher level, slower downregulation at 11°C, and weak photoperiodic response at 18°C compared with other species, this species may require longer exposure to cool temperatures or photoperiods shorter than 12 h to downregulate TFL1 below the threshold level for flower induction. In consistence with this hypothesis, the species originates from low latitude area with relatively mild seasonal changes of temperature and photoperiod, where the period of flower-inductive conditions is longer than in the colder habitats of F. vesca and F. bucharica (Liston et al., 2014). However, while the environmental conditions required for floral induction differ between the species, the role of TFL1 as a floral repressor appears to be conserved in F. vesca, F. bucharica, and F. nilgerrensis.

Earlier experiments in F. vesca identified FvSOC1 as a major LD-activated promoter of FvTFL1 expression at 18°C (Mouhu et al., 2013). We observed LD-dependent activation of SOC1 expression at 18°C for F. vesca, F. bucharica, and F. nilgerrensis (Figure 4A), suggesting that the photoperiodic pathway upstream of SOC1 functions similarly in the three species. However, the downregulation of TFL1 expression coincided with that of SOC1 only in F. vesca and F. bucharica, as in F. nilgerrensis, FnTFL1 activity remained at a relatively high level under both photoperiods although FnSOC1 was strongly downregulated by SDs. This indicates an uncoupling of FnSOC1 and FnTFL1 expression patterns that is reminiscent of the events taking place in F. vesca at 23°C; at this temperature, FvTFL1 is upregulated by an unknown pathway independently of FvSOC1 (Rantanen et al., 2015). It is possible that the temperature threshold for the activation of this unidentified pathway is lower in F. nilgerrensis than in F. vesca, leading to photoperiod- and FnSOC1-independent upregulation of FnTFL1 already at 18°C. Finally, at 11°C, downregulation of TFL1 was not clearly associated with changes in SOC1 expression level in any of the three species, as previously reported in F. vesca (Rantanen et al., 2015).

In conclusion, TFL1 is a key integrator of environmental signals in the three studied diploid strawberry species, and variation in the downregulation of TFL1 may explain the observed differences in their photoperiodic and temperature responses. Further studies are needed to explore what are the molecular mechanisms controlling variation in TFL1 regulation.



GA20ox4 Promotes Stolon Development in the Three Fragaria Species

Although the regulation of AXB fate in F. vesca has received attention in the recent years (Tenreira et al., 2017; Caruana et al., 2018; Li et al., 2018; Qiu et al., 2019; Andrés et al., 2021), AXB fate regulation has remained unexplored in other wild Fragaria species. We found that, in line with previous studies in F. vesca (Mouhu et al., 2013); SDs at 18°C completely inhibited stolon development in F. vesca and F. nilgerrensis after 3 and 6 weeks of treatments, respectively. However, stolon development of F. bucharica was reduced only slightly under SDs (Figure 3B). In F. vesca, this photoperiodic response is mediated via FvSOC1 that promotes stolon formation in LDs by upregulating FvGA20ox4 in AXBs, and the downregulation of these genes stops stolon formation (Andrés et al., 2021). In our current experiment, GA20ox4 expression was in line with that of SOC1 in F. vesca and F. nilgerrensis at 18°C, but not in F. bucharica that exhibited clear photoperiodic regulation of SOC1 but barely noticeable differences in GA20ox4 expression (Figure 4). Andrés et al. (2021) found that, at 23°C, FvGA20ox4 expression is promoted by an unknown factor in SD-grown F. vesca plants, in spite of downregulation of FvSOC1. Perhaps the same factor upregulated GA20ox4 at 18°C in SD-grown F. bucharica plants in the current experiment.

Corroborating with earlier studies in F. vesca, stolon development ceased in all three species at 11°C regardless of the photoperiod, but this happened later in F. nilgerrensis than in other species (Figure 6A; Heide and Sønsteby, 2007; Andrés et al., 2021). The cessation of stolon development was associated with gradual downregulation of GA20ox4 expression in all three species indicating that GA20ox4 controls stolon development also in F. bucharica and F. nilgerrensis in these conditions. This finding is in line with the result of Andrés et al. (2021), who observed photoperiod-independent downregulation of FvGA20ox4 in the F. vesca accession “Hawaii-4” at cool temperature. It is notable that the expression of GA20ox4 does not follow the expression pattern of SOC1 at 11°C, not in our current experiment (Figure 7), nor in the earlier study by Andrés et al. (2021). These data indicate that, at 11°C, GA20ox4 expression is regulated by factors other than SOC1 in the three species.



Different Pathways Regulate Branch Crown Development in the Three Species

Although flower-inductive treatments promoted BC development in F. vesca, BC formation did not correlate with flowering in F. bucharica and F. nilgerrensis, highlighting the diverged regulation of BC development in the three species. In F. nilgerrensis, SDs and cool temperature activated BC development independently of flowering, which was previously found also in late- and non-flowering F. vesca mutants with high FvTFL1 expression levels (Andrés et al., 2021). In F. bucharica, none of our tested conditions could promote BC development; although we witnessed clear photoperiodic and temperature regulation of flowering (Figures 3B, 6B). In F. bucharica grown at 18°C, the lack of BCs was consistent with high FbGA20ox4 expression level in both SDs and LDs, and only flowering forced the topmost AXB to continue the growth of the leaf rosette sympodially. At 11°C, however, BCs were absent regardless of the downregulation of FbGA20ox4 and the cessation of stolon formation. These findings suggest that BC development in F. bucharica was inhibited by factor(s) other than apical dominance, even after the downregulation of FbGA20ox4. This contrasts with findings in a stolonless ga20ox4 mutant of F. vesca that exhibits strong apical dominance and forms BCs only after flower induction or decapitation of the shoot tip (Andrés et al., 2021). Also, columnar apple trees show remarkably strong apical dominance, and almost all of their axillary shoots develop into reproductive short shoots (Kelsey and Brown, 1992), analogous to Fragaria BCs. These trees have ectopic MdDOX-Co expression in shoots, in addition to its normal root-specific expression pattern, which hampers GA biosynthesis and leads to columnar phenotype (Okada et al., 2020; Watanabe et al., 2021).

Striking differences in BC development of F. bucharica and F. nilgerrensis may be adaptations to their native habitats. Fragaria bucharica is found at high altitude regions with very short growing season in Himalayas (Hummer et al., 2011; Johnson et al., 2014). Such alpine areas are usually dominated by species with low reproductive vigor that favor vegetative propagation over the comparatively riskier sexual reproduction (Billings and Mooney, 1968; Klimeš et al., 1997; Grime, 2001; Zhang et al., 2010). Therefore, the lack of branch crowns that limits the number of inflorescences to a maximum of one per plant may be an adaptive trait that makes vegetative reproduction through stolons a primary reproductive mode in F. bucharica. Fragaria nilgerrensis, in contrast, is native to habitats with very mild winters and long growing seasons in the Southeast Asia. Such conditions are more suitable for sexual reproduction, which may explain why this species develops abundant BCs in SDs in autumn/winter to enable the plant to form several inflorescences during the following growing season.




CONCLUSION

In this work, we provide the first phenotype and gene expression level analyses on the control of flowering and axillary meristem fates in several wild diploid Fragaria species under controlled environmental conditions. We show that the examined species feature a wide range of flowering responses, and variation in TFL1 regulation is the key to understanding the different responses. Moreover, we show that the environmental regulation of GA20ox4 varies in the three studied species, and this variation is associated with differences in stolon development. Finally, our results on BC development suggest diverged regulation of this process in F. vesca, F. bucharica, and F. nilgerrensis. To summarize, the diverse phenotypical responses (Supplementary Figure 3) provide an excellent starting point for carrying out further experiments to elucidate the genetic bases of these responses. We anticipate that such studies would provide new means to control yield formation in Rosaceous fruit and berry crops through (1) altered flowering characteristics based on modifications of TFL1 regulation, and (2) improved plant architectures by optimizing the balance between the formation of short and long shoots.
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Whether the division of cells of a dormant meristem may be arrested, e.g., in the G1 phase, has proven to be an extremely difficult hypothesis to test. This is particularly so for woody perennial buds, where dormant and quiescent states are diffuse, and the organ may remain visibly unchanged for 6–9 months of the year. Flow cytometry (FCM) has been widely applied in plant studies to determine the genome size and endopolyploidy. In this study, we present the application of FCM to measure the cell cycle status in mature dormant buds of grapevine (Vitis vinifera cv. Cabernet Sauvignon), which represent a technically recalcitrant structure. This protocol illustrates the optimisation and validation of FCM data analysis to calculate the cell cycle status, or mitotic index, of dormant grapevine buds. We have shown how contamination with debris can be experimentally managed and give reference to the more malleable tomato leaves. We have also given a clear illustration of the primary pitfalls of data analysis to avoid artefacts or false results. Data acquisition and analysis strategies are detailed and can be readily applied to analyse FCM data from other recalcitrant plant samples.

Keywords: flow cytometry, dormancy, cell cycle, mitotic index, grapevine buds


INTRODUCTION

Plant growth and development result from a combination of cell division and cell expansion. The meristems are the origin of cell division, supplying naïve cells that differentiate in files through further divisions to establish various plant tissues. Nevertheless, meristematic activity is discontinuous, particularly in organs that undergo a dormant phase, such as seeds of certain species and the proleptic buds of many temperate perennial plants. In such organs, tight regulation between active growth and arrest is a crucial survival strategy, protecting the meristem from unfavourable seasonal conditions (Anderson et al., 2010). Several studies have implicated the regulation of cell division through cell cycle machinery complexes, i.e., the cyclins (CYCs) and CYC-dependent kinase (CDKs), during seed germination and dormancy transition in perennial buds (Hansen et al., 1999; Horvath et al., 2003; Barrôco et al., 2005; Saito et al., 2015; Cembrowska-Lech and Kêpczyński, 2016). However, few studies have demonstrated discrete regulation at a physiological level especially in perennial buds (Owens and Molder, 1973; Velappan et al., 2017; Table 1). The DNA content (size) is different at each cell cycle phase due to the DNA replication process. Therefore, mitotic activity can be investigated by measuring the nuclear DNA content of the cell. Microscopy and microspectrophotometry with Feulgen staining techniques were widely used to estimate plant nuclei genome size (DNA content) (McLeish and Sunderland, 1961; Price, 1988). Although the Feulgen microdensitometry is a reliable and accurate tool for measuring DNA content, sample preparation is laborious, data acquisition is slow, and the DNA content data are usually generated by averaging a very limited number of nuclei (Michaelson et al., 1991).


TABLE 1. Assessment of the quality of nuclei suspension prepared from grapevine buds and young tomato leaves.

[image: Table 1]
Flow cytometry (FCM) has been increasingly used as an alternative, which is able to provide a rapid automated analysis of a large number of nuclei and to generate a more robust measurement of DNA content in plant nuclei (Galbraith et al., 1983; Michaelson et al., 1991; Doležel et al., 2007; Loureiro and Castro, 2015). In combination with DNA staining, FCM is a powerful tool that enables the estimation of genome size, determination of ploidy, and analysis of cell cycle (Doležel et al., 2007). In principle, a nuclei suspension is stained with a DNA-specific fluorescent dye and passed through a fluidic stream to create a single file of nuclei, allowing individual analysis of the nuclei. The excitation of the fluorophore by the light source results in light scattering, which is collected via optics and directed through a series of filters and dichroic mirrors, detected by photomultiplier tubes (PMTs), and digitised, providing quantitative data that can reveal the physical properties of the fluorescing object (Picot et al., 2012). However, the interpretation of the FCM data requires a robust understanding of the composition of the suspension, particularly in tissues that are recalcitrant for the isolation of nuclei or have contamination with autofluorescent compounds.

The establishment of the razor chopping method of plant tissue in nuclei isolation buffer to release nuclei into suspension provides a rapid and convenient approach to evaluate the precision and accuracy of the FCM data from plant cells. This technique enables the sources of error to be resolved, e.g., irregular shape or size and is less time-consuming than the preparation of protoplasts (Galbraith et al., 1983). Despite the convenient and universal application of razor chopping for preparing nuclei suspensions, at present, there is no single nuclei isolation buffer that successfully resolves nuclei from all plant tissues. Ideally, a suitable nuclei isolation buffer could provide buffering capacity to maintain pH suitable for fluorescence dye activity (Loureiro et al., 2006a) and minimise nuclei degradation and contamination. However, plant tissues are commonly rich in secondary metabolites which interfere with nuclear isolation and fluorescent detection. The presence of secondary metabolites, such as caffeine, chlorogenic acid (polyphenols precursor), and tannic acid, has been previously reported to cause a stoichiometric error by either increasing or decreasing the fluorescence signal of propidium iodide (PI), a nucleic acid dye (Noirot et al., 2000; Price et al., 2000; Loureiro et al., 2006b). Noirot et al. (2000) noted that dilution with isolation buffer or nuclei isolation by centrifugation could reduce the negative effect of contamination by secondary but could not eliminate the effect entirely. Moreover, Price et al. (2000) suggested that caution must be taken when interpreting samples with secondary metabolite contaminations.

The fluorescing debris may still prevail within nuclei suspensions prepared from plant tissues even after optimising the nuclei preparation procedure, thus requiring careful data analysis and interpretation. For example, the presence of debris in the nuclei suspension and accessibility of DNA-specific dye can be judged by analysing histograms of the relative fluorescence signal, while the coefficient of variation (CV) value of the histogram peaks reflects the precision of the FCM data. Fluorescence and light scatter data collected by the FCM instrument enable an in silico (gating) extraction of pure and intact nuclei and can be used to increase the accuracy of analysis using FCM (Doležel et al., 2007). Furthermore, an epifluorescence microscope can then be used to examine nuclear integrity by observing the appearance of debris-free vs. debris-contaminated nuclei (Marie and Brown, 1993).

In this experiment, we sought to evaluate the nuclear preparations to properly interpret the FCM data, using nuclear preparations of tomato leaves as an internal standard. A preliminary study has been conducted to select the suitable nuclei isolation buffer for grapevine buds, i.e., MgSO4 buffer (data not shown), which is also in agreement with the previous report to be the most suitable buffer for a sample with high tannin or phenolic compounds (Wang et al., 2015). This protocol will focus on data acquisition strategies and data analysis to identify artefacts that could lead to inaccurate and false results.



MATERIALS AND EQUIPMENT


Materials

Mature, dormant buds of grapevine (Vitis vinifera cv. Cabernet Sauvignon) were harvested from vines within a commercial cane-pruned vineyard in the temperate/Mediterranean region of Margaret River, Western Australia (34°S, 115°E). Canes were cut from the vines and trimmed to five nodes from the 4th to the 8th node (1st clear node should be ≥10 mm from the base of the branch). The canes were immediately transported to the laboratory in damp newsprint in an insulated box and stored at 22°C for 24 h. The cuttings were then stored in the dark for 24 h before processing and subsequent analysis. Tomato (Lycopersicum esculentum cv. Money Maker) seeds were germinated and grown in vermiculite. Seedlings were watered daily and maintained at 22°C under cool white LED light and a 12-h photoperiod. For the FCM analysis, young leaves were harvested from seedlings with at least four leaves emerging.



Reagents


•Magnesium sulphate heptahydrate, MgSO4.7H2O (Sigma-Aldrich, Cat. no. M2773).

•Potassium chloride, KCl (Sigma-Aldrich, Cat. no. P5405).

•HEPES (Sigma-Aldrich, Cat. no. H3375).

•Dithiothreitol (DTT; Sigma-Aldrich, Cat. no. DDT-RO 10708984001).

•Triton X-100 (Sigma-Aldrich, Cat. no. T9284).

•Polyvinylpyrrolidone (PVP) 40 (Sigma-Aldrich, Cat. no. PVP40).

•Ribonuclease A (Sigma-Aldrich, Cat. no. R6513).

•Propidium iodide (Sigma-Aldrich, Cat. no. P4170).





Equipment


•2-ml clear centrifuge tube.

•2-ml amber centrifuge tube.

•50-ml conical tube.

•40-μm nylon filter (or Corning blue cell strainer, Cat. No. CLS431750).

•100-μm nylon filter (or Corning yellow cell strainer, Cat. No. CLS431752).

•5-ml Round Bottom Polystyrene FACS Tubes.

•Cooler box.

•Disposable Petri dish (10-cm diameter).

•Disposable transfer pipette (2 ml).

•Fine forceps.

•Fridge (4°C) and freezer (−20°C).

•Light and fluorescence microscope with 20× and 40× Plan-Neofluar objectives, UV or blue epi-illumination, and differential interference contrast filters.

•Magnetic stirrer.

•Micropipettes and corresponding tips (10–1,000 μl).

•Microscope glass slides and coverslips.

•pH meter.

•Refrigerated centrifuge.

•Vortex mixer.





Reagent Set-Up


•Nuclear isolation buffer (100 ml): 0.246 g MgSO4.7H2O, 0.3727 g KCl, 0.1191 g HEPES, 0.1 g DTT + 90 ml MilliQ water. pH was checked and adjusted to 7.3–7.4. Of note, 500 μl Triton X-100 was added and topped up to 100 ml with MilliQ water, mixed well with a magnetic stirrer, made up to 10 ml aliquots, and stored at −20°C. Notably, 3 g PVP-40 was added just before use.

•DNAse-free RNase (1 mg ml–1): 10 mg Ribonuclease A + 10 ml MilliQ water. The solution was gently vortexed for 60 s and incubated at a 90°C water bath for 20 min with occasional shaking. It was then cooled at room temperature and stored in 500 μl aliquots at −20°C.

•PI stock solution (1 mg ml–1): 10 mg PI + 10 ml MilliQ water. The solution was mixed well by vortexing. Of note, 100 μl aliquots were transferred to several amber tubes and stored at 4°C for storage up to 6 months or at −20°C for longer storage.






METHODS


Nuclei Suspension Preparation (Timing ∼1–2 h)


1.Notably, 50 mg (∼10 buds) of the sample was chopped finely with razor blades on a Petri dish containing 500 μl cold NIB. A mixed sample was prepared by co-chopping 50 mg of buds with 25 mg of tomato leaves.

2.Another 2.5 ml NIB (500 μl at a time) was added while washing the Petri dish to collect all fragments.

3.The sample was incubated on ice for 1 h and then filtered through a 100-μm nylon mesh filter one time and a 40-μm filter two times.

4.The filtrate was transferred into a new 2-ml tube.

5.The nuclei were spun down at 2,000 rpm for 8 min at 4°C.

6.Of note, 1,000 μl new NIB was then added to a decant supernatant.

7.Notably, 500 μl of nuclei suspension was transferred to a new 2-ml amber tube.

8.To the rest of the nuclei suspension in the clear 2-ml tube, 500 μl NIB was added.



Note: This is the unstained sample. It can be kept in a clear tube.


9.To the nuclei suspension in the amber tube, 430 μl NIB, 50 μl PI stock solution (final concentration of 50 μg/ml), and 20 μl RNase stock solution (final concentration of 20 μg/ml) were added and kept on ice until analysis.



Note: This is the stained sample, which must be kept in an amber tube all the time.



Flow Cytometry Data Acquisition and Analyses (Timing 10–30 Min per Sample)

The nuclear DNA content stained with PI can be measured using an FCM instrument equipped with blue laser light (488 nm) and a red fluorescence light detector. In this study, data acquisition was conducted using the BD FACS Canto™ II (BD Biosciences, San Jose, CA, United States) cytometer equipped with an air-cooled 488-nm solid-state 20 mW laser, and fluorescent signal was collected through a 556-dichroic long-pass filter and a 585/42-nm band-pass filter. Nuclei suspensions were analysed in a single tube acquisition mode. Data were analysed with BD FACSDiva™ (BD Biosciences) and FlowJo (Tree Star Inc., Ashland, OR, United States) software.


10.In the global worksheet window, the following visualisation plots were created:




a.Forward scatter vs. side scatter (FSC vs. SSC) dot plot to visualise all particles detected in the nuclei suspension and differentiate clump, doublet, and debris.

b.PI-DNA fluorescence vs. FSC (PI-DNA vs. FSC) dot plot to isolate the PI-positive events from background noise.

c.PI-DNA histogram to identify G1 and G2 peaks.




11.At the beginning of each FCM session, the PMT voltage was adjusted, the initial gate was created, and the acquisition parameters were set as the following.




Adjusting Photomultiplier Tube Voltage (5–10 Min)


12.Stained samples were run in the flow cytometer, and the dots (events) that were visualised inside the FSC vs. SSC plot were observed to adjust PMT voltages. At this stage, no data recording is needed.

13.The PMT voltages were adjusted to maintain a good dot dispersion, and that dots were not condensed up against the top and right border (highest value) of the axis and then stopped running.

14.Using the same PMT voltage setting, the negative control sample was run, and a similar observation with the stained sample was repeated, i.e., dots were not condensed up against the bottom and left border (the lowest value) of the axis.

15.The axis of the FSC vs. SSC plot was changed into PI-DNA (X-axis) and FSC (Y-axis); a total of 15,000 events were run and recorded and then stopped running.

16.The dispersion of the dots of the recorded events was observed, and a rectangular gate was created at the area where dots were relatively low.



Note: Observation using the PI-DNA vs. FSC aims to differentiate between stained nuclei and background noise or autofluorescence particles. All events (dots) inside the rectangular gates are particles that only emit light if PI is bound to it, while the dots outside this gate are background noise that emits fluorescence light regardless of the presence of PI in its particle (autofluorescence particle).


17.The stained sample was run, and the dispersion of the dots was observed in the PI-DNA vs. FSC plot. A dense nuclei cluster should be visible at this stage.

18.The PMT voltage was readjusted again so that the most distinct nuclei cluster was located at around channel 50–100 K.

19.If PI-positive nuclei clusters are not well defined in the PI-DNA vs. FSC plot, the PI-DNA histogram is used. The histogram will show the most prominent nuclei cluster as peak(s). Again, the PMT voltage was readjusted so that the most distinct peak was located at around channel 50–100 K.



Note: It is common to find a peak that belongs to autofluorescence debris. The peak is usually located at a channel lower than 50 K. Autofluorescence debris can be discerned from the nuclei population by increasing the PMT voltage gradually. If the position of the peak is not shifting, it is the debris. If the peaks shift after PMT voltage is increased, it is the nuclei.


20.The instrument is now ready to use. The same voltage setting was kept throughout the data acquisition process. These set-up steps must be conducted at the beginning of the FCM session, i.e., after turning on the FCM instrument.





Data Acquisition (Timing 10–30 Min per Sample)


21.In the acquisition dashboard in BD FACSDiva™ software, the fluid flow was set to low, storing gate to all events, and stopping gate to 15,000 of PI-positive events.



Note: Always the data of all events are stored, as this will allow further analysis using third-party FCM software. The stopping gate is set at a particular value (15,000 events in this protocol) to ensure that the cell cycle or mitotic index analysis is conducted using a similar number of events (nuclei population).


22.The stained sample was run until the stopping gate cut-off value was achieved. Then, the negative control was run.



Note: Negative control sample will never achieve the number of events set for the stopping gate, and therefore, it is best to keep the same amount of all events as recorded in the stained sample (or a sample using the same acquisition time is run). This way, the gate of the positive event (step 12) is made by comparing the same amount of events between stained and unstained samples.


23.Each run data was saved in an FCS file.





Data Analysis


24.The FCS files that were saved from the acquisition step were opened using the FCM analysis software. In this protocol, we used the FlowJo V10 (Tree Star Inc., Ashland, OR, United States). The Watson pragmatic algorithm is used to model the cell cycle and calculate the proportion of each cell cycle phase and the CV.



Note: Several FCM software analyses are available for free, e.g., Flowing Software by University of Turku1 or the web-based analysis tools by the Floreada Cytometry team2.


25.The quality of the histogram and nuclei preparation procedure is evaluated by the CV value, background debris factor (DF), and percentage of intact nuclei. The CV value was generated from the Watson pragmatic algorithm. DF was calculated according to the study by Loureiro et al. (2006a) as follows:



[image: image]

where “intact nuclei” is a population of PI-positive particles having relatively similar size (FSC-A) and optical complexity (SSC-A). This population is obtained after applying in silico gates, as shown in Figures 2D,I.





RESULTS

For simplification, the term dot plot will be used for the biparametric plot and histogram for the uniparametric histogram. The FSC is light that was collected at a relatively forward direction to the light source (usually a laser beam), which can estimate the relative size. The SSCs refer to light refracted to all directions mainly caused by the particle’s internal structure, meaning particles with fewer internal cellular structures will produce fewer SSC lights. Our result also observed an association between particle topology with SSC data, i.e., a suspension containing debris-coated nuclei shows an incident of high SSC value. Combining FSC and SSC data will enable us to identify particles of interest based on the size and topology of the particle; in our case, it is a nuclei population that has relatively a similar size and is free from debris contamination (fewer SSC lights). In addition to the direction of the light diffusion, FCM also expressed light data as height, width, and area. The width value corresponds to the time spent for a particle travelling across the laser beam. A larger particle travels longer than a smaller particle; therefore, the width value will be higher and proportional to particle size. The height value corresponds to the intensity of emitted fluorescence; in the measurement of nuclear DNA content, a bigger genome binds more DNA stain, thus higher fluorescence intensity. Finally, area (A) indicates the value of light intensity relative to the size of the particle, and we used this value in this study.

Young tomato leaves were used as an exemplar tissue to investigate the instrument settings. Figure 1 illustrates the representative dot plot and histogram distributions of nuclei prepared from tomato and a mix of tomato leaves and grapevine buds. The PI-positive population was gated relative to the unstained and stained sample (Figures 1A,B). Two peaks of the tomato nuclei separated well and were identified as G1 and G2 peaks (Figure 1C). To identify the grapevine G1 peak, the PI_DNA PMT voltage was adjusted to position the tomato G1 peak at channel 100 K (Figure 1C, filled arrowhead). A mixed suspension of tomato and grapevine nuclei from a co-chopped sample was then run with this instrument setting. Three major peaks were observed (Figure 1D). The peak located at around channel 100 K was identified as the tomato G1 peak, and the peak located between channel 50 and 100 K was identified as the grapevine G1 peak. The third peak located at the PI_DNA channel less than 50 K was detected only in the co-chopped sample and originating from the grapevine bud sample (Figure 1E, arrow). Using the data illustrated in Figure 1F, we confirmed that the third peak consists of weakly fluorescing debris as these objects did not correlate with the PI_DNA fluorescence channel. The G1 peak shifted to a higher channel when PI_DNA PMT voltage was increased (Figure 1F, empty arrowheads), and yet, the debris remained in the same fluorescence channel (Figure 1F, filled arrowhead). The presence of debris in the co-chopped sample did not affect the position of both tomato and bud G1 peak (Figures 1C–F).
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FIGURE 1. Flow cytometry (FCM) instrument setting and identification of grapevine bud nuclei peak, using tomato nuclei as an internal standard. (A) A uniparametric distribution of propidium iodide (PI)-stained mix nuclei suspension with one of the highly abundant populations (red coloured) adjusted to be in the channel 100 K. (B) A uniparametric distribution of unstained mix nuclei suspension. (C) A uniparametric distribution of PI-stained tomato nuclei suspension analysed using the same instrument setting as (A) showing G1 peak located in the channel 100 K. (D) A uniparametric distribution of PI-stained mixed nuclei suspension sample showing three major peaks, i.e., at channel 100 K belong to tomato G1 nuclei (as shown in C), at 75 and 20 K (full arrow heads). (E) A uniparametric distribution of PI-stained grapevine nuclei suspension analysed using the same instrument setting as (A,D) showing G1 peak located in the channel 75 K. (F) Increasing sensitivity of the PI_DNA photomultiplier tube (PMT) voltage resulted in shifting the G1 peaks of the grapevine and tomato nuclei to a higher PI_DNA fluorescence channel (empty arrow heads), while particles located at channel 20 K (the third peak shown in D) remained at the same position (arrows) showing that these particles are debris which originating from grapevine nuclei suspension. Colors in dot plot indicate nuclei population density, being red as the highest and blue the lowest.



[image: image]

FIGURE 2. FCM data processing illustrated using nuclei suspension prepared from tomato (A–E) and grapevine buds (F–J). PI-positive events were extracted by creating a rectangular gate in the forward scatter area (FSC)-A vs. PI_DNA-A dot plot (B,H). The “PI-positive” gate was positioned so that it excluded the background noise observed in the unstained sample (A,F). Weakly fluorescing debris at lower PI_DNA channels was excluded by creating a gate between the PI-stained nuclei population (C,H). Debris-coated nuclei were excluded by plotting the “PI-stained nuclei” into the FCS-A vs. side scatter area (SSC)-A dot plot and creating a polygonal gate around the intact nuclei population (D,I). The proportion of nuclei in G1 and G2 phases was modelled using a Watson pragmatic algorithm (Watson et al., 1987) from the intact nuclei population (E,J). Colors in dot plot indicate nuclei population density, being red as the highest and blue the lowest.


Further evaluation showed that despite the identical nuclei preparation, the tomato and grape nuclei showed a different FCM profile. Two well-separated nuclei populations were observed in the tomato dot plot of the FSC area vs. the PI_DNA fluorescence area (FSC-A vs. PI_DNA-A), relative to the unstained nuclei (Figures 2A,F), which resulted in two separated peaks in the histogram, representing G1 and G2 nuclei (Figures 2B,C). This was not the case with grapevine buds, where the nuclei populations appeared contiguous with the background debris (Figure 2G). As such, identifying the G1 and G2 peaks of the grapevine nuclei was only possible through the histogram (Figure 2H). This result was also reflected in the difference in the CV value (Figures 2E,J), with grapevine buds having a higher G1 peak CV of 12% compared to tomato, i.e., 4% (Table 1). The visualisation of the PI-stained nuclei using an SSC-A vs. PI_DNA-A dot plot showed the difference between the optical complexity profiles of the nuclei suspensions. It was found that nuclei prepared from grapevine buds were more optically complex than nuclei prepared from tomato leaves, indicated by the broader range of the SSC-A value of grapevine compared to tomato (Figures 2D,I). The optical complexity observation in the co-chopped sample also showed a similar pattern (Figure 3).
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FIGURE 3. Nuclei complexity analysis. (A) PI-stained events of a mixed nuclei suspension sample of grapevine bud and tomato leaf. (B) Optical complexity of tomato and grapevine bud nuclei from the gated PI nuclei events in (A). Colors in dot plot indicate nuclei population density, being red as the highest and blue the lowest.


The microscopic observation was then carried out to inspect the morphology of the nuclei and debris particles in the nuclei suspension prepared from grapevine buds. An overexposed fluorescence examination confirmed numerous unknown particles with a weak fluorescence signal (Figure 4D) found in nuclei suspension prepared from the grapevine but comparatively absent from the nuclei suspension of tomato (Figure 4A). An aggregate of this unknown particle was attached to the nuclei and interfered with the fluorescence signal (Figure 4D). The examination of the nuclei at a higher magnification of 400× showed an irregular shape of the grapevine nuclei (Figures 4E,F), compared to the round/elliptical shape of tomato nuclei (Figures 4B,C).


[image: image]

FIGURE 4. Micrographs of tomato leaf and grapevine bud nuclei suspensions under light and epiluminescence microscope. A fluorescence image of debris-free nuclei (n) prepared from tomato young leaves (A). Higher magnification of a single nucleus of tomato by fluorescence (B) and bright-field (C) illumination. Overexposed fluorescence image of grapevine bud nuclei suspension showing debris particles with weak fluorescence (up), debris aggregated with nuclei (n + up), and debris-free nuclei (n) (D). Higher magnification of a single nucleus of grapevine by fluorescence (E) and bright-field (F) illumination. Bar = 20 μm (A,D), 10 μm (B,C,E,F).




DISCUSSION

Tissues of woody perennials are known to be recalcitrant for nuclei preparation and FCM analysis mainly due to the presence of undesirable cytosolic compounds (Loureiro et al., 2007). Noirot et al. (2000) noted an interaction between the effects of cytosol on DNA-dye binding, resulting in variation in the estimation of the nuclear DNA content. Furthermore, it was suggested to use an internal standard that exhibits similar sensitivity to DNA-dye accessibility to target nuclei. Tomato was chosen as a suitable candidate for grapevine bud nuclear DNA measurement for two reasons: (1) tomato genome size is almost two times that of thus the G1 peak will not overlap and well separated from each other grapevine (Arumuganathan and Earle, 1991; Lodhi et al., 1994; Leal et al., 2006); (2) cytosolic compounds were also suggested to be present in tomato nuclei suspension thus expected to have a similar DNA-dye accessibility (Price et al., 2000). The latter is more crucial in an experiment that aims to measure changes in the proportion of G1 and G2 nuclei during dormancy, and hence, the high-quality fluorescence data are essential. An event such as endoreduplication, which is common in tomato tissue, may result in the variation of the genome size (ploidy level), but this will be more problematic in an experiment aiming for measuring genome size. Regarding the quality assessment of sample preparation, Loureiro et al. (2006a) suggested using CV and DF values. The CV value indicates the integrity of nuclei and the variation of the fluorescence signal, and the DF value assesses the quality of the nuclei suspension preparation by calculating the proportion of high-quality intact nuclei in the nuclei suspension. A good nuclei suspension preparation is expected to contain a high proportion of intact nuclei compared to debris particles.

The results showed that the tomato tissue we used in this experiment fulfilled the criteria as an excellent internal standard, i.e., the G1 peak of both tomato and grapevine buds was well separated, and the position of the tomato PI fluorescence channel remained unchanged in the co-chopped sample. The latter suggested that the DNA-dye accessibility remained the same after exposure to the cytoplasmic content of grapevine buds and thus suggested that it was unlikely that the presence of cytosolic compounds from grapevine buds was acting as a barrier for PI binding (Price et al., 2000). Nevertheless, the peak attributes of nuclei from these species differed, with tomatoes having a considerably smaller CV value than grapevine buds in individual and co-chopped samples (Table 1). This indicates that inhibitors reduced the quality of intact nuclei of grapevine buds rather than interfering with PI binding to DNA.

In FCM, FSC is light that scatters in the same direction as laser beam (light source), and the value of FSC-A is indicative of the relative size of a particle. The light scattered at a 90° angle relative to the incident beam is referred to SSC, and the SSC-A value represents the degree of optical complexity of the particle, for example, granularity within the sample and surface irregularity (Jaroszeski and Radcliff, 1999; Picot et al., 2012). In clinical and medical research, the SSC-A value is used to identify and separate the components of white blood cells (Ruzicka et al., 2001; Tarrant, 2005). For example, granulated cells, such as neutrophils and eosinophils, tend to have a higher SSC-A because the granule inside the cells scatters more lights than lymphocytes, for instance, which is ungranulated. Using the same principle, we used the SSC-A vs. PI_DNA-A plot to evaluate the optical complexity of PI-stained nuclei gated from the PI_DNA-A histogram (Figure 3). The PI-stained nuclei of grapevine buds showed more variable optical complexity compared to the more uniform tomato nuclei. This was indicated by a broader range of SSC-A values in grapevine bud nuclei compared to tomato nuclei. A reasonable amount of particles with high optical complexity was also observed from the FSC-A vs. SSC-A plot, i.e., the blue dot outside the “intact nuclei gate,” and we suggest that these were nuclei coated with debris (Figure 4). The ratio of these high optical complex particles over debris-free intact nuclei is the background DF percentage presented in Table 1. Microphotographs of nuclei suspension stained with PI under epiluminescence complement the data from the FCM analysis. The tomato nuclei suspension showed a very low amount of fluorescing debris, which resulted in cleaner and more debris-free nuclei, and thus more uniform SSC-A and FSC-A values (Figure 2D). On the contrary, the grapevine bud nuclei suspensions showed a similar profile to the nuclei treated with tannic acid, reported by Loureiro et al. (2006b). A high amount of weakly fluorescent debris was found as aggregates of the debris and aggregates attached to the nuclei, which may explain the debris with a very high SSC-A value and the variable optical complexity of grapevine bud nuclei, respectively (Figure 2I). The routine application of FCM in animal cells limits the interpretation of SSC data to granularity, such as when dealing with blood cells. In this study, we represented the possibility of using SSC data to help determine nuclei quality prepared from plant tissue and incorporate it in the analysis to produce a more accurate data output.



CONCLUSION

This study provides an FCM protocol for examining cell cycle status in mature dormant grapevine buds. We fine-tuned data acquisition and analysis based on the previously published methods for estimating genome size in plants. In this protocol, we incorporated the use of the internal standard for instrument calibration, post in silico extraction (gating) to exclude background noise further, and the examination of nuclei integrity using epiluminescence microscopy. Further optimisation can be included in the protocol by emphasising the selection of isolation buffers for nuclei suspension preparations as described elsewhere. We believe this protocol will allow reproducible data acquisition, analysis, and interpretation, especially in the FCM analysis of recalcitrant tissue.
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FOOTNOTES

1
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Male Meiosis as a Biomarker for Endo- to Ecodormancy Transition in Apricot

Sara Herrera1,2, Jorge Lora3, Erica Fadón1,2, Afif Hedhly1, José Manuel Alonso1, José I. Hormaza3 and Javier Rodrigo1,2*

1Centro de Investigación y Tecnología Agroalimentaria de Aragón (CITA), Departamento de Ciencia Vegetal, Zaragoza, Spain

2Instituto Agroalimentario de Aragón-IA2 (CITA-Universidad de Zaragoza), Zaragoza, Spain

3Subtropical Fruit Crops Department, Instituto de Hortofruticultura Subtropical y Mediterránea La Mayora (IHSM La Mayora-CSIC-UMA), Málaga, Spain

Edited by:
Hisayo Yamane, Kyoto University, Japan

Reviewed by:
Md Tabibul Islam, Virginia Tech, United States
Doron Holland, Agricultural Research Organization (ARO), Israel

*Correspondence: Javier Rodrigo, jrodrigo@aragon.es

Specialty section: This article was submitted to Plant Physiology, a section of the journal Frontiers in Plant Science

Received: 23 December 2021
Accepted: 04 March 2022
Published: 07 April 2022

Citation: Herrera S, Lora J, Fadón E, Hedhly A, Alonso JM, Hormaza JI and Rodrigo J (2022) Male Meiosis as a Biomarker for Endo- to Ecodormancy Transition in Apricot. Front. Plant Sci. 13:842333. doi: 10.3389/fpls.2022.842333

Dormancy is an adaptive strategy in plants to survive under unfavorable climatic conditions during winter. In temperate regions, most fruit trees need exposure to a certain period of low temperatures to overcome endodormancy. After endodormancy release, exposure to warm temperatures is needed to flower (ecodormancy). Chilling and heat requirements are genetically determined and, therefore, are specific for each species and cultivar. The lack of sufficient winter chilling can cause failures in flowering and fruiting, thereby compromising yield. Thus, the knowledge of the chilling and heat requirements is essential to optimize cultivar selection for different edaphoclimatic conditions. However, the lack of phenological or biological markers linked to the dormant and forcing periods makes it difficult to establish the end of endodormancy. This has led to indirect estimates that are usually not valid in different agroclimatic conditions. The increasing number of milder winters caused by climatic change and the continuous release of new cultivars emphasize the necessity of a proper biological marker linked to the endo- to ecodormancy transition for an accurate estimation of the agroclimatic requirements (AR) of each cultivar. In this work, male meiosis is evaluated as a biomarker to determine endodormancy release and to estimate both chilling and heat requirements in apricot. For this purpose, pollen development was characterized histochemically in 20 cultivars over 8 years, and the developmental stages were related to dormancy. Results were compared to three approaches that indirectly estimate the breaking of dormancy: an experimental methodology by evaluating bud growth in shoots collected periodically throughout the winter months and transferred to forcing chambers over 3 years, and two statistical approaches that relate seasonal temperatures and blooming dates in a series of 11–20 years by correlation and partial least square regression. The results disclose that male meiosis is a possible biomarker to determine the end of endodormancy and estimate AR in apricot.
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INTRODUCTION

Temperate woody perennials survive at low temperatures in winter by entering a dormant stage. This mechanism is characterized by the absence of visible growth in any plant structure containing a meristem and is associated with a slowdown of biological activity, a modification in hormonal balance, and extensive metabolic remodeling (Horvath et al., 2003; Rohde and Bhalerao, 2007).

However, dormancy is not just a survival strategy (Rohde and Bhalerao, 2007). Indeed, the temperature is a conditional factor in woody plants in temperate climates (Cooke et al., 2012; Ríos et al., 2014). Thus, chilling accumulation is required for proper flowering since the lack of winter chill during the winter period can cause physiological disorders such as bud burst delay and erratic and insufficient flowering negatively affecting yield (Viti et al., 2008; Campoy et al., 2011).

Although the need to accumulate chill for flowering and fruiting has been known for over 2 centuries (Knight, 1801), the biological basis behind remains elusive (Lloret et al., 2018; Goeckeritz and Hollender, 2021). However, the importance of chilling requirements (CR) in fruit trees is growing due to the increased release of new cultivars in many fruit tree crops, the expansion to warmer areas, and the lower winter chilling temperatures caused by climate change in many regions of the world (Luedeling et al., 2011).

Lang et al. (1987) proposed three different stages in dormancy: endodormancy, referred to when the regulation of dormancy is triggered by physiological factors; ecodormancy that refers to dormancy regulated by environmental factors; and paradormancy, which is used when growth inhibition arises from another part of the plant (e.g., apical dominance). The key factor to estimate agroclimatic requirements (AR; chilling and heat requirements) of particular cultivars is determining when the tree has overcome the phase of endodormancy and fulfilled its CR. Several approaches have been developed to estimate CR. For this purpose, the date of breaking of endodormancy has been experimentally determined by sequentially collecting shoots from dormant trees during the winter, exposing them to warm temperatures in controlled conditions, and quantifying chilling temperatures up to shoot collecting time when flower buds are considered capable to resume growth (Fadón et al., 2020a). Alternatively, the end of endodormancy has been determined by statistical correlations (Alonso et al., 2005) or partial least squares (PLS) regressions (Luedeling et al., 2013) with data of flowering dates and temperatures from long series of years. Both types of approaches are time-consuming, and in many cases, the results are not directly comparable under different climatic conditions (Fadón and Rodrigo, 2018). In the experimental approach, the use of cut shoots cannot entirely reflect the behavior of adult trees in field conditions, and several factors may affect the establishment of the date of endodormancy release and hence the estimations of CR (Fadón and Rodrigo, 2018). Likewise, statistical correlations require data from long series of years that are only available for a few sets of cultivars that exclude new cultivars, and the results may not fit equally well in different climates and latitudes (Dennis, 2003; Fadón et al., 2020a).

Several models have been used to quantify chilling and heating accumulation through hourly temperature data. The dynamic model has been reported as the most accurate model of chilling quantification (Ruiz et al., 2007; Luedeling and Brown, 2011; Campoy et al., 2012b,2019; Luedeling and Gassner, 2012). However, CR has also been calculated using Utah (Richardson et al., 1974) and Weinberger (1950) models to compare the results with those of the previous studies.

The dynamic model assumes that chilling accumulation is a two-step process, in which previous warm temperatures can counteract the effect of low temperatures during endodormancy. Initially, cold temperatures would promote the accumulation of an intermediate product. However, warm temperatures during this period of accumulation can stimulate the degradation of this precursor and reverse the process. Once the accumulation of this product reaches a critical concentration, it converts to a chill portion (CP), a stable factor, which cannot be destroyed, and promotes the break of the endodormancy (Fishman et al., 1987). The Utah model establishes temperature ranges that contribute differently to chilling accumulation, which is measured as chill units (CU) (Richardson et al., 1974). The chill accumulation takes place within a temperature range of 1.5–12.4°C (Richardson et al., 1974). Finally, the Weinberger model proposes that only temperatures below 7.2°C (45°F) are useful and have an effect in breaking the endodormancy (chilling hours, CH) (Weinberger, 1950).

Nowadays, CR in most cultivars is unknown, mainly due to the problems associated with the existing methods and the lack of a biological marker to determine the chilling fulfillment of a tree in field conditions (Fadón and Rodrigo, 2018). In previous works in apricot, anther differentiation has been related to winter dormancy since it sets a boundary between sporogenous tissue and pollen grain formation stages (Julian et al., 2011). The stamens remain in this anatomically quiescent stage during endodormancy to resume growth and complete the development of pollen grains in ecodormancy (Rodrigo and Herrero, 2002). However, male meiosis takes place once CR has been fulfilled but flower buds do not show external signs of development (Bartolini et al., 2006; Julian et al., 2014).

On the other hand, pollen development is a well-characterized and highly conserved process in angiosperms. Prior to meiosis, microspore mother cells become isolated by a wall with the deposition of a callose layer (McCormick, 2004). Callose is a linear homopolymer widely found in higher plants with important roles in plant growth and development (Chen and Kim, 2009). During pollen development, callose may act as a physical molecular filter involved in stress responses (Dong et al., 2005; Blackmore et al., 2007).

In this work, we evaluate male meiosis as a biological marker of breaking dormancy for estimating AR by histochemical detection of callose deposition around microspore mother cells. For this purpose, chilling and heating requirements of a group of 20 apricot cultivars have been estimated by quantifying chill accumulation until the date of male meiosis and heat accumulation from male meiosis to flowering for over 4 years. To validate the results with those obtained with other existing methods, endodormancy breaking has also been experimentally estimated by studying cut shoots under forcing conditions, by two statistical models that estimate the correlation between blooming dates and seasonal temperatures and the determination of the daily influence of chill accumulation in blooming dates by PLS regression.



MATERIALS AND METHODS


Plant Material

Plant material was obtained from an experimental orchard located at the Centro de Investigación y Tecnología Agroalimentaria de Aragón (CITA) in Zaragoza (Spain) at 41°44′30″ N, 0°47′00″ W and 220 m altitude. Twenty apricot cultivars with different flowering dates were selected. Phenological observations of flower buds were carried out two times a week in each cultivar from bud break to flowering. Blooming dates were recorded according to Baggiolini stages, considering full flowering (F50) when 50% of flower buds were in stage F (Baggiolini, 1952) that corresponds to stage 65 (full bloom) in the BBCH scale (Meier, 2001; Pérez-Pastor et al., 2004). Daily temperatures during 1998–2021 were acquired from a meteorological station close to the orchard.



Determination of Endodormancy Breaking

Four different procedures were carried out to estimate the chilling and heating requirements for flowering.


Forcing Test: Cutting Shoots Under Forcing Conditions

Flower bud growth was evaluated in response to warm conditions after exposure to chill in the field. Four shoots of each cultivar were collected weekly from November to March over 3 years (2016–2017, 2017–2018, and 2019–2020). The shoots with lengths of around 40 cm were placed in a growth chamber with controlled conditions and maintained on a wet florist foam. The end of the shoot was cut underwater to avoid cavitation and the water was renovated periodically. The shoots were maintained at 22 ± 1°C with a 12-h light photoperiod for 8 days. To determine the end of endodormancy, 10 flower buds were randomly picked and weighed on the first and last day in the growth chamber. Endodormancy was considered overcome when a significant bud weight increase (30%) was observed after the period under controlled conditions (Brown and Kotob, 1957; Tabuenca, 1964; Ruiz et al., 2007). The end of endodormancy for each cultivar was established for each year.



Correlation of Long Term Records of Blooming Dates and Daily Winter Temperatures

A statistical model based on the temperature effects on blooming dates in 13 years was carried out for each cultivar. Two matrixes were defined to determine the end of endodormancy. One of them was based on blooming dates composed of two axes: years and genotypes. The other one was defined by the number of days from October 1 (day 1) to April 30 (day 212) and the average of the mean daily temperature measured at 15 day periods (Alonso et al., 2005). The vector obtained on each day was correlated to the corresponding vector of the blooming dates matrix and the Pearson correlation coefficient (PCC) was calculated. The endodormancy to ecodormancy period was established when no significant correlation coefficients were found, i.e., from the last day significantly positive (PCC = 0.553) to the first day significantly negative (PCC = −0.553). The analysis was based on a dataset of 13 years with the Student’s t-test for 11 df and a two-tailed test at α = 0.05. The end of endodormancy was the mean date of the transition period in each cultivar.



Partial Least Squares Regression Analysis of Daily Chill, Heat Accumulation, and Blooming Dates

Partial least squares regression analysis was carried out to establish chilling and heating phases (Luedeling et al., 2013). Blooming dates for a period between 11 and 18 years, depending on the cultivar, were correlated with daily chill and heat accumulation. Chill accumulation was measured as chill portions of the dynamic model whereas growing degree hours (GDH) were used to measure heat accumulation (Fadón et al., 2021).

The PLS analysis calculates model coefficients that indicate the effect of the chill portions in the blooming dates. Negative coefficients have a blooming-advancing effect whereas positive coefficients are related to high temperatures during the chilling period that results in a delay in blooming. The absolute value of the model coefficients indicates the strength of the effect. The variable-importance-in-the-projection (VIP) values were used to define the chilling and heating phases. Values greater than VIP = 0.8 indicate significant importance of model coefficients (Luedeling and Gassner, 2012; Luedeling et al., 2013; Fadón et al., 2021). A single date for the beginning and the end of the chilling and forcing periods was defined per cultivar.



Male Meiosis Characterization

Flower buds were sampled weekly during winter, from November to February, for 8 years. The buds were fixed in ethanol (95%)/acetic acid (3:1, v/v) for 24 h and conserved at 4°C in ethanol 75% (Williams et al., 1999). To determine the stage of the development of pollen, anthers were removed from fixed buds with the help of a scalpel and mounted by the squash technique adding 0.1% aniline blue in 0.1 N K3PO4 to stain callose (Currier, 1957). Microscopic preparations were observed under a Leica DM2500 microscope (Cambridge, United Kingdom) with UV epifluorescence using 340–380 bandpass and 425 longpass filters. The formation of a callose wall around the microspore mother cells was established as the date when the CR was fulfilled (Julian et al., 2014). The end of the endodormancy was determined per year in each cultivar.




Quantification of Chilling and Heat Requirements

The Weinberg, Utah, and dynamic models were used to quantify CR. The amount of chill required to overcome endodormancy was calculated from the initial date of chilling accumulation until the date of endodormancy release established by the different methods. The day considered as the beginning of chilling accumulation varied between the models. According to Weinberger (1950), chilling hours are the number of hours below 7°C from the time in autumn when chill hours start to occur. However, in the Utah model, the day when the temperatures produced the maximum negative effect is considered as the starting date of the accumulation of chill units (Richardson et al., 1974). In the dynamic model, we established 1st September as the starting date of accumulation of portion units (Fishman et al., 1987). That date fits well with the climatic conditions in Zaragoza, where usually no chilling occurs before it.

In the two experimental methods (forcing test and male meiosis), CR was calculated per year and the mean value was established per cultivar. Since the statistical approaches determined a single date for the end of the endodormancy, a unique chilling requirement value was obtained per cultivar.

Heat requirements were expressed as the accumulation of GDH from endodormancy breaking to flowering. The GDH corresponds to an accumulation of hours above 4.5°C from the date established as the end of the endodormancy to the date when 50% of the flowers were open (F50) (Richardson et al., 1974).



Statistical Analyses

All the analyses were performed in the R programming environment v. 4.1.0 (R Core Team, 2022). The PLS analysis was carried out using the chillR package (version 0.70.24) (Luedeling, 2019).

The coefficient of variation was used as the indicator of quality within years for each method. To compare the results obtained from the four different methods and evaluate the potential of bias between them, we carried out a difference plot analysis using the mean chill portions values per cultivar through the Bland–Altman method (Bland and Altman, 1986, 1999) and the MethComp (Carstensen et al., 2013) packages for R. To assess the level of agreement between a pair of measurement methods, two-by-two analyses were performed to establish a two-sided 95% confidence interval (Shieh, 2018) and whenever 95% of the scatter points fell within that interval both methods were considered to be in agreement.




RESULTS

Chill accumulation started in October in all the years analyzed and increased exponentially during the winter months. However, significant differences were observed between years, ranging from 89.4 chilling portions (CP) (2011–2012) to 112.9 CP (2003–2004) accumulated at the end of March (Figure 1).


[image: image]

FIGURE 1. Mean daily chill portion accumulation per year for the period 1998–2021 at Zaragoza (Spain).



Establishment of Endodormancy Breaking by Cut Shoots Subject to Forcing Conditions

For each cultivar and year, the comparison of the evolution of flower bud growth under field and controlled conditions allowed determining the endodormancy breaking date when the flower buds increased their weight by 30% after 8 days in the growth chamber (Supplementary Table 1). As an example, the date of endodormancy breaking for “Pandora” was 6 January 2019 (Figure 2). The average date of endodormancy breaking for the 3 years analyzed ranged between December 27 and February 8 between cultivars (Table 1).
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FIGURE 2. Estimation of breaking of endodormancy date ([image: image]) in the apricot cultivar “Pandora” in 2019 by the Forcing test. Flower bud weight in field conditions and after 8 days in the growth chamber. Chilling requirements were considered fulfilled when the increase in the weight of the flower buds in the growth chamber was 30% higher than in field conditions (n = 10).



TABLE 1. Dates of endodormancy and chilling requirements of 20 apricot cultivars determined according to four methods (forcing test, correlation, PLS, and male meiosis).

[image: Table 1]


Determination of the Transition From Endodormancy to Ecodormancy by Correlation Modeling

For each cultivar, the correlation coefficients between the full flowering dates and the winter temperatures were obtained using the mean daily temperature in periods of 15 days over 13 years (Supplementary Figure 1). The transition from endodormancy to ecodormancy was established when the last significant positive correlation coefficient was obtained to the first significant negative correlation coefficient. The dates of endodormancy breaking ranged from January 15 to February 22 (Table 1 and Supplementary Table 2). As an example, the endodormancy breaking date in “Pandora” was estimated on January 18 (Figure 3).
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FIGURE 3. Establishment of endodormancy breaking date ([image: image]) in the apricot cultivar “Pandora” by analyzing the evolution of the Pearson correlation coefficients between the full flowering dates and the winter temperatures of periods of 15 days. Discontinuous lines delimit the significant values (0.553, –0.553). Green and red scales show positive and negative coefficients, respectively.




Determination of Chilling and Forcing Periods by Partial Least Squares Regression

Chilling and forcing phases for each cultivar were defined based on the results of the PLS analysis with daily chill accumulation quantified in CP. High daily chill accumulation rates during the chilling phase generally indicated a correlation with early blooming dates. The beginning and the end of the chilling periods extended from negative significant coefficients occurring in September–October, around endodormancy establishment, to negative significant coefficients in December–January, indicating the end of endodormancy. As an example, in “Pandora,” the chilling period was considered from 8th October to 13th January, when a clear trend of negative model coefficients, as well as predominantly significant VIP scores, was shown (Figure 4A). The starting dates in all the cultivars took place in a short period, from 29th September to 9th October (Supplementary Table 3). However, the dates of endodormancy breaking were highly variable, ranging from 17th December to 14th February (Table 1).


[image: image]

FIGURE 4. Model coefficients of a partial least squares regression model of daily accumulation of winter chill [(A) quantified in Chill Portions] and heat [(B) quantified in growing degree hours] and bloom dates of the apricot cultivar “Pandora.” Top panels show the variable importance in the projection (VIP), with the blue bars values above 0.8 indicating the threshold for variable importance. Middle panels show the model coefficients of the centered and scaled data. The chilling period is colored in blue and the heating period is colored in red. The bottom panels show mean temperatures (black line) and their standard deviation (gray areas). In the middle and bottom panels, red and green scales show negative and positive coefficients, respectively.


The forcing periods were derived from the PLS analysis based on daily heat accumulation. Negative model coefficients and high VIP scores indicated that high daily heat accumulation during this period had a strong effect on bloom-advancing dates. Forcing periods were highly variable between cultivars, lasting between 30 and 71 days. The start date of ecodormancy ranged from early-January to late-February (Table 1). As an example, the forcing phase in “Pandora” was estimated from 24th January to 11th March (Figure 4B).

For all cultivars, the forcing period did not follow directly after the chilling period, but it was preceded by a transition phase during which the coefficients were neither clearly negative nor clearly positive, and they were not considered by the VIP analysis. This transition period occurred between January and February and ranged from 3 to 20 days depending on the cultivars (Supplementary Figure 2).



Anther Development and Dormancy Phases

Sporogenous tissue (Figure 5A) was observed in the anthers of all the cultivars during several months of the endodormancy phase when no signs of development were observed. The deposition of callose around the sporogenous tissue cells was the first sign of reactivation of anther development (Figure 5B). The onset of meiosis began with the accumulation of a callose layer around the microspore mother cells that became isolated (Figure 5C). About a week later, two meiotic divisions occurred rapidly forming the tetrads, a stage of four haploid cells surrounded by callose (Figure 5D). After meiosis, the callose wall dissolved, closely followed by the release of the young microspores (Figure 5E), which developed into mature pollen grains before anthesis (Figure 5F).
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FIGURE 5. Anther development and microsporogenesis in apricot. (A) Sporogenous tissue. (B) Appearance of callose indicating the onset of microspore mother cell differentiation. (C) Early-stage microspore mother cells surrounded by callose layering. (D) Tetrads. (E) Microspores released. (F) Mature pollen grain. Scale bars: 20 μm.


The average dates of breaking of endodormancy, considering the first appearance of callose surrounding the microspore mother cells, were established in all the cultivars from 14th January to 1st March (Table 1), although differences were observed between years for each cultivar (Supplementary Table 4). As an example, the onset of meiosis in “Pandora” ranged between January 12 and January 30 (Figure 6).


[image: image]

FIGURE 6. Anther development from endodormancy to flowering in the apricot cultivar “Pandora” over eight years. SP, sporogenous tissue; MiMC, microspore mother cells; T, tetrads; PG, pollen grains; [image: image], estimation of endodormancy breaking date.


In all the cultivars, the end of the endodormancy took place earlier according to the forcing test than in PLS regression, correlation model, and male meiosis, respectively.



Chilling Requirements

Once the end of the endodormancy was established for each method, the CR was estimated by quantifying the CP accumulated until that date. The lowest values were found in PLS regression (30.9–76.7 CP) which showed a broader range than the other methods [forcing test (40.2–69.9 CP), correlation model (53.2–84.2 CP), and male meiosis (54.8–81.7 CP)]. The cultivars with higher CR (“Gönci Magyar,” “Stark Early Orange,” and “Stella”) were the same in all methods. However, the cultivars with lower CR showed some differences depending on the type of method, experimental or statistical. Both correlation and PLS methods shared a group of lower chilling cultivars (“Harcot,” “Mitger,” “Moniqui 1006,” “Moniqui 2113,” and “Pepito del Rubio”), in addition to “Muñoz” in the PLS method, and “Corbato” in the correlation method. Both experimental methods (forcing test and male meiosis) reported the same lower CR cultivars (“Canino,” “Goldrich,” and “Pepito del Rubio”) but higher values were observed in the male meiosis method.

The Bland–Altman analysis was used to look for potential bias between the four methods by plotting the difference in chill portions per cultivar against the mean in pairwise comparisons (Figure 7) and assessing their agreement level. Most of the scatter points on the Bland–Altman plots were uniformly scattered between the limits of agreement in all the comparisons, suggesting the absence of bias. About 95% of cultivars would have a difference in chill portions, as measured by any two different methods, within the limits of agreement, suggesting good agreements. The 20 cultivars were classified into three groups according to their CR (Table 2).
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FIGURE 7. Graphical methods for assessing variability and agreement in paired measurements of chill portion values obtained from four different methods. Scatter diagrams (lower-left grid) show the set of paired values in each pairwise comparison. Bland-Altman plots (upper-right grid) of the difference in chill portions of each value-pair against the mean of each value-pair. Blue horizontal lines show the mean difference (solid lines) and the superior and inferior limits of agreement (± 1.96⋅SD), respectively (dotted lines).



TABLE 2. Classification of 20 apricot cultivars according to their chilling requirements (Chill portions) determined by the male meiosis method.
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Heat Requirements

The heat requirements of cultivars showed differences according to the method used. The highest values were obtained with the forcing test (2,866–5,936 GDH) whereas the PLS method showed the lowest values (3,448–5,468 GDH). In the correlation model, the heating requirements values were uniform between cultivars ranging from 4,022 to 4,953 GDH, except for “Tadeo,” which showed the lowest value (3,000 GDH) (Table 3). The values of heat requirements displayed higher coefficients of variability than those obtained for CR. The 20 cultivars were classified into three groups according to their heat requirements (Table 4).


TABLE 3. Heat requirements from the end of endodormancy to full flowering of 20 apricot cultivars determined according to four methods (forcing test, correlation model, PLS, and male meiosis methods).

[image: Table 3]

TABLE 4. Classification of 20 apricot cultivars according to their heat requirements (growing degree hours) determined by the male meiosis method.
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DISCUSSION

In this work, we have validated male meiosis as a biomarker for the determination of dormancy breaking by comparing the dormancy breaking dates calculated with three other common methodologies in 20 apricot cultivars. The results support our initial hypothesis of male meiosis as a suitable biomarker for endo- to ecodormancy transition.

The AR has been determined in 20 apricot cultivars, for ten of which (“Berdejo,” “Henderson,” “Mitger,” “Muñoz,” “Pandora,” “Pepito del Rubio,” “Stella,” “Sun Glo,” “Tadeo,” and “Veecot”) no previous data were available. This is the first time that a biomarker (male meiosis) and two statistical methods (statistical correlation and PLS regression) have been used to estimate chilling and heat requirements in apricot since all the previous data have been obtained with the experimental method of transferring shoots into a growth chamber sequentially during winter.

The CR reported herein ranged from 30.9 to 84.8 CP (Dynamic model), 470–1,681 CU (Utah model), and 410–1,437 CH (Weinberger model), which are in line with the results previously reported in this species (reviewed in Fadón et al., 2020a). Our estimate of the CR for “Canino” (875.4 CH vs. 750–878 CH), “Luizet” (1,016.3 CH vs. 1,058–1,150 CH), “Moniqui” (983.6 and 1,036.4 CH vs., 799–1,057 CH), and “Paviot” (1,023.7 CH vs. 995–1,296 CH) by using male meiosis as a biomarker of endodormancy breaking was similar to what has been previously determined at the same location (Tabuenca, 1964, 1968, 1979) by using the forcing test (Supplementary Table 4). Three cultivars, “Canino,” “Harcot,” and “Goldrich” were previously studied in different regions, Tuscany (Italy) (Garcia et al., 1999; Viti et al., 2010) and South Africa (Campoy et al., 2012a) compared to Murcia (Spain). Although significant differences were reported between locations, our results under forcing conditions were similar to those reported in Murcia (Spain). In addition, our results showed similar CR values for some cultivars evaluated with the forcing test previously in other regions, such as “Moniqui” in Italy (921.7 and 1,003.1 CU vs. 930–1,140 CU; Guerriero et al., 2006), “Gönci Magyar” in Serbia (1,200.8 CU vs. 1,122–1,310 CU; Ruml et al., 2018), and “Goldrich” in Italy and Serbia (854.0 CU vs. 950–1,030 CU and 834–846 CU, respectively; Guerriero et al., 2006; Ruml et al., 2018; Supplementary Table 1).

The four methods showed the same group of cultivars with higher CR, and similar values were obtained between methods for each cultivar. However, some differences between methods were found for the cultivars with lower CR, “Canino,” “Golrich,” and “Pepito del Rubio” in both experimental methods, and “Harcot,” “Mitger,” “Moniqui 1006,” “Moniqui 2113,” and “Pepito del Rubio” in both statistical methods. Differences between experimental and statistical methods could be due to the different number of years used, 11–18 for statistical methods and 3–8 for experimental methods. Previous studies in apricot using the forcing test have reported differences in CR not only between years, but also between locations, which may be due to a small number of years of experiments (Garcia et al., 1999; Viti et al., 2010; Campoy et al., 2012a).

The classification of the cultivars obtained according to their CR was similar to that obtained by other authors (Ruiz et al., 2007; Campoy et al., 2012a). “Canino” has been considered a medium chill cultivar in previous works (Campoy et al., 2012a), whereas our results showed lower chill portions accumulation in “Canino” and “Veecot” than those in the other cultivars. Thus, we propose an intermediate group that includes cultivars with low-medium CR.

Differences in CR between methods affected heating requirements, showing a significant negative correlation as reported in previous work (Ruiz et al., 2007). Lower values of heat accumulation were found with the male meiosis method whereas higher values were obtained with the forcing test. The heat requirements reported for “Canino” (5,026 GDH) and “Harcot” (4,767 GDH) are in line with those reported in previous studies in Spain [5,418–6,029 GDH (Garcia et al., 1999; Campoy et al., 2012a)]. Our results showed higher heat accumulation for “Goldrich,” “Moniqui,” and “Gönci Magyar” than in other countries. As an example, for “Goldrich,” 4,479 GDH vs. 3,175–3,432 GDH in Serbia (Ruml et al., 2018) and 3,950 or 485–913 GDH in Italy (Guerriero et al., 2006; Viti et al., 2010).

Differences between methods as well as those in previous reports may also be due to the specific limitations of each method. The determination of endodormancy breaking by monitoring shoots under forcing conditions is the only experimental approach currently available and the most widely used to estimate the AR of fruit tree cultivars for more than 60 years (Brown and Kotob, 1957; Fadón et al., 2020a). However, the variability of the factors affecting the experimental design has often led to inconsistencies in the results previously obtained. In apricot, as in other species, the frequency of sampling of shoots during winter may vary between studies, as well as the temperature and photoperiod conditions in the growth chamber (Tabuenca, 1968, 1979; Andrés and Durán, 1999; Valentini et al., 2004; Ruiz et al., 2007; Bartolini et al., 2020). Furthermore, the determination of the endodormancy breaking date through the evaluation of bud growth can be carried out after different periods in the chamber. Several criteria are also used, such as significant increases in fresh (Brown and Kotob, 1957) or dry weight (Tabuenca, 1968), as well as changes in bud phenology (Bennett, 1949). Moreover, most studies evaluate flower buds, but some use vegetative buds (Fernandez et al., 2019). The lack of standardization has made most of the results not applicable to other regions with different climatic conditions (Campoy et al., 2019; Fadón et al., 2020a).

The statistical approaches estimate the date of chilling fulfillment based on a long series of phenological observations. Both correlations of winter temperatures with flowering dates and the PLS analysis have been widely used for the determination of AR in sweet cherry (Luedeling et al., 2013; Fadón et al., 2021), almond (Alonso et al., 2005; Benmoussa et al., 2017a; Díez-Palet et al., 2019), pistachio (Benmoussa et al., 2017b), and apple (Díez-Palet et al., 2019). In our work, results from both statistical methods have shown results similar to those from experimental methods. However, some works indicate the need for about 20 years of flowering date records to obtain consistent results (Luedeling and Gassner, 2012; Luedeling et al., 2013; Fadón et al., 2021), which is one of the main pitfalls of these methods since there are usually not so many years of data for many cultivars, especially for new releases from breeding programs (Fadón et al., 2020a). In addition, these approaches can estimate average chill and heat periods, but cannot provide information about dormancy dynamics in a particular year.

The limitations of the currently available methods, the increasing number of new releases in many fruit tree crops, as well as the decrease in winter chilling due to global warming have led to a number of recent research efforts focused on identifying suitable biomarkers to determine the transition from endo- to ecodormancy (Martínez-Gómez et al., 2017; Lloret et al., 2018). These include starch accumulation within the ovary primordia cells (Fadón et al., 2018a) and hormone regulation (Chmielewski et al., 2017; Vimont et al., 2019; Guillamón et al., 2020), as well as the expression of the DORMANCY-ASSOCIATED MAD-BOX (DAM) and other candidate genes in several Prunus species (Bielenberg et al., 2004; Sánchez-Pérez et al., 2014; Rothkegel et al., 2017; Prudencio et al., 2018, 2019; Balogh et al., 2019; Falavigna et al., 2019; Vimont et al., 2019; Quesada-Traver et al., 2020; Lloret et al., 2021). To deepen insights into the genetics of dormancy, transcriptomic studies have been performed by using flower buds at different dormant stages in apricot (Yu et al., 2020; Canton et al., 2021), sweet cherry (Vimont et al., 2019; Canton et al., 2021), almond (Prudencio et al., 2020), or peach (Yu et al., 2020; Canton et al., 2021). Genes involved in stress response, sugar metabolism, and cell wall assembly contribute to the endodormancy to ecodormancy transition in apricot. Hormone biosynthesis, including ABA catabolism and secondary metabolism, as well as floral and pollen development genes are relevant at ecodormancy (Yu et al., 2020). Sporophytic genes, such as MALE STERILE1 (MS1), ABORTED MICROSPORES (AMS), and MYB103 (Canton et al., 2021), as well as other genes involved in sporopollenin synthesis and deposition found in peach (Ríos et al., 2013), could be useful markers of the ecodormancy stage.

In apricot, the characterization of the phases of pollen development in relation to dormancy established that male meiosis is the first detectable sign of development after endodormancy breaking (Julian et al., 2011), when flower buds are still closed with no observable external phenological changes (Fadón et al., 2018b). This led us to use male meiosis as a biomarker to estimate the AR of cultivars for the first time by using the emergence of callose around the microspore mother cells as a boundary between endo- and ecodormancy. Callose deposition can be considered as a physical filter of molecules that have been reported as a response to several stresses (Chen and Kim, 2009) or degeneration processes, such as ovule abortion (Rodrigo and Herrero, 1998). During pollen development, the accumulation of a layer of callose around the microspore mother cells could provide insulation and possible protection against low winter temperatures.

Since the statistical analyses showed good agreement when male meiosis was compared to the other methods, these results strongly endorse the use of male meiosis as a new and alternative method to determine endodormancy release in apricot. The results obtained by this approach showed slightly higher values than those obtained by the other methods because male meiosis occurs in the early stages of ecodormancy, once the endodormancy breaking had already passed. Despite this limitation, this method has an important advantage since it allowed the determination of endo- and ecodormancy in a short time from samples collected directly from the field, avoiding the variability of results caused by the many factors that may affect the experiments under forced conditions (Dennis, 2003; Fadón and Rodrigo, 2018) and without the need to have a large phenological data set available (Luedeling and Gassner, 2012; Fadón et al., 2020a). Despite the important advantages of this method in estimating CR in apricot, endodormancy breaking and male meiosis are not as closely related processes in other species as sweet cherry, in which several months elapse between both processes (Fadón et al., 2019) and this could lead to overestimated calculations of AR (Fadón et al., 2021). This may be because sweet cherry requires a longer forcing period to flower (Fadón et al., 2020b). However, male meiosis as a biomarker of endodormancy could be an applicable method in those species with a shorter forcing phase in which flowering is more conditioned by the chilling phase, such as almond (Egea et al., 2003) or Japanese plum (Ruiz et al., 2018). Although further studies are needed to determine if this method is valid in other species, our results exhibit male meiosis as a valid approach for apricot, not only for determining AR but also as a basis for physiological and genetic studies of dormancy. In addition, whether a bud is an endo- or ecodormant can be determined in a short time from a sample taken directly from the tree in field conditions. The knowledge of the endo- to ecodormancy transition may provide valuable information to improve and simplify orchard management decisions. The progressive loss of cold hardiness is triggered once the buds have fulfilled their CR (Weiser, 1970a,b) but show no external signs of development (Julian et al., 2007; Hillmann et al., 2021). Determining endodormancy breaking in apricot through the detection of male meiosis could provide insights into whether flower buds are vulnerable to spring frosts, allowing agronomic frost protection decisions to be made. In addition, the date of male meiosis could allow the determination of the optimal application time of agrochemical treatments to advance flowering (Guillamón et al., 2022).
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Supplementary Figure 1 | Establishment of endodormancy breaking date (T) in 20 apricot cultivars by analyzing the evolution of the Pearson correlation coefficients between full flowering dates and winter temperatures of periods of 15 days. Discontinuous lines delimit the significant values (0.553, –0.553). Green and red scales show positive and negative coefficients, respectively.

Supplementary Figure 2 | Model coefficients of Partial Least Squares regression between accumulation rates of agroclimatic metrics (Chill Portions according to the Dynamic Model and Growing Degree Hours) and bloom dates of 20 apricot cultivars. Top panels show the Variable importance in the projection (VIP), with the blue bars values above 0.8 indicating the threshold for variable importance. Middle panels show the model coefficients of the centered and scaled data. Chilling period is colored in blue and heating period is colored in red. Bottom panels show mean temperatures (black line) and their standard deviation (grey areas). In middle and bottom panels, red and green scales show negative and positive coefficients, respectively.

Supplementary Table 1 | Chilling and heat requirements of 20 apricot cultivars determined by the Forcing test. Dates of endodormancy and full flowering, yearly values of chill accumulation expressed in chill portions, chill units, and chill hours below 7°C, yearly values of heat accumulation expressed in Growing Degree Hours (GDH), mean values, standard deviation (SD), and coefficient of variation (cv).

Supplementary Table 2 | Chilling and heat requirements of 20 apricot cultivars determined by the Correlation method. Dates of endodormancy and full flowering, values of chill accumulation expressed in chill portions, chill units, and hours below 7°C, values of heat accumulation expressed in Growing Degree Hours (GDH), standard deviation (SD), and coefficient of variation (cv).

Supplementary Table 3 | Chilling and heating requirements of 20 apricot cultivars determined by the PLS regression method. Chilling and forcing periods are established with Partial Least Squares regression based on the Dynamic Model and the Growing Degree Hours Model. Chill accumulation is expressed in chill portions, chill units, and hours below 7°C, values of heat accumulation are expressed in Growing Degree Hours (GDH), standard deviation (SD), and coefficient of variation (cv).

Supplementary Table 4 | Chilling and heating requirements of 20 apricot cultivars determined by the Male meiosis method. Dates of endodormancy and full flowering, yearly values of chill accumulation expressed in chill portions, chill units, and hours below 7°C, yearly values of heat accumulation expressed in Growing Degree Hours (GDH), mean values, standard deviation (SD), and coefficient of variation (cv).
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The pomegranate (Punica granatum L.) is a deciduous fruit tree that grows worldwide. However, there are variants, which stay green in mild winter conditions and are determined evergreen. The evergreen trait is of commercial and scientific importance as it extends the period of fruit production and provides opportunity to identify genetic functions that are involved in sensing environmental cues. Several different evergreen pomegranate accessions from different genetic sources grow in the Israeli pomegranate collection. The leaves of deciduous pomegranates begin to lose chlorophyll during mid of September, while evergreen accessions continue to generate new buds. When winter temperature decreases 10°C, evergreen variants cease growing, but as soon as temperatures arise budding starts, weeks before the response of the deciduous varieties. In order to understand the genetic components that control the evergreen/deciduous phenotype, several segregating populations were constructed, and high-resolution genetic maps were assembled. Analysis of three segregating populations showed that the evergreen/deciduous trait in pomegranate is controlled by one major gene that mapped to linkage group 3. Fine mapping with advanced F3 and F4 populations and data from the pomegranate genome sequences revealed that a gene encoding for a putative and unique MADS transcription factor (PgPolyQ-MADS) is responsible for the evergreen trait. Ectopic expression of PgPolyQ-MADS in Arabidopsis generated small plants and early flowering. The deduced protein of PgPolyQ-MADS includes eight glutamines (polyQ) at the N-terminus. Three-dimensional protein model suggests that the polyQ domain structure might be involved in DNA binding of PgMADS. Interestingly, all the evergreen pomegranate varieties contain a mutation within the polyQ that cause a stop codon at the N terminal. The polyQ domain of PgPolyQ–MADS resembles that of the ELF3 prion-like domain recently reported to act as a thermo-sensor in Arabidopsis, suggesting that similar function could be attributed to PgPolyQ-MADS protein in control of dormancy. The study of the evergreen trait broadens our understanding of the molecular mechanism related to response to environmental cues. This enables the development of new cultivars that are better adapted to a wide range of climatic conditions.

Keywords: evergreen, genetic-map, poly-glutamine, thermo-sensor, dormancy, Punica granatum


INTRODUCTION

Deciduous plants respond to decreasing temperatures and short day light by entering dormancy in winter (Penfield, 2008; Beauvieux et al., 2018; De Smet et al., 2021). This phenomenon occurs in many fruit tree species and is thoroughly studied due to its agricultural importance. The behavior of trees in changing climate and their ability to flower and bear fruit is dramatically influenced by temperatures during winter. Deciduous plants appear to be able to sense temperature and respond accordingly by entering or breaking dormancy (Luedeling, 2012). Several mathematical models were developed to quantify the amount of chilling required (CR) for plants to enter dormancy and to obtain optimal dormancy break (Richardson et al., 1974; Fishman et al., 1987; Dennis, 2003; Luedeling, 2012). The ability of plants to respond to chilling is controlled genetically (Rodriguez-A et al., 1994; Wang et al., 2002; Olukolu et al., 2009). It was shown that CR differ among different plant species and among cultivars of the same species (Olukolu et al., 2009; Trainin et al., 2013; Guo et al., 2014). A significant progress in understanding the genetics of CR in fruit trees was achieved when a peach evergreen mutant was mapped and the dormancy associated MADS-box genes (DAM) were discovered (Diaz, 1974; Wang et al., 2002; Bielenberg et al., 2008; Fan et al., 2010). It appears that the meristem of the evergreen peach mutant continues to be active during winter indifferently to chilling exposure (Diaz, 1974). Mapping chilling requirements of peach and apricot (Diaz, 1974; Fan et al., 2010) revealed a major quantitative trait locus (QTL), which corresponded to the location of the DAM genes. Over-expression of Prunus DAM6 in apple plants caused inhibition of growth, repressed bud break competency of dormant buds, and a delay in bud outgrowth (Yamane et al., 2019). The DAM genes are a group of transcriptional factors that belong to the SVP/AGL24-type MADS-box proteins which are found in plants and animal cells and are involved in a large variety of activities including meristem identity and response to low temperatures (Shore and Sharrocks, 1995; Theissen et al., 2000). In addition to the DAM genes, other MADS box genes were found to be involved in modulation of the response to chilling (Hemming and Trevaskis, 2011). In Arabidopsis, the MADS box SOC1 (AGL20) gene integrates vernalization and gibberellin signals for flowering signals (Moon et al., 2003). A SOC1-like gene was found to be associated with chilling requirements in apricot (Trainin et al., 2013). The SOC1 protein was shown to interact with other MADS box proteins in Arabidopsis (de Folter et al., 2005; Immink et al., 2012). Similarly, the SOC1 ortholog of Japanese apricot interacts with PmDAM6 (Kitamura et al., 2016). Over expression of the SOC1 like gene affects the duration of dormancy in Kiwi (Voogd et al., 2015) and promotes bud break in poplar (Gómez-Soto et al., 2021). Thus, genetic and functional analysis in deciduous fruit trees clearly suggest that MADS box genes could play a major role in mediating the response to chill and control of dormancy. Despite of the rapid progress in understanding the response of plants to chilling, the mechanism of action of MADS box genes in deciduous fruit trees is not yet clear.

Pomegranate is a deciduous fruit tree that grows in highly divergent geographical regions. It performs best in Mediterranean climate with relatively warm winter conditions (Holland et al., 2009). The Agricultural Research Organization (ARO) pomegranate collection in Israel is composed of representative species from diverse geographical regions of the world (Ophir et al., 2014), including five different species which display the evergreen phenotype (Nalawadi et al., 1973; Sharma and Dhillon, 2002; Holland et al., 2009; Borochov-Neori et al., 2011). Evergreen cultivars can grow and flower throughout the year in southern India mild winters (Teixeira da Silva et al., 2013). Similar behavior was observed for two evergreen pomegranate varieties in the desert climate of the Israeli southern Arava Valley (lat. 29°53′′N; 96 long. 35°3′′E) (Borochov-Neori et al., 2011). However, those cultivars shed their leaves in colder climates (Holland et al., 2009). This phenotype is comparable to the peach evergreen mutant where its axillary buds continue to develop despite exposure of the plants to low temperatures and short daylength (Diaz, 1974; Rodriguez-A et al., 1994). The ability of the evergreen pomegranate to generate flowers and bear fruit in warm winters is used by Indian growers to manipulate production and produce fruit throughout the entire year (Sharma and Dhillon, 2002). It appears that the origin of the evergreen pomegranate species is from India and central Asia as it was mainly found in these geographical locations (Sharma and Dhillon, 2002; Holland et al., 2009; Ophir et al., 2014).

Pomegranate is highly amenable to genetic research due to several characters. It is self-fertile, it produces a high number of hybrid seeds following a single hybridization event (Holland et al., 2009), and the tree bears fruit already at its second year. Additionally, it has a small (356.98 Mb) diploid genome (2n = 18) (Raman et al., 1971; Qin et al., 2017). These advantages allow generation of large segregating populations and a relatively rapid phenotype analysis. Development of DNA markers (Ophir et al., 2014) facilitated the establishment of a genetic map that enabled the identification of genes involved in color production (Trainin et al., 2021) and QTLs for fruit quality and plant height in pomegranate (Harel Beja et al., 2015). Another support to the pomegranate genetic research are three genomic sequences reported from two different cultivars (Qin et al., 2017; Yuan et al., 2017; Luo et al., 2020). In this study, we undertook a fine mapping approach using high throughput screening of segregating populations, and gene expression analysis to identify a novel gene associated with the evergreen/deciduous trait. We report here that this gene encodes for a unique polyQ-MADS domain protein. This study broadens our knowledge on the diversity of genetic components that control chilling response in plants and suggests a possible mechanistic explanation for some aspects of plant response to chill.



MATERIALS AND METHODS


Plant Material

Three segregating F2 populations were planted and analyzed at the Newe Ya’ar Research Center in northern Israel: (1) ‘P.G.160-61 × P.G.100-1’ (n = 399) was constructed from a cross between ‘P.G.100-1’ (‘Wonderful’) a deciduous cultivar and (P.G.160-61) an evergreen cultivar originated from India. F1 plants, which were the progenitors of the F2 populations, were planted in 2006 and first flowers were self-pollinated at 2007. Five F2 populations were planted in 2008. (2) ‘Nana × Black’ (n = 295) was constructed from a cross between ‘Black’ (P.G.127–128) a deciduous cultivar and ‘Nana’ seedling selection (P.G.232-243, Punica granatum var. Nana) an evergreen non-deciduous cultivar. F1 plants, which were the progenitors of the F2 populations, were planted in 2008 and were self-pollinated at 2009. Four F2 population were planted in 2010. (3) ‘Nana × White’ (n = 267) was constructed from a cross between ‘White’ (P.G.164-65) a deciduous cultivar and evergreen ‘Nana’ seedling selection (P.G.232-243, P. granatum var. Nana). F1 plants, which were the progenitors of the F2 populations, were planted in 2010 and were self-pollinated at 2011. Three F2 populations were planted in 2012. The parents are part of the ARO collection that is located at the Newe Ya’ar Research Center1 (Holland et al., 2009) and were called according to the nomenclature as reported in Ophir et al. (2014).

Advanced F3 (n = 355) and F4 (n = 176) populations were developed for ‘P.G.160-61 × P.G.100-1.’ Five F2 and two F3 heterozygous plants were self-hybridized to develop F3 and F4 generations, respectively.

Additional evergreen varieties from the ARO’s pomegranate germplasm that were studied: P.G.145-46, P.G.149-50 (additional ‘Nana’ seedling selection) and P.G.227-238 (cultivar with sour fruits with “Black” peel).



Phenotype Evaluation of Segregating Populations

A plant was described as having the evergreen habit when leaves did not turn yellow and shed during autumn-winter months (November–January). In addition, when flowering and budding started early, toward the end of winter (February).

The evergreen habit of the ‘P.G.160-61 × P.G.100-1’ F2 population was monitored over 3 years (2009–2012). The ‘Nana × Black’ F2 population was monitored over 5 years (2011–2016) and the ‘Nana × White’ F2 populations was monitored over 2 years (2014–2015). F3 and F4 populations were described through autumn and winter seasons after 2–5 years from planting.

In order to analyze the evergreen trait as a quantitative trait, dates when almost all leaves of the tree (estimated 60%) became yellow (Figure 1) and when budding started were recorded. The dates for ‘P.G.160-61 × P.G.100-1’ F2 population were indicated at 2011–2012 season and for ‘Nana × Black’ F2 population at 2011–2012 and 2012–2013 seasons. The dates were inverted to quantitative values by calculating days from November 1st to the recorded date. In addition, subtraction of the recording date when leaves became yellow from the date of budding gave the number of days that trees were without leaves.


[image: image]

FIGURE 1. The evergreen and deciduous pomegranate behavior during autumn and winter. Evergreen and deciduous trees from segregating populations were photographed at December (A) and February (B). The plant at the left (A,B) was an evergreen tree and at right was a deciduous tree.




Chlorophyll Measurement

Chlorophyll content in the leaves was measured by chlorophyll content meter (CCM-200 plus, apogee, Logan, UT) along 21 months. Chlorophyll content is presented as chlorophyll concentration index (CCI) units. At least once a month, 35 representative leaves of two trees of the varieties P.G.100-1, P.G.160-61, and two F1 hybrids were measured.



Chilling Effect on Budding

Cutting of P.G.145-46, P.G.160-61, P.G.100-1 were taken from trees in the orchard after the accumulation of 47 chilling hours (less than 7°C), to a warmed room (26°C) with 16 and 8 h of light and dark, respectively. Each cultivar had three replicates with ten stems of 30 cm length. Date of 50% budding was recorded. Budding capability was assessed as the number of days to 50% budding.



DNA Extraction

The DNA-extraction protocol was based on Porebski et al. (1997) with few modifications as published in Ophir et al. (2014), young leaves (0.5 g) were resuspended in a 6 ml extraction buffer and the chloroform–octanol solution was replaced with chloroform–isoamyl alcohol. DNA was precipitated with sodium acetate instead of sodium chloride.

Crude DNA was extracted from young leaf (10 mg) in 96-well PCR plate according to a protocol based on Xin et al. (2003). DNA was diluted 1:100 for further analysis.



Statistical Analysis

Means, standard deviations, trait distribution, pairwise correlation, ANOVA and Welch ANOVA, Shapiro–Wilk W Test, and Wilcoxon/Kruskal–Wallis Tests (Rank Sums) analyses were conducted with the JMP, v. 7.0 software (SAS Institute Inc., Cary, NC, United States).




GENOTYPING


Single Nucleotide Polymorphism Markers


Segregating Bulk Array Hybridization and Signal Preprocessing

Six segregating bulks were created from the F2 ‘P.G.160-61 × P.G.100-1’ populations originated from three different F1 plants, each population gave two groups, evergreen and deciduous (Supplementary Table 1). The evergreen group was formed from 22, 12, and 25 plants and the deciduous from 20, 14, and 34 plants, respectively. Each group was divided to two bulks to serve as biological replications. DNA was extracted from each bulk separately. Hybridization of evergreen bulk against deciduous bulk was conducted on two arrays replicates. Additionally, replicates of each of the bulks were hybridized as bulk against itself to measure within bulk variance. The between and within bulks’ variance was estimated using factorial design as described in Ophir et al. (2010). The probes of the SurePrint Agilent array were composed of custom self-designed based on 15,494 cDNA sequences as described in Harel Beja et al. (2015).

Signal preprocessing, scaling, and differential allele proportion assessment was analyzed using LIMMA R-package (Ritchie et al., 2015). Adjustment of false positive p-values that occur in multiple tests was calculated using Benjamini and Hochberg’s (1995) method.



Fluidigm Array Genotyping

Individual plants from one F2 population of ‘P.G.160-61 × P.G.100-1’ (n = 92) were genotyped with 201 SNPs (Supplementary Table 2), including 45 SNPs that had the highest scores from the bulk array hybridization, which were expected to be mapped close to the evergreen trait, three additional new SNPs and 153 selected SNPs of the pomegranate 1,092 mapped SNPs (Harel Beja et al., 2015). Those SNPs were selected since they were polymorphic between P.G.100-1 and P.G.160-61 and were dispersed along the ‘Nana × Black’ genetic map (Harel Beja et al., 2015). SNPs were developed by Fluidigm Corporation (South San Francisco, CA, United States). SNP assays were run on FR48.48 arrays using EP1 Fluidigm platform. Technical procedure is the same as described in the company manual.2 Fluidigm genotyping raw data were converted into table where rows are markers’ assays and columns are accessions’ samples. Genotype data of 181 SNPs was used to build the genetic map.



Single Nucleotide Polymorphism Genotyping by TaqMan and Sequencing

Plants from F3 and F4 populations (243 and 176, respectively) were screened with two markers (c26365 and c8339) by TaqMan Genotyping on StepOne Plus (Applied Biosystems, Foster City, CA, United States) as indicated in the Applied Biosystems StepOne™ protocol.

Additional SNP markers (Supplementary Table 3) were genotyped by sequencing of PCR products with the 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, United States).




Simple-Sequence Repeats Markers

Simple-sequence repeats markers were developed from genomic pomegranate sequences (Supplementary Table 3). SSR amplification reaction was carried out in 20 μl volume containing template ∼30 ng gDNA, 2.0X Apex Taq RED master mix kit (Genesee Scientific, El Cajon, CA, United States) and 0.4 μM each primer (Supplementary Table 3). Thermal cycling conditions were: 5 min at 94°C, followed by 30 amplification cycles at 94°C for 15 s, 58°C for 30 s, and 72°C for 30 s and then a final extension at 72°C for 45 min. Genotyping was performed using GENESCAN-500-LIZ size standard (Applied Biosystems, Foster City, CA, United States) on a 3130 xl Genetic Analyzer (Applied Biosystems, Foster City, CA, United States) and analyzed using the GeneMapper software (Applied Biosystems, Foster City, CA, United States).



Map Construction and QTL Analysis

Mapping was performed using JoinMap 3.0 software (Van Ooijen and Voorrips, 2001). Markers were grouped at a minimum LOD score of 4.0 and a recombination frequency value of 0.4. JoinMap 3.0 software uses Kosambi mapping functions to translate recombination frequency into map distance.

Using the MapQTL® 5 software (Van Ooijen, 2004), QTLs and their significance were calculated using interval mapping (IM), multiple QTL model (MQM), and permutation analysis. A QTL was determined significant when its LOD score was higher than the calculated threshold (1000 permutation at p = 0.05).



RNA Extraction

Two varieties, P.G.100-1 and P.G.160-60, the parents of the segregating populations, as well as eighteen representatives of the F3 population (nine evergreen and nine deciduous) were selected for RNAseq analysis. Selected F3 plants had a homozygous genotype at the c26365, highly associated marker to the evergreen trait. In addition, they were described as evergreen or deciduous plants during 2 years (2013–2015). Chlorophyll content was examined for P.G.100-1 and P.G.160-60 and the selected F3 plants at three dates: 24/8/2016, 25/9/2016, and 9/11/2016.

A sample consisted of leaves collected at 25/9/2016 from different branches on the same tree. Tissues immediately frozen in liquid nitrogen were crushed and kept at -80°C until further analysis. Total RNA was extracted as described in Trainin et al. (2021) for each plant individually. Samples for RNAseq analysis consisted of three and two biological replicates (taken from different trees) of P.G.100-1 and P.G.160-61, respectively, and three mixed RNA bulks of evergreen and deciduous seedlings, each hold three different plants. Construction and sequencing of mRNA-seq libraries were performed at the Technion Genome Center.3 Briefly, mRNAseq libraries were generated from total RNA, using the TruSeq RNA protocol. The indexed libraries were pooled and subjected to sequencing on an Illumina HiSeq2500 instrument (Illumina, San Diego, CA, United States), 50 bp single read.



Transcriptome Analysis

Raw-reads were subjected to a filtering and cleaning procedure. First, raw reads were filtered and using Trimmomatic (Bolger et al., 2014) to remove adapters. Next, the FASTX Toolkit4 was used to trim read-end nucleotides with quality scores < 30, using the FASTQ Quality Trimmer, and to remove reads with less than 70% base pairs with a quality score ≤ 30 using the FASTQ Quality Filter. Data was submitted to SRA bioproject PRJNA802080. Clean reads were mapped to the reference genome of P. granatum5 using Cufflinks RNA-Seq workflow6 using Tophat2 software (Kim et al., 2013) (v. 2.1) with an average mapping rate of 96.3%. Gene abundance estimation was performed using Cufflinks (Trapnell et al., 2010), (v. 2.2) combined with gene annotations (GCA_002201585.1_ASM220158v1). Gene expression values were computed as FPKM (Fragments per kilo base per million mapped reads). Differential expression analysis was completed using the DESeq2 R package (Love et al., 2014). Genes that were more than twofold differentially expressed with false discovery-corrected statistical significance of at most 0.05 were considered differentially expressed (Benjamini and Hochberg, 1995).

The gene sequences were used as a query term for a search of the NCBI non-redundant (nr) protein database that was carried out with the DIAMOND program (Buchfink et al., 2014). The search results were imported into Blast2GO version 4.0 for gene ontology (GO) assignments.

Transcripts were analyzed by the Integrative Genomics Viewer (IGV) interactive tool to visual explore their structure.



Sequence Analysis of Pomegranate PgPolyQ-MADS Gene

The PgPolyQ-MADS full length transcript sequence of pomegranate was cloned and sequenced from ripe arils of P.G.200-211, a deciduous cultivar with a light pink aril color originated from Spain (Harel-Beja et al., 2019). Primers used for the full-length transcribed gene were 5610_9 and 5610_6 (Supplementary Table 4). PCR products were sequenced with 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA, United States). NCBI Blastp was used to find homologous proteins and conserved domains.7



Expression of PgPolyQ-MADS in Arabidopsis

Pomegranate PgPolyQ-MADS was cloned into the expression vector PBI121 (GenBank entry AF485783) under the control of the 35S promoter by Bio Basic Inc. (El Cajon, ON, Canada) (Supplementary Figure 1), the plasmid was designated PBI121-5610.

Agrobacterium tumefaciens strain GV3101 containing PBI121-5610 and PBI121 (control) were used to transform Arabidopsis (Col-0) by the floral dip in filtration method (Clough and Bent, 1998). Selection of transformants was conducted on 0.8% agar containing Murashige and Skoog (MS) salts (2.2 g/l) and kanamycin (50 μg/ml). Kanamycin-resistant seedlings (five of PBI121-5610 transformant and two of PBI121) were then transferred into soil to set seed. Progeny from self-fertilized primary transformants were grown in pots for phenotypic analyses at 20°C, 12 h light. PBI121-5610 transformant plants were verified by PCR with the primers 5610-5 and 35S_out (Supplementary Table 4). Control plants, transformants with PBI121, were verified by PCR with primers uidA forward and uidA reverse (Supplementary Table 4). Thirty-seven transgenic with PBI121-5610 Arabidopsis lines were obtained and characterized. Seeds were acquired from twelve positive lines for further analysis. Experiments were continued and repeated with two transgenic lines (#22 and #31) that showed strong characteristic phenotypes. Flowering time was recorded when first bolt had open flowers.



Protein Modeling

Structure model was constructed using the intensive mode of Phyre2 (Kelley et al., 2015). Visualization and analyses were done using PyMol8 (Schrödinger and DeLano, 2020).




RESULTS


Chlorophyll Content of Pomegranate Leaves and Temperature Effect

The leaves of deciduous pomegranate change their color in the autumn, while the evergreen varieties retain their green leaves and continue to generate new buds even during the winter (Figure 1). The latter phenomenon was titled evergreen. In order to quantify the differences between the different pomegranate varieties through time, chlorophyll content in the leaves was measured in two varieties along 21 months (June 2014–February 2016). Measurements are represented as chlorophyll concentration index (CCI). While the leaves of P.G.100-1 and those of the F1 hybrids lose their chlorophyll from September through February, the leaves of the evergreen variety, P.G.160-61, remain green during all year (Figure 2). However, when temperatures dropped below 10°C for few days or more, the leaves of the evergreen defined cultivar P.G.160-61 lost their chlorophyll due to cold injury and dropped. Four additional accessions (P.G.145-45, P.G.227-238, P.G.149-50, and P.G.160-61) in the ARO pomegranate collection showed the same behavior. This phenomenon led to determine pomegranate as a conditional deciduous plant.
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FIGURE 2. Chlorophyll content in the leaves of two pomegranate varieties and their hybrids along 21 months. Chlorophyll content index (CCI; 0–100) was determined along 21 months in the leaves of P.G.100-1 (Orange line, diamond signs), P.G.160-61 (Green line, x signs). The graph shows the averages CCI of 70 leaves with STDEV. Gray stars represent measurments’ dates when the average minimum temperature was below 10°C.


The differential effect of chilling on the budding of evergreen and deciduous pomegranates was studied on stem cuttings. Cutting of evergreen varieties P.G.145-46 and P.G.160-61 and deciduous variety P.G.100-1 were cut from trees in the orchard after accumulating 47 chilling hours (less than 7°C), and then warmed to 26°C. Date of 50% budding was recorded. Budding capability was assessed as the number of days to 50% budding. The evergreen varieties showed significantly earlier budding capability (Tukey–Kramer test) than the deciduous variety. 50% of the branches of P.G.145-46 and P.G.160-61 had buds after 23 and 39 days, respectively, while 50% branches of P.G.100-1 had buds only after 58 days (Supplementary Table 4).



Genetics of the Evergreen Trait in Pomegranate

In order to study the genetics of the evergreen trait, three different F2 populations, originated from five different parents (’P.G.160-61 × P.G.100-1,’ ‘Nana × Black,’ and ‘Nana × White’) were established. The distribution and segregation of the evergreen phenotype was analyzed in these populations through autumn and winter over 2 or 3 years (‘P.G.160-61 × P.G.100-1’ 2009–2012, ‘Nana × Black’ 2010–2012, and ‘Nana × White’ 2013–2015). Plants were described as evergreen when leaves remained green and did not drop during autumn-winter months (November–January), while flowering and budding started early, before spring (February). The evergreen phenotype was segregated in all the different F2 populations as a one major gene with significant (Chi square p > 0.05) 1:3 ratio (Table 1), where evergreen phenotype was recessive to the deciduous phenotype.


TABLE 1. The distribution of the evergreen and deciduous phenotypes in three F2 populations.
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DNA Markers Associated With the Evergreen Trait

In order to find strongly linked markers to the evergreen trait, two divergent groups of plants were selected from the ‘P.G.160-61 × P.G.100-1’ F2 population. One group contained plants that expressed the evergreen phenotype and the second group expressed the deciduous phenotype. Comparative hybridization between pooled DNA from evergreen group and the deciduous group was performed on the SNP array, which was developed for pomegranate (Harel Beja et al., 2015). Differential signals were sorted from the strongest associated SNP to the least by sorting the differential signal ascending, yielding 133 statistically significant differential signals, which depicted SNPs (adjusted-p < 0.05), whereas 40 of them had greater confidence at (adjusted-p < 0.001) (Supplementary Table 6).

In addition, sequential SNP genotyping was performed using the Fluidigm technology with 201 SNPs for the ‘P.G.160-61 × P.G.100-1’ F2 population (n = 92). The markers used in this analysis included 45 SNPs with the highest scores (p < 0.0025) from the bulk array hybridization described above, three additional new SNPs and 153 SNPs from the pomegranate SNP subset (Harel Beja et al., 2015). Altogether, a total number of 181 SNPs were found appropriate for further analysis (Supplementary Table 2).



Mapping the Evergreen Trait

A linkage map was built for the ‘P.G.160-61 × P.G.100-1’ F2 population (Supplementary Table 7) in addition to the published ‘Nana × Black’ map (Harel Beja et al., 2015). The new map contains 167 markers and is divided to 12 linkage groups (LGs). 130 markers were common with the published map and their order was identical except for a few mismatches: one in LG3, three in LG5 and three in LG8. LG6 of ‘P.G.160-61 × P.G.100-1’ map contained three markers that were mapped at LG10 and one at LG11 on the ‘Nana × Black’ map.

The evergreen trait was mapped as a qualitative trait to LG3 at both linkage maps, at 98 and 163 cM (centimorgan) on ‘P.G.160-61 × P.G.100-1’ and ‘Nana × Black,’ respectively (Figure 3 and Supplementary Table 7). Four DNA markers were mapped at ‘P.G.160-61 × P.G.100-1’ map and two at the ‘Nana × Black’ map in the vicinity of the evergreen locus within approximately one cM.
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FIGURE 3. The evergreen trait was mapped to LG3 in two different F2 populations. The evergreen trait was mapped to LG3 of ‘P.G.160-61 × P.G.100-1’ (A) and ‘Nana × Black’ (B) genetic maps. Markers written in green were associated to the evergreen segregating bulks at the SNP CHIP. Dashed lines connect common markers.


A total of 70 and 38 of the bulk segregated associated SNP markers were mapped on ‘Nana × Black’ and ‘P.G.160-61 × P.G.100-1’ pomegranate linkage maps, respectively. They were mapped on 10 LGs at the ‘Nana × Black’ map, and at five LGs on the ‘P.G.160-61 × P.G.100-1’ map (Supplementary Table 7). The highly linked markers (p < 5E–07) were mapped to LG3 at the region where the evergreen trait was mapped (153–172 cM at the ‘Nana × Black’ and 79–107 at the ‘P.G.160-61 × P.G.100-1’ map).



QTL Analysis to the Evergreen Trait

The evergreen phenotype was divided to three traits: leaves shedding, budding and the time between leaves shedding and budding. The dates of each trait were indicated for ‘P.G.160-61 × P.G.100-1’ F2 population at 2011–2012 season and for ‘Nana × Black’ F2 population at 2011–2012 and 2012–2013 seasons. Each trait was quantified by calculating the number of days between November, 1st and the date the trait was recorded. All three traits were mapped, by MQM analysis, as one major QTL at LG3 for both F2 segregating populations (Figure 4) with 56–89% explanation of the trait by IM analysis, depending on the character measured, year and population (Supplementary Table 8). The highest LOD values (LOD > 7.4) were related to the EverGreen loci and to adjacent markers. Additional minor QTLs (LOD > 3.8) for the three traits were analyzed for ‘P.G.160-61 × P.G.100-1’ F2 population, by IM analysis, at LG7 (Supplementary Table 8).
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FIGURE 4. Three evergreen related traits were subjected to QTL analysis and mapped to LG3. MQM analysis for three traits: shedding (Blue, days from the date leaves were yellowing to November 1st), budding (Orange, days from the date of budding to November 1st), and days from shedding to budding (green). The analysis was done for ‘P.G.160-61 × P.G.100-1’ F2 population in 2011–2012 (A) and for ‘Nana × Black’ F2 population in 2012–1013 (B). The x axis represents the markers as they ordered along the LG3 and cM distance.




Positioning of the Evergreen Region in the Pomegranate Genome Sequence

Markers that were mapped close to the evergreen loci, 22 and 12 cM, above and below, respectively (Figure 5A), were blasted (BLASTN) to two pomegranate genome sequences: GCA_002201585.1 assembly of ‘Dabenzi’ pomegranate and ASM765513v2 of ‘Tunisia’ (Supplementary Table 9). The markers were ordered on MTKT01004399 of GCA_002201585.1 assembly and to NC_045128.1 scaffold (Chromosome 2) of ASM765513v2 according to their order on the genetic map (Figure 5C).
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FIGURE 5. Microsynteny between pomegranate LG3, pomegranate ‘Tunisia’ genome sequence ASM765513v2 and the homologous genomic sequence of Eucalyptus grandis V1.0 chromosome 9. Twenty-seven pomegranate genes that were mapped in the vicinity of the evergreen trait at ‘P.G.160-61 × P.G.100-1’ map (A) were blasted to the Eucalyptus grandis V1.0 chromosome 9 (B) and to pomegranate ‘Tunisia’ genome ASM765513v2 (C). Continuous lines connect the mapped pomegranate genes to their position on chromosome 9 of Eucalyptus grandis V1.0. Dashed lines connect the markers to their position on NC_045128.1 of pomegranate genomic sequence ASM765513v2.


The 34 cM interval that included the “EverGreen” loci covered a region of 4,099,398 bp at NC_045128.1 (905,484–5,004,872 bp) scaffold, including 577 genes. Identification of the relevant genomic sequences facilitated the development of additional DNA markers that were used to genotype plants within advanced segregating populations (Supplementary Table 3).



Microsynteny to Eucalyptus

Eucalyptus and pomegranate are members of the Myrtales order. It was of interest to study the synteny between the genomes at the evergreen region. Sequences of genes of the evergreen trait on the genetic map (‘P.G.160-61 × P.G.100-1’ 73 –99 cM), that comprised markers of around 25 cM were blasted (BLASTN) to the Eucalyptus grandis genome V1.0. Interestingly, the order of these gene markers on the pomegranate genetic map and on the pomegranate ‘Tunisia’ genome was in synteny to that of the genes at chromosome 9 of E. grandis (scaffold9:24.4-27.2 Mb) (Figure 5B and Supplementary Table 9).

The matching genomic pomegranate and Eucalyptus sequences enabled the development of additional markers, including six SSR and eight SNPs (Supplementary Table 3). Genotyping with those markers enriched the marker collection within the close region for additional accuracy of the genetic map by additional recombinations.



Fine Mapping of the Evergreen Locus Through the Usage of Recombinants and Identification of the Gene Responsible for the Evergreen/Deciduous Phenotype

Mapping the two different F2 populations, ‘P.G.160-61 × P.G.100-1’ and ‘Nana × Black,’ suggested that the evergreen trait was located between two close markers at LG3: c26365 and c8339. In order to reduce the area by additional recombinations, advanced segregating populations were developed. Five F2 and two F3 plants from ‘P.G.160-61 × P.G.100-1,’ that were found as heterozygous at the closed markers of the trait, were selected for self-hybridization to develop additional F3 and F4 populations with 355 and 176 plants, respectively. All populations segregated for the evergreen trait.

The highly associated markers, c26365 and c8339, were selected for genotyping the advanced populations. Interestingly, there were no recombinants between c26365 and the trait, within the F2 ‘P.G.160-61 × P.G.100-1’ population, although they were mapped with a gap of 5 cM. However, c8339 was mapped only one cM apart from the trait to the other direction with two recombinations. Moreover, within the F2 ‘Nana × Black’ population there were two recombinants between c26365 and one between c8339 and the trait, respectively (Table 2). The physical distance between those markers, according to of pomegranate genome assembly ASM765513v2 is 176,366 bp.


TABLE 2. Recombinants between the evergreen trait and closed markers in four populations.
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Within the advanced populations, two plants out of 243 and three out of 176 were recombinants between c26365 marker and the evergreen trait among the F3 and F4, respectively (Table 2). Additional markers (Supplementary Table 3) were developed at the associated region according to corresponding Eucalyptus and pomegranate genomic sequences. Genotyping with close developed markers was performed for selected recombinant plants consistent with the recombination position (Table 2). Altogether, eighteen DNA markers were genotyped within the evergreen region (Supplementary Table 3). All the markers that were genotyped, exposed recombination with the trait, except for marker 5610. Therefore, it is suggested that 5610 is highly genetically associated to evergreen trait.



MADS-Box Gene AGL27 Is Genetically Responsible for Evergreen/Deciduous Trait

Closely linked markers’ sequences were blasted (BLASTN) to P. granatum isolate Tunisia-2019, ASM765513v2 whole genome shotgun sequence. Based on the recombinants at the advanced segregating populations the genomic region was reduced to 19,000 bp on chromosome 2 (NC_045128.1), between marker 195_155 and 195_174 (Supplementary Table 3). The marker 5610 was associated to the evergreen trait over all recombinant plants. The genomic associated region included only one gene and it is LOC116195279 (XM_031524351.1; protein XP_031380211), which is annotated as agamous-like MADS-box protein AGL27. The gene is composed of seven exons that include two consensus sequences, a MADS_MEF2_like domain and a K-box consensus sequence (Figure 6). Interestingly, the gene contains an intron of almost 8,000 bp, which caused the separation of the gene into two genes (CDL15_Pgr005610 and CDL15_Pgr005611) at other pomegranate genome assembly (GCA_002201585.1 of ‘Dabenzi’ pomegranate). A repeat of eight successive glutamines (polyQ) is located at the N-terminal site of the deduced amino acid sequence, twenty-two amino acids subsequent the first methionine (Figure 6C). The gene was named PgPolyQ-MADS. The position of this small polyQ at the beginning of the protein could not be found in any other MADS-box proteins, by searching with BLASTP the available data bases.
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FIGURE 6. Graphic illustration of pomegranate PgPolyQ-MADS structure. Genomic composition of the gene (A). Bold arrows represent axons, thin lines represent introns, and parallel lines represent first intron composed of ∼8,000 bp. LOC116195279 (B), XP_031380211.1 isoform X1 protein sequence (C) and the polymorphism between P.G.100-1 (D) and P.G.160-61 (E) at the DNA and predicted amino acid sequences. Red asterisk represent stop codon caused by replacement of C by T. Yellow represents CAG repeats or poly glutamine, blue represents the MADS_MEF2_like conserved sequence, orange the K-box consensus sequence, and purple are the nucleotides changes between P.G.100-1 and P.G.160-61.


Two polymorphic genetic changes were found between the deciduous P.G.100-1 and the evergreen P.G.160-61 at the PgPolyQ-MADS sequence. These changes are located within the CAG repeat located at the 5’ end of the gene (Figures 6D,E). The first change was that the evergreen P.G.160-61 had thirteen repeats, while P.G.100-1 had eight. Interestingly, the second change was at the sixth repeat of P.G.160-61, where a C was replaced by T, resulting in the formation of a stop codon (TAG) in the evergreen phenotype. P.G.160-61 and all other evergreen varieties present in the ARO pomegranate collection (P.G.145-46, P.G.149-50, P.G.227-238, and P.G.232-243) had the same genetic variation that caused a stop codon. Screening pomegranate accessions in the collection revealed that among the deciduous cultivars that were genotyped, twenty had identical allele to that of the PgPolyQ-MADS gene as P.G.100-1, one accession (P.G 221–232) had seven repeats and two seedlings from ‘Daru’ (P.G.263-274 and P.G.264-275) had nine repeats. However, none of the deciduous accessions showed the nucleotides replacements, which caused a stop codon (Supplementary Table 10).



Three Dimensional Prediction Shows the polyQ Region Including the DNA Binding Domain Within the PgPolyQ-MADS Protein

In order to understand how the PgPolyQ-MADS box protein is influenced by the addition of the polyQ domain at the N terminal of the protein, the Phyere 2 program was used to model the protein (Figure 7). The monomeric protein is composed of two domains–DNA-binding domain and keratin like domain. The two domains were modeled with high confidence score, presenting up to 46% amino acid sequence identity to the templates used by Phyre2. The N-terminal polyQ tail and the C-terminal tail were predicted as disordered due to lack of available homologous structures for these areas. The model predicts that the polyQ domain is in close proximity to the DNA binding site and that its presence could influence its DNA binding capability. The polyQ domain might also play a role in targeting of other factors that could influence expression of the genes it binds to.
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FIGURE 7. Three dimensional structure model of PgPolyQ-MADS transcription factor. Protein model was constructed by Phyre2. The model includes the N-terminal loop (salmon) including of eight glutamine residues (polyQ, red), DNA-binding domain (green), and the C-terminal keratin-like domain (blue). Arrow points to the polyQ residue.




Arabidopsis Transformants with PgPolyQ-MADS Had Early Flowering Phenotype

Arabidopsis transformants (Col-0) containing the PgPolyQ-MADS gene originated from a deciduous cultivar (P.G.200-211) had a distinctive phenotype (Figure 8A). Effects included smaller plants, fewer, smaller and rolled leaves, and early flowering. Twenty-five transformed plants showed at least one of the effects and twelve had no effect. Days to flowering were reduced significantly (p < 0.01) from 52 ± 30.3 days at the control plants (T1, n = 8) to 37 ± 1.43 for the PgPolyQ-MADS transformants (T1, n = 36, one plant did not flower) (Supplementary Table 11). Seedlings of two transformed lines with the PgPolyQ-MADS gene that had a distinguished phenotype were grown for two additional experiments. Interestingly, those lines were originated from two different T0 plants. The extreme phenotype repeated (Figure 8A) and the number of days to flowering was reduced significantly (Figure 8B).
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FIGURE 8. Arabidopsis transformants with PgPolyQ-MADS and control. Three representative transformant plants: Control plant transformed with PBI121, #31 and #22 plants transformed with PgPolyQ-MADS. (A) 45 days after sawing, #31 and #22 show a distinctive phenotype of smaller plants with few rolled leaves and early flowering. Days to flowering from sawing (B), average ± standard error, letters represent significant differences by comparisons for each pair using Student’s t test.




Differential Transcriptome Between Deciduous and Evergreen Leaves

Tracking chlorophyll content in the leaves along the year (Figure 2) showed that at the end of September deciduous varieties started to lose chlorophyll, while evergreen variety did not. That period was selected to study the different transcriptomes of deciduous and evergreen plants. P.G.100-1 and deciduous F3 progenies’ CCI values at 25.9.2016 (53.64 ± 12.52) were in-between the values at 24.8.2016 and 9.11.2016 (Figure 9). However, evergreen progenies and P.G.160-61 had mean CCI values of 67.76 ± 1.60 and were constant for all dates.
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FIGURE 9. Chlorophyll content index (CCI) of deciduous and evergreen pomegranates at three dates. CCI was measured at 24.8.2016, 25.9.2016, and 9.11.2016 for deciduous (Orange, dots) P.G.100-1 and nine deciduous F3 descendants of ‘P.G.160-61 × Wonderful’ population and for evergreen (Green, stripes) P.G.160-61 and nine evergreen F3 progeny. Letters represent significantly differences by comparisons for each pair using Student’s t test.


Transcriptome analysis was conducted for RNA extractions of leaves collected on 25.9.2016 from three P.G.100-1 trees and two P.G.160-61 trees. In addition, six bulks of F3 progenies from the ‘P.G.160-61 × Wonderful’ population were analyzed. Each bulk combined RNA from three different plants. Three bulks were from deciduous plants and three from evergreen plants. An average of 17,730,933 reads was obtained for each sample (Supplementary Table 12), with no considerable differences. Reads were mapped to pomegranate genome (GCA_002201585.1) where 32,582 contigs were analyzed.

Differential expression analysis showed forty-one transcripts that were differentially (p < 0.01) expressed between P.G.100-1 and P.G.160-61. These transcripts were also differentially expressed within the bulks of deciduous and bulks of the evergreen plants (Supplementary Table 13). Interestingly, these different genes included three genes from scaffold MTKT01004399.1 (GCA_002201585.1), which is associated to the evergreen trait. Those genes were annotated as acyltransferase and kinesin light chain. However, their location on the scaffold was not at the same loci as the associated markers were. Differential genes contain five transcription factors, including MOTHER of FT and TF 1 (CDL15_Pgr019923, LOC116212806) which is located at MTKT01006319.1 (GCA_002201585.1).

Interestingly, transcript CDL15_Pgr005611 deduced to encode for the PgPolyQ-MADS was not differentially expressed between deciduous and evergreen plants, although the transcript in the evergreen plants contained the additional nucleotide assumed to cause for a stop codon. Thus, the evergreen alteration does not seem to change the transcription level of the gene. Transcription levels for transcript CDL15_Pgr005611 were with an average of 51.6 and 66.7 FPKM (Fragments per kilo base per million mapped reads) in P.G.100-1 and the deciduous bulks, respectively. The expression of the evergreen plants was 44.6 and 35.3 for P.G.160-61 and evergreen bulks, respectively.




DISCUSSION

Deciduous perennials as peach and plum include rare evergreen varieties (Diaz, 1974; Rodriguez-A et al., 1994). In pomegranate, this phenomenon is known to science and agricultural practice for many years (Diaz, 1974; Sharma and Dhillon, 2002; Holland et al., 2009). Indian growers use this trait to manipulate the time of pomegranate harvest to obtain yield throughout the year, which provides an economical gain. However, by manipulating the time of harvest, it is possible to divert the production period to seasons with more favorable environmental conditions that influence fruit quality, yield, irrigation and pest management. From a scientific point of view, the evergreen trait is of particular importance since it allows undertaking a genetic approach to find genes that are important for sensing the environment. Genetic studies of the evergreen peach mutant led to the identification of DAM genes in peach and several other fruit tree species that belong to the Rosacea family including, cherry (Castède et al., 2015), plum (Quesada-Traver et al., 2020), apple (Mimida et al., 2015), pear (Saito et al., 2015), and apricot (Olukolu et al., 2009; Trainin et al., 2013). However, despite the spike of accumulated data and knowledge, the sensing mechanism of environmental cues and the way in which plants translate this information to physiological processes is mostly unknown. This study exploited the existence of several different evergreen pomegranate accessions in the Israeli genetic collection to broaden the genetic knowledge on the evergreen trait and to shed light on the mechanism of action of the genes involved. Since pomegranate belongs to the Punicacea family which is evolutionary distant from the Rosacea family, this study may obtain broader genetic information that will uncover additional important aspects of dormancy. The physiological and genetic data gathered in our study on the pomegranate evergreen trait showed that a single recessive gene mainly controls it. This is true for the evergreen accessions, Nana and P.G.160-61 in our collection (Figures 3, 4 and Table 1). The evergreen tree constantly grow along the year in contrast to the deciduous tree that enters dormancy. However, exposure to low temperatures, below 10°C damage the leaves (Figure 2). Bud break will re-occur very fast once the temperatures increase. Thus, it appears that the same gene or QTL might control both entrance to dormancy and new bud development after cold damage. Indeed, three mapped evergreen related traits resulted as one major QTL at LG3. Two different evergreen pomegranate sources (P.G.160-61 and ‘Nana’) were mapped to that same region and are controlled by the same gene, entitled PgPolyQ-MADS. Former study suggested that the evergreen pomegranate accessions belong to a larger group of accessions, including deciduous accessions that originate from India and central Asia (Ophir et al., 2014). Because the same gene was discovered in the two different evergreen pomegranate accessions, it appears that the genetic event that formed the evergreen trait preceded the formation of the evergreen species.

The pomegranate and the peach evergreen trait have similar characteristics. In both species the trait is controlled by a main single recessive gene. Like in pomegranate, the peach meristem continues to grow in winter but the leaves suffer from cold damage and will eventually drop. The similarities between the peach and the pomegranate evergreen traits raised the question whether the genes that control them are similar. The mapping data indicate that the gene responsible for the evergreen trait in pomegranate is very similar to the Arabidopsis AGL27 MADS box gene (AT1G77080). The DAM genes associated to the trait in peach also belong to the MADS box genes but are more similar to the AGL24 group (Bielenberg et al., 2008; Trainin et al., 2013). Like in AGL27 from Arabidopsis the first two exons of PgPolyQ-MADS are separated by a large intron (Figure 6). Large introns were detected also in SOC1 genes of apricot and peach (Trainin et al., 2013). In leafy spurge an alternative splicing was observed at the first exon, where the short transcript was upregulated only during endodormancy and the larger transcript was expressed during late endodormancy and throughout eco-dormancy (Horvath et al., 2017). Several studies on Arabidopsis suggest that it is a probable transcription factor involved in the negative regulation of flowering time in both long and short days, possibly through the photoperiodic and vernalization pathways and prevents premature flowering (Ratcliffe et al., 2001; Scortecci et al., 2003; Werner et al., 2005).

What is the function of PgPolyQ-MADS gene? The gene has a unique feature of additional domain which contains a repeat of eight glutamines (polyQ) and an additional 23 amino acids at the beginning of the deduced protein (Figure 6). However, the evergreen accessions possess a stop codon, caused by a change of C to T in the polyQ sequence, which eliminates the presence of the entire protein in the evergreen accessions (Figure 6). Protein modeling and three dimensional simulations [based on similar proteins with determined three dimensional structure (Theissen et al., 2000; Puranik et al., 2014)], suggest that the polyQ domain is positioned in close proximity to the DNA binding domain (Figure 7). Thus, the polyQ domain might function as a modulator of the DNA binding domain. Such a model was proposed for the action of a different transcriptional factor, the EARLY FLOWERING 3 (ELF3) DNA binding protein, which is involved in control of the circadian rhythm and control of flowering of Arabidopsis (Undurraga et al., 2012). ELF 3 contains a poly glutamine domain described as prion-like domain within the protein (Jung et al., 2020). It was suggested that the prion-like domain functions as a thermo-sensor. Remarkably, both proteins, the pomegranate PgPolyQ-MADS and the ELF3 from Arabidopsis function in mediating response to environmental cues, suggesting that the pomegranate protein PgPolyQ-MADS activity is mediating environmental cues through the polyQ domain. No other MADS box proteins with an N terminal polyQ domain were found in the genomes of other plants. However, another MADS domain protein, AGL3 (AT2G03710.1) with a poly glutamine at the C terminal was found in Arabidopsis (Huang et al., 1995). Interestingly, the PLAAC website (Lancaster et al., 2014) predicted that both MADS box proteins include the prion structure. In addition, variation in the polyQ repeat was detected in FCA protein among genus like Triticum, Lolium, Oryza, Hordeum, Arabidopsis, Brassica, Pisum, and Medicago (Lindqvist et al., 2007). FCA is a RNA-binding protein which is an abscisic acid receptor that was reported to be involved in thermosensing of flowering (Razem et al., 2006). It is to note that overexpression of PgPolyQ-MADS in transgenic Arabidopsis dramatically shortens the time to flowering (Figure 8) as was shown for Arabidopsis AGL28 (Yoo et al., 2006) and for Lilium formosanum MADS-box gene (Liao et al., 2018). Pomegranate ELF3 (XP_031371603.1) does not contain the poly glutamine domain, neither the pomegranate agamous-like MADS-box protein MADS2 (XP_031407624.1), which was found to be most similar to AGL3, does not include the poly glutamine region. Thus, the presence and particular function of the PgPolyQ-MADS protein in pomegranate seems to be unique to pomegranate. Yet, the utilization of the polyQ domain could be a general mechanism in plants in controlling temperature response. The pomegranate FCA protein (XP_031405132.1) includes the poly glutamine motive as in Arabidopsis. The pomegranate data demonstrate that proteins, other than, ELF3 control temperature sensitive responses by using similar polyQ domains, as does the polyQ-MADS domain hybrid protein in conferring the evergreen phenotype.

Transcriptomic analysis did not show major gene expression differences between deciduous and evergreen varieties at the physiological stage of leaves that was analyzed. Only forty-one genes were found that show differential expression at confidence of less than 0.001. These include five transcriptional factors (Supplementary Table 13). One of them (Mother of FT) is associated with control of seed germination via the ABA growth regulator (Xi et al., 2010). In addition, the homologous gene to Mother of FT, the FT gene in popular, was shown to be involved in the control of flowering, growth cessation induced by short day and the bud set at fall (Böhlenius et al., 2006). Poplar has two FT paralogs, only FT1 was shown to be involved in regulation of vegetative bud dormancy (Busov, 2019). Interestingly, dormancy inducing conditions in leafy spurge caused an opposite expression pattern of DAM and FT genes. During endodormancy induction DAM genes expression increased, while FT expression was suppressed (Hao et al., 2015). No significant differences in the level of expression of the PgPolyQ-MADS gene were observed, supporting the assumption that the evergreen trait is expressed due to the absence of a functional PgPolyQ-MADS protein in evergreen accessions. Our data combined with the data from ELF3 function strongly suggest the existence of a new control mechanism for sensing environmental signals through the control of transcriptional factor DNA binding. We propose that a poly glutamine domain could play an important role in this mechanism. The PgPolyQ-MADS could be a major temperature-sensing element in pomegranate that senses temperature through DNA binding and controls leaf shed and dormancy break through its activity as a transcriptional factor.
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Stone fruit production has enormous economic importance in Spain. Cultivation locations for these fruit species (i.e., peach, apricot, plum, and sweet cherry) cover wide and climatically diverse geographical areas within the country. Climate change is already producing an increase in average temperatures with special intensity in certain areas like the Mediterranean ones. These changes lead to a decrease in the accumulated chill, which can have a profound impact on the phenology of Prunus species like stone fruits due to, e.g., difficulties to cover the chilling requirements to break endodormancy, the occurrence of late frost events, or abnormal early high temperatures. All these factors can severely affect fruit production and quality and therefore provoke very negative consequences from the socio-economic point of view in the incumbent regions. Thus, characterization of current cultivation areas in terms of agroclimatic variables (e.g., chill and heat accumulation and probabilities of frost and early abnormal heat events), based on data from 270 weather stations for the past 20 years, is carried out in this work to produce an informative picture of the current situation. Besides, future climatic projections from different global climate models (data retrieved from the Meteorological State Agency of Spain—AEMET) up to 2065 for two Representative Concentration Pathway scenarios (i.e., RCP4.5 and RCP8.5) are also analyzed. Using the current situation as a baseline and considering the future scenarios, information on the current and future adaptive suitability of the different species/cultivars to the different growing areas can be inferred. This information could be the basis of a decision support tool to help the different stakeholders to take optimal decisions regarding current and future stone fruit or other temperate species cultivation in Spain.

Keywords: Prunus, stone fruit, adaptation, chill accumulation, phenology, frost risk, varietal choice, agroclimatic metrics


INTRODUCTION

Spain is one of the main world producers of stone fruits (i.e., peach, apricot, plum, and sweet cherry) with an average annual production of around 2 million tons. Cultivation of these fruits has a very important economic role in the country, covering around 140,260 ha (FAOSTAT, 2019). The main growing areas in Spain for these cultivars are located in areas with different agroclimatic characteristics: from warm areas like Guadalquivir Valley and a large part of the Mediterranean area to cold areas like northern Extremadura, Ebro valley, and some interior locations of the Mediterranean area (see Figure 1). Since these crops require sufficient winter chill to break endodormancy to avoid production problems (Atkinson et al., 2013), assessing relevant agroclimatic metrics for current and future scenarios in the growing areas can help to (i) analyze the current potential production problems (Hatfield et al., 2019), (ii) study the climate change influence over such metrics in each area (Campoy et al., 2011b; Luedeling et al., 2011; Luedeling, 2012), (iii) select the optimal locations to fulfill the cultivars chilling requirements (CRs), avoiding frost episodes that can damage flowers and thus ruin the production in the mid and long term (Julian et al., 2007; Guo et al., 2015, 2019; Chmielewski et al., 2018), and (iv) select the best agricultural practices and technologies to mitigate the effect of climate change (Campoy et al., 2010; Mahmood et al., 2018).
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FIGURE 1. Location of the 270 weather stations (black dots) used for this study.


Chill and heat requirements (Fadón et al., 2020b) or level of frost damage (Miranda et al., 2005) of the current cultivated species/cultivars can be coupled with the agroclimatic metrics in the different areas to build decision tools that help producers and other stakeholders to design optimal production and economic policies for medium and long term. Available modeling tools to process large series of climate and phenological already serve as the basis to build the above-mentioned decision tools (Luedeling, 2019; Luedeling et al., 2021; Miranda et al., 2021). Climate projections in the Mediterranean basin reveal that the effects of global warming can be especially severe in this area (Giorgi and Lionello, 2008; MedECC, 2020; IPCC, 2021), thus anticipation measures are critical to avoid future production problems, which could seriously affect the economy of certain regions like the ones presented in this study (Olesen and Bindi, 2002; Benmoussa et al., 2018).

Different research studies have determined the negative influence of global warming on the production of temperate fruits and nuts in different regions across the planet. The main causes are related to the decrease in winter chill although the increase of frost risks due to the expected advance in blooming and flowering is also taken into account in some studies. For instance, Fernandez et al. forecasted a decrease in winter chill needed for deciduous fruit production in Chile, with expected negative impacts in northern areas of the country. At the same time, they projected significant reductions of frost probabilities during the most plausible period of budburst for deciduous fruit trees for all the considered sites (Fernandez et al., 2020); Lorite et al. analyzed phenomena like lack of winter chill, frost risk, and warm conditions during flowering in the Iberian Peninsula for some almond cultivars coupling climate projections and phenological information. They found that, in general (and depending on the considered cultivar), (i) the lack of winter chill will be more pronounced in the Mediterranean coast and the Guadalquivir Valley, (ii) warm conditions during flowering will be more intense in the Central Plateau and Ebro Valley, and (iii) the risk of frost will be reduced to particular areas of the Northern Plateau and Northern Hilly Areas (Lorite et al., 2020). Benmoussa et al. projected important future winter chill reductions in Tunisia that can significantly affect the production of some fruits and nuts. For example, for the most pessimistic scenario, only low-chill almond cultivars could be viable. In other scenarios, some pistachios and peach cultivars could be viable even in the long term for the North-Western part of the country (Benmoussa et al., 2020); Fraga and Santos considered both the future chilling and heat accumulation and their impacts on the production of different fruits in Portugal. They projected strong declines in winter chilling that will more severely affect the inner-most regions of the country. The northern apple growing areas will be particularly exposed to chilling reduction. The authors also projected increases in heat accumulation, with a higher impact in the southern and coastal areas of the country. They highlighted that this fact may increase the risk of frost damage due to the advance of phenological stages (Rodríguez et al., 2019, 2021; Fraga and Santos, 2021) compared the current situation of the production areas of some temperate fruits in Spain with future climate change scenarios regarding chill accumulation. They forecasted important chill losses in some areas (e.g., South-East or Gualdalquivir area) even in the near future. For the far future (>2070), these authors stated that considering current growing areas, plum, almond, and apple cultivars can be seriously affected by the lack of chill (Rodríguez et al., 2019, 2021).

In this study, we assessed the main agroclimatic variables related to stone fruit adaptation in different regions within Spain, including those where the most important stone fruits production takes place using data from 270 weather stations during the period 2000–2020. This is accompanied by future temperature projections to estimate the chill and heat accumulation evolution and the future probabilities of frost and early abnormal heat events compared with the current situation. This information can be very useful for taking the optimal decisions related to setting up new orchards, relocating current ones, or selecting the optimal cultivars to obtain profit in the long run.

The main contribution of this study is that we analyzed at the same time different agroclimatic variables related to stone fruit adaptation. Not only the chill accumulation to fulfill CRs as performed in the study by Rodríguez et al. (2019, 2021) but also heat accumulation for proper flowering, frost risks, and a variable rarely quantified in the literature: the probability of abnormal heat events in winter that can boost endodormancy release with a negative impact on fruit production, quality, and yield, as it has been observed in warm areas within the past years. We used data from a very dense network of weather stations that provide accurate metrics for the current situation. We focused on the current producing areas as decisions regarding warming adaptation will probably be taken in those areas, where the suitable technologies and knowledge are well settled down. In such areas, crop relocations would produce undesirable socio-economic consequences and depopulation. Further, for characterizing the current situation, we used real hourly temperatures instead of estimated ones, which confer more accuracy to the results compared with other studies where hourly temperatures are interpolated from daily ones. The used resolution (∼5 km) is finer than in other similar studies in Spain (Rodríguez et al., 2019, 2021; Lorite et al., 2020) and helps to make decisions even at a local level.



MATERIALS AND METHODS


Climatic Data and Agroclimatic Variables

Climatic data from 340 weather stations located in the main stone fruits producing areas in Spain (see Figure 1) were used to assess the agroclimatic metrics. Data comprised the main climatic variables, including mean, maximum, and minimum temperature (°C), relative humidity (%), rainfall (mm), evapotranspiration (ETo, mm), and solar radiation (W/m2). Incomplete records and issues were found in some of the considered stations. After applying the Spanish regulation (UNE 500540, 2004), a final number of 270 stations was selected. Hourly temperature data were complete except for empty hours corresponding to maintenance events that were not filled as they consisted in a negligible percentage of the total. Mean hourly temperatures in the period 2000–2020 were used to calculate the main agroclimatic variables, including chill and heat accumulations as well as probabilities of potentially harmful frost and abnormal heat events in winter. The number of complete years per station varies per station: from 5 to 21 years (median = 20) depending on the station.

Chill accumulation for each season was calculated from the 1st of November until the 28th of February of the following year. Utah (Richardson et al., 1974) and Dynamic (Fishman et al., 1987) models were used to perform this calculation. Heat accumulation for each season was calculated from the 1st of January to the 8th of April (around 14 weeks) using the Richardson (Richardson et al., 1974) and Anderson (Anderson et al., 1986) models, which provide the results in growing degree hours (GDHs). Probabilities of frost and abnormal heat events were calculated per week as follows: for each week, a frost event occurs if the temperature falls below −1°C during at least three consecutive hours. Then, the probability of occurrence of frost events in a particular week is defined as the number of times that week had at least one frost event during the study period divided by the number of years considered. Similarly, an abnormal heat event occurs if the temperature rises above 25°C for at least three consecutive hours. Then, the probability of occurrence of abnormal heat events is calculated as explained for frost events. Week 1 started at the 1st of January. For frost events, weeks from 2 to 10 were considered as representative potential dangerous weeks. First weeks in the range (i.e., week 2 to week 5–6) would be the most dangerous ones in warm areas, whereas the rest (i.e., weeks 5–6 to week 10) would be the critical ones in cold areas. For abnormal heat events, the considered period ranged from week 49 of the previous year (beginning of December) to 8 (end of February) when these events could boost early dormancy release associated to later production problems.



Future Scenarios

Regarding future scenarios, temperature projections calculated by the Spanish State Meteorological Agency (AEMET) were used. AEMET has been producing in recent years a set of reference downscaled climate change projections over Spain either applying statistical downscaling techniques to the outputs of the global climate models (GCMs) or making use of the information generated by dynamical downscaling techniques through European projects or international initiatives such as PRUDENCE, ENSEMBLES, and EURO-CORDEX (Amblar-Francés et al., 2018). In this study, we used the projected daily temperatures (i.e., maximum and minimum) using statistical downscaling based on artificial neural networks. This has been evaluated as a suitable method to produce climate projections in the current and future scenarios in Spain while reducing the GCMs model biases (Hernanz et al., 2022a,b) over a grid of 5 km resolution. Two temporal horizons have been considered, namely, 2025–2045 (characterized by 2035) and 2045–2065 (characterized by 2055) to provide results for short and medium term. Two representative concentration pathways, i.e., RCP4.5 and RCP8.5, were considered (van Vuuren et al., 2011). Of note, eleven GCMs were used in this study (Table 1). Results were presented using an ensemble methodology (Semenov and Stratonovitch, 2010; Wallach et al., 2018) where the average values of the projected metrics (e.g., chill and heat accumulation or probabilities) computed by all the models were used in subsequent steps. Hourly temperatures to calculate the agroclimatic indexes were simulated from daily ones using the chillR package (Luedeling, 2019).


TABLE 1. List of global climate models used in this study.

[image: Table 1]
To compare the agroclimatic variables in the present and future scenarios, the actual locations of the weather stations were compared with their closest points from the grid. Maximum, minimum, and mean distances from the weather stations to their closest points in the grid were 3.87, 0.26, and 2.14 km, respectively. In all cases (current and future scenarios), an interpolated area around the considered weather stations (i.e., no further than 50 km away from the closest weather station) was calculated using the inverse distance weighting method.




RESULTS


Chill Accumulation

As pointed out above, two models were used to calculate the chill accumulation, namely, the Utah (in chill units) and the Dynamic model (in portions). Using the mean values of the total accumulated chill within the whole period for all stations, a very high correlation was found between both indexes (R2 = 0.95, Supplementary Figure 1). Therefore, results are presented using only one of them (portions). Figure 2 shows the spatial patterns of mean chill portions over the different considered periods. In the current situation, we can see that there are several geographical areas with high chill accumulation (≥75 portions), like the Ebro Valley, northern Extremadura, and some interior areas in the Mediterranean. Only in the Mediterranean and Guadalquivir Valley, warm areas with chill accumulation below 60 portions (even below 50 in some isolated areas) are found. The future scenarios show a clear decrease of accumulated chill in warm areas, in northern Extremadura and some interior areas of the Mediterranean. The decrease of accumulated chill in the Ebro Valley will be produced in the eastern part of that area, while the interior will accumulate significant winter chill even in the most pessimistic scenario (e.g., 2055_RCP8.5). The effects of global warming over winter chill decline are more intense in the 2055_RCP8.5 scenario as expected. Supplementary Tables 1–4 show the mean chill accumulation in the considered period (1st November to end of February) in portions for all locations and models in every considered future scenario. The mean value of the outputs of the eleven models is shown, as well as the registered accumulated chill for the period 2000–2020 for comparison purposes.
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FIGURE 2. Chill accumulation in the main stone production areas in Spain for the current situation (approximately 2000–2020), two time horizons (2025–2045 and 2045–2065) and two future scenarios (RCP4.5 and RCP8.5).


To check if the expected chill accumulation decline will have a similar influence over the locations depending on their current chill accumulation, a classification of the 270 weather stations was performed, dividing them in terms of mean accumulated portions in the current scenario: low accumulation (<60 portions, 34 stations), medium accumulation (between 60 and 80 portions, 121 stations), and high accumulation (above 80 portions, 115 stations). Figure 3 shows the boxplots of the accumulated portions in every scenario for the three types of locations. The observed chill accumulation decline is as expected according to each scenario. In terms of differences in median values between current and future scenarios, it seems that the three types of locations present the same behavior (which means that the percentual losses are higher in low accumulation areas). However, the spread of the data is very different. Low and high chill accumulation areas show lower dispersion (with some outliers in the low end of the distribution) than medium areas, which present a higher dispersion but no outliers. The analysis of these outliers for high chill accumulation areas reveals that the outlier for all the four future scenarios corresponds to an interior Mediterranean location (Játiva). For low chill accumulation areas, the outlier in every case (including the current scenario) corresponds to a coastal Mediterranean location (Almería). The outliers for the high end of the distribution in low chill accumulation areas correspond to interior locations in the Mediterranean (i.e., Montesa, Callosa de Sarriá, and Murcia) although they could be artifacts since projections forecast more chill accumulation in future than in the current scenario. They could be caused by the possible climatic differences between the actual location of the weather stations and their closest point in the grid for future projections.
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FIGURE 3. Boxplots of accumulated chill in all scenarios for low (<60 portions), medium (between 60 and 80 portions), and high (>80 portions) chill accumulation stations, referred to the current scenario.




Heat Accumulation

Heat accumulation was calculated using two models (i.e., Richardson and Anderson models) similarly to chill accumulation. A high correlation was also found between the outcomes of both models (R2 = 0.998, Supplementary Figure 2). Therefore, results are presented using only the outcomes of the Anderson model. Figure 4 shows the spatial patterns of mean GDH over the different considered periods. All the scenarios regarding GDH seem to inversely correlate with their corresponding chill accumulation scenarios (Figure 2). Places where chill accumulation is low present high heat accumulation and vice-versa. As chill accumulation decreases in future scenarios, heat accumulation increases proportionally in each area. For instance, the Pearson correlation coefficient between the lost chill accumulation and the gained heat accumulation for current and 2055_RCP8.5 scenarios is 0.68 (p-value < 1e–15).
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FIGURE 4. Heat accumulation in the main stone production areas in Spain for the current situation (approximately 2000–2020), two time horizons (2025–2045 and 2045–2065) and two future scenarios (RCP4.5 and RCP8.5).


Like in the chill accumulation case, the effects of GDH increase are more intense in the 2055_RCP8.5 scenario as expected. Supplementary Tables 5–8 show the mean heat accumulation in the considered period (1st January–8th April) in GDH for all locations and models in every considered scenario. The mean value of the outputs of the eleven models is shown, as well as the registered accumulated heat for the period 2000–2020 for comparison purposes.



Frost and Abnormal Heat Events Probabilities

The probability of frost events as defined above is shown in Figure 5 comparing weeks 2–10 for the current and 2035_RCP4.5 and 2055_RCP8.5 scenarios (only probabilities ≥ 10%). In the current situation, significant probabilities of frost events were recorded especially in areas of the Ebro Valley but also northern Extremadura and interior areas of the Mediterranean. Frost probabilities decrease from weeks 2 to 10 as expected, but some particular locations in the Ebro Valley still present a significant probability of frost on week 10. The analyzed future scenarios in Figure 5 are the most optimistic (i.e., 2035_RCP4.5) and pessimistic (i.e., 2055_RCP8.5), respectively, in terms of temperature rise. The probability of frost events vanishes from Extremadura and decreases in all areas, whereas just reduced areas of the Ebro Valley and some isolated areas in the interior Mediterranean show probabilities above 10% even in week 10. Like in the current situation, frost probabilities decrease from weeks 2 to 10. Remarkably, 2035_RCP4.5 and 2055_RCP8.5 scenarios present similar pictures in terms of probabilities of frost events, revealing that the Ebro Valley and some interior Mediterranean locations will undergo frost events in all the considered scenarios.
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FIGURE 5. Probability of frost events in the main stone production areas in Spain for weeks 2 to 10 for the current, 2035_RCP4.5 and 2055_RCP8.5 scenarios.


Regarding abnormal heat events as defined above, Figure 6 shows the probability of occurrence of such events from weeks 49 (i.e., beginning of December of the previous year) to 8 (i.e., end of February). Only probabilities ≥ 10% are considered. Therefore, maps for current and 2035_RCP4.5 scenarios are not shown since just a few isolated locations comply with that value. The shown future scenarios show that Guadalquivir Valley and locations near the coastal Mediterranean area will undergo the highest number of abnormal heat events in winter. Clear differences appear between 2035_RCP8.5 and 2055_RCP8.5 scenarios. The areas that will undergo these types of events are expanded in the latter covering interior Mediterranean locations and some areas of the Ebro Valley.
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FIGURE 6. Probability of abnormal heat events in the main stone production areas in Spain for weeks 49 (beginning of December) to 8 (end of February) in the 2035_RCP8.5, 2055_RCP4.5, and 2055_RCP8.5 scenarios.





DISCUSSION AND CONCLUSION

This study tried to characterize the main stone fruits producing areas of Spain using historic agroclimatic data (particularly temperatures) from 270 weather stations spread throughout such areas and compare the results with future projections in two time horizons and RCP scenarios. The study areas were selected based on the fact that current and future decisions to be made regarding the cultivation of stone fruits (i.e., peach, apricot, plum, and sweet cherry) will be mainly taken within the current producing areas, where the knowledge and technology for growing these crops are strongly installed. Thus, this study does not focus on other future potential locations for stone fruit cultivation.

The main computed variables, i.e., chill and heat accumulation, reveal that the considered areas are quite diverse from the agroclimatic point of view and that climate change will have an important impact, especially in the warmest areas even in the medium term. The models used to calculate either of them (i.e., Utah and Dynamic for chill and Richardson and Anderson for heat accumulation) show very high correlations as previously found by Ruiz et al. (2007, 2018).

Important chill accumulation reductions are projected in all areas, which agrees with previous studies in Mediterranean areas (Benmoussa et al., 2018, 2020; Rodríguez et al., 2019; Delgado et al., 2021; Fraga and Santos, 2021). The chill accumulation decrease will be similar in absolute values in all the studied regions, but the warmest ones (i.e., Mediterranean area and Guadalquivir Valley) can be much more affected in terms of stone fruits cultivation suitability since their current situation is already a limitation for many cultivars. In cold areas like Ebro Valley and Extremadura, the chill accumulation decline will not be in principle an obstacle to continue cultivating, although in some particular cold locations in Extremadura and the Mediterranean, the chill accumulation decline will be more intense than in other cold locations. It is to note that, according to Figure 3, a sudden drop in chill accumulation between the current situation and the near future is observed. The resolution of the used grid, even if fine (∼5 km) can be a cause of this effect. Other possible sources of discrepancies leading to exaggerated differences between the projected and the real values could be the remaining GCM model biases not being completely minimized during the downscaling process, or the fact that we are comparing calculations carried out with real hourly temperatures (i.e., current scenario) and calculations carried out with idealized temperature curves derived from projected daily maximum and minimum temperatures (Linvill, 1990) for the future scenarios. Similar sudden drops in the near future were also observed by Rodríguez et al., who forecasted a decrease of up to 30 chilling portions for the period 2021–2050 in some locations in Spain (Rodríguez et al., 2019), which agrees with our results. Benmoussa et al. (2020), Delgado et al. (2021), and Fraga and Santos (2021) also reported sudden drops between the historic and future scenarios in Tunisia, Portugal, and Asturias (North Spain), respectively. Like in our case, these studies also showed that no important differences for accumulated chill appear in the near future regardless of the RCP considered. Contrarily to chill accumulation, heat accumulation will rise in all the scenarios (especially in 2055_RCP8.5 as expected), and its evolution is inverse to this of chill accumulation. This was also observed by Fraga and Santos (2021) for Portugal.

Probabilities of frost and abnormal heat events in the weeks where they can importantly affect yield and production (e.g., late frost or abnormal heat events before endodormancy release) were computed as well. For the current scenario, frost events are more frequent in cold areas, as expected. Abnormal heat events in key weeks have been concentrated in the Mediterranean area during the past years but with very low probabilities. Future estimations for these variables show that frost events in weeks where stone fruit production can be affected (Miranda et al., 2005; Julian et al., 2007) will decrease as the century advances and will be less frequent for RCP8.5, which agrees with previous studies (Leolini et al., 2018). However, some areas of the Ebro Valley and particular interior locations of the Mediterranean areas will still undergo a significant number of frost events within the incumbent weeks even in the warmest scenario (i.e., 2055_RCP8.5, Figure 5). The definition of a frost event in terms of temperature and exposure time is closely related to the phenological stage of the incumbent cultivar (Miranda et al., 2005). Given the large variety of possible stone fruit cultivars, from very low to very high CR, and the number of analyzed locations, from cold to warm, establishing particular cultivar/location frost event definitions is not feasible in this study due to the huge volume of information involved. These types of studies are usually carried out using a few locations and/or cultivars, like the one performed by Lorite et al. (2020) for almonds in Spain, Fernandez et al. (2020) in Chile, who computed minimum temperatures below 0°C during the blooming period of the most representative deciduous fruit tree species cultivated at each of the nine considered sites, or Parker et al. (2021) who considered different temperatures and phenological stages for three species (i.e., almonds, avocados, and oranges) but also performed a general characterization of the area by considering three temperatures (0, −2, and +2°C) and exposure time. Our choice of −1°C and at least three consecutive hours aims at characterizing the evolution of the frost events rather than relating the specific damage to particular cultivars, which would suppose a different study. This definition was adopted after retrieving experts’ opinions. Due to the wide number of cultivars in terms of CR and HR and the diversity of temperature regimes in the considered areas in this study, we selected those weeks (from 2 to 10) where all (or most) combinations of cultivar/location could be susceptible of undergoing frost damages according to their phenological stage. For decision-making purposes, producers should select the map that best fits their particular situation (i.e., cultivar/location) to make the optimal decision. In general, warm areas and/or early flowering cultivars will be related to earlier weeks in the considered range, whereas cold areas and/or late flowering cultivars will be related to later weeks in the considered range. Abnormal heat events in winter that can boost an early endodormancy release, which negatively affects production (Viti and Monteleone, 1995; Rodrigo and Herrero, 2002; Ladwig et al., 2019), will be increased mainly in Guadalquivir Valley, coastal Mediterranean areas, and also in Extremadura and some areas of the Ebro Valley in mid- or late February (Figure 6). Quantification of this metric is usually not addressed in the literature but can provoke important production issues in warm areas as has been observed in recent years. Again, setting 25°C or above for at least three consecutive hours to define such an event was motivated by experts’ opinions. Similarly as with probabilities of frost events, we selected those weeks (from 49 to 8) where all (or most) combinations of cultivar/location could be susceptible of being affected by these events according to their phenological stage. In general, warm areas and/or early flowering cultivars will be related to earlier weeks in the considered range, whereas cold areas and/or late flowering cultivars will be related to later weeks in the considered range.

The agroclimatic metrics calculated in this study provide valuable information for producers to select the most suitable cultivars in every producing area from an adaptive point of view. Each cultivar has its CRs to break endodormancy (Campoy et al., 2011b; Fadón et al., 2020b). A decline in chill accumulation as projected in future scenarios may cause that currently grown cultivars do not fulfill their CR in certain areas, especially those of the Mediterranean and the Guadalquivir Valley areas, which are already warm. This would involve an incomplete endodormancy release that affects the fruit trees in three main aspects, namely, flower bud drops (and thus poor flowering), delay in flowering and sprouting, and lack of uniformity in both processes, which lead to serious productive problems (Legave et al., 1983; Erez, 2000; Atkinson et al., 2013). All of these can produce important economic losses to producers. In this context, knowledge about CR for different cultivars is crucial although the currently available information is relatively scarce in stone fruit trees (Fadón et al., 2020b), including peach (Maulión et al., 2014), apricot (Ruiz et al., 2007), plum (Ruiz et al., 2018), and sweet cherry (Alburquerque et al., 2008).

In warm areas like the Mediterranean and Guadalquivir Valley, where the accumulated chill is below 60 portions in the current situation, early ripening cultivars with CR between 30 and 60 portions are grown. CR fulfillment for these cultivars can be at risk in all the analyzed future scenarios (Figure 2). To ensure the adaptive suitability of the different species/cultivars to these areas, a relocation may be needed, and some of the cultivars should be moved to close areas (interior zones in the Mediterranean area or toward Extremadura in the case of the Guadalquivir Valley) where the CR will be fulfilled even in the future scenarios, and the frost risks are expected to decrease. In this context, the introduction or development of cultivars with very low CR becomes a crucial target to be considered in breeding programs of the incumbent species/cultivars, especially to be suitable for the warm areas where current cultivars’ adaptation will be at risk in future scenarios. Otherwise, these areas will not be able to keep their productive and economic activities related to stone fruit production. Apart from this, different agronomic practices and strategies could also be applied to minimize the chill accumulation decline in these areas at least locally. The application of bio-stimulants to break endodormancy before fulfilling the CR or the use of shading nets during different dormancy stages have already been described in warm areas for stone fruit production (Gilreath and Buchanan, 1981; Erez, 1987; Costa et al., 2004; Campoy et al., 2010; Petri et al., 2014), although further research and optimization must be carried out to make these techniques more effective and promote their systematic use. In contrast, in the coldest producing areas like the Ebro Valley, northern Extremadura, and some interior locations in the Mediterranean area, fewer frost events are expected, which could allow earlier cultivars than current ones, which would expand the number of viable cultivars and, therefore, the offer to the market with positive economic consequences for the area. Overall, in all the producing areas, it is crucial to consider the currently grown cultivars and analyze which are at the edge of their CR fulfillment to substitute or move them or to introduce the management practices described above to ensure the adaptation to the new climate change scenarios.

Regarding heat accumulation, the future scenarios forecast an increase of this variable in all the considered areas (Figure 4). In warm and intermediate areas, this variable is not as decisive as the chill accumulation but can have a relevant impact on phenology, producing an advance in flowering dates and thus increasing the potential frost injury risk (Mosedale et al., 2015; Unterberger et al., 2018; Ma et al., 2019). As an additional point, this flowering advance will involve a ripening advance as well (Peñuelas and Filella, 2001; Campoy et al., 2011b), which must be taken into account by producers to strategically put their products on the markets. In contrast, in cold areas, the lack of heat accumulation in the current situation can harm the phenological development and fruit growth (Fadón et al., 2020a). These currently cold areas will be favored by the forecasted heat accumulation increase for future scenarios. As shown in Figure 6, abnormal heat events will be more frequent in future scenarios on dates where the fruit trees have not yet released endodormancy, especially in warm areas like the Guadalquivir Valley and Mediterranean locations. These events can have a very negative effect when the CR are partially covered (around 60–70%), inducing an incomplete dormancy release that may involve vegetative and flowering problems, with a negative impact on fruit set and yield (Rodrigo and Herrero, 2002; Campoy et al., 2011a).

In any case, changes in the chill and heat accumulation regimes do not have a common effect on all cultivars and their locations since some compensation effects can take place regarding the balance chill/heat accumulation in terms of endodormancy release or flowering dates prediction (Pope et al., 2014). Besides, agroclimatic characterization of locations at a very local scale may require a particular calibration of data due to the spatial heterogeneity (Lorite et al., 2020) to make the best decisions regarding the optimal cultivar selections. The results presented in this study can be useful not only for stone fruit production but also for other temperate fruits with enormous importance in the incumbent areas, e.g., grapevines in La Rioja (Ebro Valley) or others. These results can be the basis of decision support systems to aid producers in making optimal strategic decisions (e.g., cultivar selection, relocation, and implementation of mitigation management practices) in the medium and long term.
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High heating requirements
(>4,101 GDH)

Medium heating requirements
(3,901-4,100 GDH)

Low heating requirements
(<8,900 GDH)

Berdejo, Canino, Henderson, Luizet, Moniqui
21183, Munoz, Paviot, Tadeo, Veecot

Gonci Magyar, Harcot, Mitger, Monigui 1006,
Pepito del Rubio, Stark Early Orange

Goldrich, Corbato, Pandora, Stella, Sun Glo
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Berdejo

Canino

Corbato
Goldrich

Gdnci Magyar
Harcot
Henderson
Luizet

Mitger

Moniqui 1006
Moniqui 2113
Munoz

Pandora

Paviot

Pepito del Rubio
Stark Early Orange
Stella

Sun Glo

Tadeo

Veecot

Heat requirements (Growing Degree Hours)

Forcing test

Value + SD

5,278 + 706
5,026 + 906
4,814 + 263
4,749 + 1,146
4,288 +78
4,767 £ 470
2,866 + 666
5,076 + 407
4,777 £ 599
4,921 + 399
5,144 + 538
5,170 £+ 799
4,924 + 993
5,119 + 551
5,296 + 646
4,162 £ 76
5,936 + 191
4,915 + 733
4,742 + 239
4,564 + 700

cv

13.4
18.0
5.5
241
1.8
9.9
23.2
8.0
12.5
8.1
10.5
16.5
20.2
10.8
12.2
1.8
3.2
14.9
5.1
16.3

Correlation model

Value + SD

4,917 + 882
4,028 + 784
4,520 + 864
4,086 + 791
4,861 &+ 887
4,689 + 873
4,441 4+ 837
4,732 4+ 858
4,638 + 860
4,821 4+ 882
4,902 + 884
4,650 + 845
4,141 £ 792
4,781 4+ 860
4,638 + 860
4,123 + 758
4,611 + 638
4,958 4+ 944
3,000 + 514
4,091 + 789

cv

17.9
19.5
19.1
19.4
18.2
18.6
18.8
18.1
18.5
18.3
18.0
18.2
19.1
18.0
18.5
18.4
141
19.1
171
19.3

PLS regression

Male meiosis

Value + SD

3,905 + 948
3,634 £ 905
3,640 + 870
4,004 + 976
3,448 £ 779
4,209 + 937
4,604 + 1,083
4,004 + 906
5,326 + 951
4,811 £ 921
5,305 £ 953
3,934 + 881
3,723 + 926
3,721 + 886
3,852 + 894
3,607 + 819
5,468 + 847
5,064 £ 1,174
4,604 + 1,083
4,660 + 1,093

cv

24.3
24.9
23.9
24.3
22.6
22.3
23.5
22.6
17.8
19.1
18.0
22.4
24.9
23.8
23.2
22.7
16.5
23.2
23.5
23.5

Value + SD

4,170 + 498
4,212 £ 765
3,900 + 440
3,712 + 343
4,027 + 513
3,998 + 402
4,169 + 968
4,120 + 437
4,084 + 467
4,045 + 241
4,196 + 542
4,185 + 527
3,863 + 498
4,135 + 411
4,019 + 312
4,053 + 1,220
3,879 + 746
3,789 + 472
4,126 + 576
4,284 + 898

cv

11.9
18.2
1.3
9.2
12.7
10.1
23.3
10.6
11.4
6.0
12.9
12.6
12.9
9.9
7.8
30.1
19.2
12.5
14.0
21.0

Values are in growing degree hours.

SD, standard deviation; cv, coefficient of variation.





OPS/images/fpls-13-842333/fpls-13-842333-t002.jpg
High chilling requirements Henderson, Goénci Magyar, Stark Early

(=66 CP) Orange, Stella, Sun Glo
Medium chilling requirements Berdejo, Corbato, Goldrich, Harcot, Luizet,
(56-65 CP) Mitger, Moniqui 1006, Moniqui 2113, Mufoz,

Pandora, Paviot, Pepito del Rubio, Tadeo

Low-medium chilling requirements ~ Canino, Veecot
(50-55 CP)
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Sub-family  Gene Gene Transcript Protein Mw (kDa) Pl TMHs  GRAVY Plant-mPLoc WoLF PSORT
name Length (bp) Length (bp) length (aa)

PIP PaPIP1-1 2667 858 286 30.85 9.49 6 0.291 plas plas
PaPIP1-2 2721 858 286 30.66 9.25 6 0.338 plas. plas
PaPIP1-3 1431 870 290 30.90 9.32 6 0.346 plas plas
PaPIP2-1 3569 861 287 30.54 8.43 6 0.551 plas plas
PaPIP2-2 1733 843 281 30.16 7.00 6 0.418 cell wall plas
PaPIP2-3 1521 852 284 30.10 6.89 6 0.490 plas plas
PaPIP2-4 1229 843 281 29.89 8.93 6 0.427 plas plas/cyto_plas/golg

SIP PaSIP1-1 5185 732 244 25.90 9.52 6 0.769 plas plas
PaSIP1-2 4906 729 243 25.78 9.30 6 0.812 Plas vacu
PaSIP1-3 1075 720 240 2525 10.00 6 0.870 plas plas
PaSIP2-1 4084 708 236 25.80 9.38 6 0.564 plas chlo/nucl/cyto/vacu

XIP PaXIP1-1 1103 918 304 32.18 5.97 6 0.713 Cell membrane plas/golg/vacu
PaxiP1-2 1795 975 324 35.08 7.76 6 0.526 plas plas/golg/E.R.

NIP PaNIP1-1 2168 843 281 29.67 9.27 6 0.440 plas/vacu plas
PaNIP2-1 2305 987 329 35.37 9.15 6 0.2562 plas plas
PaNIP3-1 1750 795 265 27.60 7.65 7 0.565 plas chlo/chlo_mito/vacu/mito
PaNIP3-2 3572 894 298 31.01 8.62 6 0.363 plas plas
PaNIP4-1 1425 801 267 28.10 6.89 6 0.725 plas plas
PaNIP4-2 2027 789 263 27.562 6.89 6 0.600 plas/vacu plas
PaNIP5-1a 2456 867 289 30.39 9.17 6 0.603 Cell chlo
PaNIP5-1b 1598 852 284 30.01 9.58 8 0.696 plas plas
PaNIP6-1 5078 921 307 31.95 8.34 6 0.415 plas plas
PaNIP7-1 1875 900 300 32.04 5.92 6 0.521 plas plas

TIP PaTIP1-1 1241 756 252 25.92 5.79 6 0.661 vacu cyto
PaTIP1-2 1205 756 252 26.07 4.78 6 0.888 vacu vacu
PallPi1-3 1554 756 252 25.85 5.32 6 0.752 vacu vacu/plas/cyto/chlo
PaTlpP2-1 1958 744 248 25.38 6.26 6 0.946 vacu cyto
PaTlp2-2 1411 657 219 21.94 6.90 5 0.990 vacu plas/vacu
PaTIP2-3 2093 768 256 27.63 9.56 5 0.605 plas cyto/vacu/plas/chlo/nucl
PaTIP3-1 1258 765 255 25.93 6.25 6 0.788 plas/vacu chlo/E.R./mito
PaTIP3-2 1156 780 260 27.60 6.43 6 0.610 vacu cyto
PaTIP4-1 1264 747 249 26.30 5.35 6 0.808 vacu vacu
PaTIP5-1 1262 765 255 265892 5.82 6 0.834 plas chlo/E.R./mito

Mw, molecular weight, pl, the isoelectric point; GRAVY, grand average of hydropathy. Mw, pl, and GRAVY were predicted by the ExPASy database (Swiss Institute of
Bioinformatics, Lausanne, Switzerland) and PROT PARAM tool (http://web.expasy.org/protparam/). Transmembrane helical domains (TMHs) were assessed by TMHMM
Sever v.2.0 (http://www.cbs.dtu.dk/services/ TMHMMY/). Possible cell localization of the proteins was predicted using PlantmPLoc (http://www.csbio.sjtu.edu.cr/bioinf/
plant-multi/) and WolF PSORT tool (http://www.genscript.com/wolf-psort.html) (Chlo, chloroplast; Cyto, cytosol; E.R., endoplasmic reticulum; E.R., extracellular; Golg,
Golgi apparatus; Mito, mitochondria; Nucl, nuclear; Plas, plasma membrane; Vacu, vacuolar membrane).
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Population ’P.G.160-61 x 100-1’ ‘Nana x Black’

Generation/Marker F2 F3 F4 F2
c15111 7/99 nd nd nd
sc106926 5/102 1/5 4/10 nd
sc28915 3/102 1/21 3/10 3/76
sc174460 2/2 1/5 4/5 2/3
c26365 0/92 1/243 3/176 2/76
Pgr5601 nd 0/5 1/6 0/5
c31730 nd 0/5 1/9 0/3
195_146 nd nd 1 nd
195_155 nd nd 1 nd
5610 0/5 0/15 0112 0/5
195_174 nd 2/2 11 nd
195_176 01 2/3 il nd
195_183 0/1 2/3 1 nd
sc11037 1/102 1/21 4/11 0/76
c19874 2/190 nd nd 0/76
c8339 2/92 3/243 4/176 1/76
sc280210 nd 3/4 nd nd
sc7483 6/102 0/21 nd nd

The numbers describe how many recombinants were found out of the plants
that were genotyped.
nd, not determined.
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Population Evergreen Deciduous Ratio of Chisquare
evergreen p value

‘PG.160-61 x P.G.100-1" 109 290 0.27 0.29
"Nana x Black’ 79 216 0.27 0.48
"Nana x White’ 67 200 0.25 0.97

Probability of Chi square was calculated by http://stattrek.com/online-calculator/
chi-square.aspx.
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Name Move dates APH (cm) APW (cm) ANS WFS (w) WAS (w)

H October 17 2440+ 2.38d 27.73 £5.28¢ 2.33+0.58¢c 20.00 X
November 14 2573+ 0.86d 29.37 £4.38¢ 1.27+025¢ 16.00 -
December 12 38.07 +£4.97c¢c 37.00 £ 5.10d 2.00+0.70¢c 3.00 -
December 26 44.43 +9.55 be 47.07 £2.75¢ 410+0.35b 3.00+0.00a 6.00 &+ 0.00 a
January 09 52.50 + 2.09 ab 54.00 £ 1.65b 590+ 1.93a 2.00+0.00b 4.00 4+ 0.00 b
January 23 44.83 +2.34 bc 38.13 £2.83d 6.43+0.51a 1.00+£0.00¢c 2.00 £ 0.00 ¢
February 06 5720+ 3.87a 6117 +£211a 5.33+0.35 ab 1.00+£0.01¢c 2.00 +£0.00 ¢
February 27 58.37 £ 4.45a 5423 £1.15b 5.57 £ 1.25 ab 1.00+0.02¢ 1.00+0.00d

Name Move dates APH APW ANS WFS WAS

z October 17 15640 £4.65¢e 23.93 +£7.28¢c 1.50+0.50d 28.00 -
November 14 16.27 £ 1.65¢e 1943 +272¢ 1.17+£0.29d 23.00 -
December 12 26.27 £3.29d 33.10 £ 1.83b 1.77 £0.50 cd 5.00 -
December 26 28.33+4.41cd 37.67 £4.63b 2,90+ 0.85 bc 3.00+0.01a 8.33+4.62a
January 09 41.83+0.61a 56.47 £ 5.62a 443+121a 2.00 +£0.00b 3.00 4+ 0.00 b
January 23 37.30 + 0.46 ab 52.67 £1.92a 3.583+0.40 ab 2.00 +£0.00b 2.00+0.00 b
February 06 38.53+0.35ab 53.563 +4.29a 420+017a 1.00+£0.00¢c 2.00 4+ 0.00 b
February 27 34.27 + 6.83 bc 49.70 £ 4.74 a 3.43+0.81 ab 1.00+£0.01¢c 1.00+£0.00 b

XThe morphological data were non-existent because only partial plants sprouted finally due to insufficient chill accumulation. APH and APW, the average plant height and
width, respectively; ANS, the average number of mature and normal stems; WFS, the number of weeks until the first plant sprouted in the glasshouse; WAS, the number
of weeks until all plants sprouted in the glasshouse. H represents ‘Hang Baishao’ and Z represents ‘Zhuguang.’ All values are means + standard deviation, different letters
indicate significant differences (P < 0.05). Differences were compared among different move dates for each cultivar.
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Morphological Full names

Definitions

indices
WES (w) The number of weeks until the first plant sprouted. Sprouting was defined as bud scales opened and tender shoots/leaves emerged.
WAS (w) The number of weeks until all plants sprouted. If a plant in a pot grew at least one sprouted bud, we defined it as a sprouted plant.
BPF(%) The bud break percentage 5 weeks after transported to the
glasshouse.
ANS The average number of mature and normal stems. A stem with at least three compound leaves and plant height longer than 20 cm as
a mature and normal stem.
ADS (mm) The average diameter of mature and normal stems. Diameter of mature and normal stem at five cm from the ground of the plant.
APH (cm) The average plant height. The distance (cm) from the ground to the top of the plant.
APW (cm) The average plant height and width. Maximum width (cm) of aboveground projection of the plant.

The indices ANS, ADS, APH, and APW were measured after the plants moved to glasshouse and regrowth to a stable state.
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Names Origins Latitudes Flower types CRs (CUs) CR traits

‘Hang Baishao’ Zhejiang, China N 28°-29° Single 685.5-746.0 Low-CR
‘Zhuguang’ Shandong, China N 34°-35° Crown 1017.0-1062.0 High-CR

The latitudes here refer to the latitude at which these two cultivars are concentrated for cultivation in China. CRs of the two cultivars were obtained in the previous study
(Wang et al., 2020).





OPS/images/fpls-12-772285/fpls-12-772285-g009.jpg
High-CR Cultivar Low-CR Cultivar

High oxidative
stress stress

{
N
N
Early high Early low Early high
ABA ABA GA

Very Warm
[ Temperatures J \

/N

Low oxidative

Enhanced
development and less

Reduced
development and

- — —

blocked symplast No change blocked symplast
ABA
Deeper No protection Protection Shallower
dormancy? via TOR? via TOR? dormancy?

Damage and Less damage and
poorly adapted well adapted
development development
Obstacle Normally
in BER BER





OPS/images/fpls-12-772285/fpls-12-772285-g008.jpg
Bud differentiation Meristem Cell division Vascular tissues

f_.: ‘.&h‘

SN
s

Low-CR H during
BEM

*ree;
s

F S
'* f 3 .
7 SN
ias.:;. -
M .' -
( i t.!'ﬁ'p}:i.».
e

2
AN
j..‘.?.,*cf

High-CR Z during
BEM

{:
) g - "“"1\.‘ Y
IR ) PO R
R P
\:ﬁl\ix“-_\\‘.,;x}f s
B )
.

£ 3
A3
¢

= .

Y

“ VAL

BER

o
»
4

o
——

LW

LIy
Wb

A ‘ 3 i “' .n' 4 " 4‘ )
5 o ae
e &

S N s

RigCRZ duriig .
BER . ESAL N R N & A o

: S i % O i3 x5 > > ¥ 2 ol 2 r - b Fals 8 T SEAENT

s Y S S\ o3 v T Ll =450 c (e Py AR NS {‘\ “ A .’ ‘r;artg;;"l/(

: ! : BN AR o B | b T X 'Aﬂ:;‘g“:}‘;"i.“; |

' ' \\‘\.\5'7"' ‘}“g‘:'/\'\
T &5\ I ] Nk
2 L& “J:_’ h)






OPS/images/fpls-12-772285/fpls-12-772285-g007.jpg
Relative mRNA level Relative mRNA level Relative mRNA level

Relative mRNA level

40+

PAO2

50+

CDKB22

COR413

50-

B ‘Hang Baishao’
B <Zhuguang’

CAT2

WRKY413

a





OPS/images/fpls-12-772285/fpls-12-772285-g006.jpg
'Hang Baishao'
'Zhuguang'

_
nU 5
(@] —

10
5
0

|
S
-+

60

(A\"3/[0wu )JuUOdY (TN

204
0

(AN 3/1ow )Juuod COH

S & o %
o (@) (@ —
(M d8uyn) Aianoe qOS

10

T T
- S
o

—_—

150

(MA3/N) Aanoe Od

b &® e o
Y Q N\ Q
o '\‘29' '\‘29’ Qéo' <9

O

4.

OCJ ‘%0 Q@o b Q@

100
50

=
vy
—

(M Sw/n)Aanoe 1v)






OPS/images/fpls-12-772285/fpls-12-772285-g005.jpg
SVP

—
&5
n
B
o 9
288
o 2
72} (@)
owc
Q o)
383
S
& ,

S o &F g =2
GO S =
v v 9
$4 $I8 8

\ 35
NS 9 QY @
S 258
| 7.cMGG
1025
N T S o
o = 2
O
L o

At2FUL |

 Actinidia25381.t1
- Actinidia14013.t1

Actinidia27815.t1
Potri.010G154100.1.p |
Potri.008G098

P |

Potri.001G1 12400.1

500.1.p
At2APA |

B ‘Hang Baishao’
B “Zhuguang’

Potri.00
,, «uoi.oownwaﬂowoo.a P

| A2AGL25
| 6979V
| 8919vay

| LZ19vzy

2
S0CI

1000+

[PA] VN W SATIR[IY

m  [OAJ] VAW dATIR[Y





OPS/images/fpls-12-772285/fpls-12-772285-g004.jpg
o G < P
R Ry

P A A 0P 48
QY W W R

- 'Hang Baishao'

-0~ 'Zhuguang'

a

&
5

Q)

I I I
- v LR
3 - &~
)

25
0.10-
0.00

) O

vdV 01 £yD Jo oney

Y S P
\‘b“ \‘29 <2

Qec’ Q@c’

Q>
. 04 . .

é

T
g e v (=]

T
-
=

504
0

T
S
w

(M A°3/8u)uauod ygy

A 200-

2.00
1.50
1.00
0.50

0.00

7, GA20x8

0.50
1.00

1.50
-2.00

, SPT
Z, Pl

=
LTP]

60uef
zrooq [0

\ 4

GA3o0x }7 SPT

XERICO —» ABA

H, PYR

LT 924
gouef
60°uef
clod
L1700

M z rvr

»
>
a4
(o
>
T

7, XERICO

LT P -

gauef

60 uef -

Ll

<
3
as

cloed
L1O

ABI5

2

LT92d
gouef

v
GIDI1

Z, GIDI

<
a
=
]
SNRK — ABIS,bZIP

Z, SNRK

LT 924
gguef
60°uef
cloed

L1190 -

B H,SNRK
m

SPY
EXP2

LT
cTuef |
60'uer [
z1ed
L1700

:

60°uef
cldxd
L1W0O

B | By ABI5
] | W

1 Y 1, bzIp
B T zozr

al
|

N
(=
=
(av]
oy
Dormancy
release






OPS/images/fpls-12-772285/fpls-12-772285-t004.jpg
H ZR IAA ABA GA3 GAS3/ABA BR JAMe Suc SUG STA POD SOD CAT MDA H202 BPF WFS ANS

ZR
011 oi7 S INGEEN 650

JAMe —014 001 . 0.27 -

suc 0.44 -0.19

suG - 0.44 -0.23

STA —0.15 0.07

SOD 0.09 029 030

CAT 0.11 —0.3¢

MDA 0.02

H202 0.0

BPF -0.32

WFS 0.10

z ABA  GA3 GA3ABA BR  JAMe  SUC WFS  ANS

ZR

1AA

ABA

GA3

GA3/ABA 100

BR 025 [N0420 024 025 004

JAMe o0 ‘o3 B o

suc -001 018 -009 025 087

suG ~015 0,04 - 020 024 023

STA 042 046 0.06 025 —0.15

POD [Zo88" 032 0.05

SOD ‘ -0.04

CAT ~0.16

MDA ~0.01

H202 017

BPF -0.28
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The symbol “*” indicates extreme significance (P < 0.01), and the symbol “*” represents significance (P < 0.05). The darker the background color is, the more significant the correlation is. Green indicates a positive
correlation, and red indicates a negative correlation. H, ‘Hang Baishao’; Z, ‘Zhuguang’; ZR, zeatin riboside; IAA, indole-3-acetic acid; BR, brassinosteroid; JAMe, methyl jasmonate; SUC, sucrose; SUG, sugars; STA,
starch. The other full names of the acronyms are shown in the main body of the article. The contents of IAA, ZR, BR and JAMe were shown in Supplementary Figure 2.
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SD 1288 301.0 217.3 12.8

C.V. 16.9 29.4 18.4 21.4

Franquette August-03-2013 878 1068 1188 62.4
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August-12-2016 1072 1679 1726 85.9
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CH, chill hours model, the number of hours when the temperature is between
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version of the Utah model; CR, chill portions, dynamic model; SD, standard error.
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Gene Name Accession Length of Chromosome Chr start Chr end MW(Da) Isoelectric Aliphatic GRAVY Subcellular
number amino acid point index ocation

VcTCP1 VaccDscaff2- 521 2 36372942 36374793  55282.05 8.69 56.43 —0.666 ucleus
snap-gene-
363.30
VeTCP2 VaccDscaff3- 518 3 4369247 4371162 56022.87 8.69 56.87 —0.642 ucleus
snap-gene-
43.34
VcTCP3 VaccDscaff4- 271 4 22479281 22480096 30520.6 6.34 62.25 -0.818 ucleus
processed-
gene-224.7
VcTCP4 VaccDscaff4- 264 4 24835402 24836196  27988.98 9.71 66.33 —0.5648 ucleus
processed-
gene-248.11
VcTCP5 VaccDscaff4- 328 4 34030814 34032547  36796.64 8.27 55.61 —1.025 ucleus
augustus-gene-
340.19
VcTCP6E VaccDscaff4- 370 4 34921314 34922426  41276.08 9.13 58.24 —0.656 ucleus
processed-
gene-349.4
VeTCP7 VaccDscaff6- 295 6 14799921 14800808  32062.43 7.24 57.22 —0.724 ucleus
processed-
gene-148.0
VcTCP8 VaccDscaff6- 342 6 18562851 18563879 36003.7 6.3 51.67 —0.688 ucleus
processed-
gene-185.5
VcTCP9 VaccDscaff7- 276 7 33039338 33040490 30768.2 9.98 75.33 —0.562 ucleus
snap-gene-
330.28
VeTCP10 VaccDscaff7- 343 7 34666303 34667334  38297.32 714 67.87 —0.799 ucleus
processed-
gene-346.11
VeTCP11 VaccDscaff7- 308 7 41170563 41171479  32829.45 7.98 68.12 —0.603 ucleus
processed-
gene-411.5
VcTCP12 VaccDscaff9- 271 g 17311444 173122569  305156.59 6.7 63.32 —0.841 ucleus
processed-
gene-173.3
VcTCP13 VaccDscaff9- 267 9 20954383 20955186  28245.25 9.71 66.33 —0.5642 ucleus
processed-
gene-209.15
VcTCP14 VaccDscaff9- 328 9 315662489 31564124  36890.75 8.27 56.3 —1.046 ucleus
processed-
gene-315.5
VcTCP15 VaccDscaff9- 370 g 32506674 32507786  41210.96 9.13 57.97 —0.671 ucleus
processed-
gene-325.5
VcTCP16 VaccDscaff13- 277 13 5097023 5097856 29409.67 9.3 61.77 —0.646 ucleus
processed-
gene-51.0
VeTCP17 VaccDscaff13- 332 13 85693748 8594746 37184.47 7.85 71.27 —0.689 ucleus
processed-
gene-86.0
VcTCP18 VaccDscaff13- 358 13 21133293 21135461 40445.96 9.22 66.51 —0.893 ucleus
augustus-gene-
211.25
VcTCP19 VaccDscaff13- 390 13 2568356319 25837106  41331.25 7.95 56.67 —0.649 ucleus
processed-
gene-258.2
VeTCP20 VaccDscaff14- 523 14 31200940 31203184  55493.27 8.69 56.22 —0.666 ucleus
snap-gene-
312 29
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velCP21 VaccDscaif1o- 444 10 20063206 20004090  48913.09 3.6/ 06.89 —0.968 ucleus
processed-
gene-260.4
VcTCP22 VaccDscaff16- 343 16 7915380 7916411 38297.32 714 67.87 —0.799 ucleus
processed-
gene-79.3
VcTCP23 VaccDscaff16- 296 16 9488483 9489602 33063.77 10.02 78.45 —-0.474 ucleus
snap-gene-
95.39
VcTCP24 VaccDscaff18- 686 18 31354637 31355668  76576.62 7.32 67.87 —0.799 ucleus
processed-
gene-313.1
VcTCP25 VaccDscaff19- 365 19 12060048 12095062  41160.03 9.28 59.07 -0.914 ucleus
processed-
gene-121.8
VcTCP26 VaccDscaff20- 552 20 2370317 2371450 59162.97 713 72.25 —0.369  Chloroplast.
snap-gene- ucleus
23.40
VcTCP27 VaccDscaff20- 354 20 11882803 11887091 39906.4 9.31 53.47 —1.033 ucleus
processed-
gene-118.24
VcTCP28 VaccDscaff21- 310 21 7278313 7279245 32514.59 5.28 73.06 —0.329 ucleus
processed-
gene-72.8
VcTCP29 VaccDscaff21- 198 21 22728228 22728824 21039.9 8.03 74.55 —0.269 ucleus
processed-
gene-227.4
VcTCP30 VaccDscaff24- 444 24 12422046 12423380  48882.62 9.02 57.32 —0.952 ucleus
processed-
gene-124.3
VcTCP31 VaccDscaff25- 528 25 36090924 36093034  55879.72 8.69 55.62 —0.649 ucleus
snap-gene-
361.38
VcTCP32 VaccDscaff26- 355 26 7140969 7143147 37502.98 52 68.51 —0.407 ucleus
processed-
gene-71.5
VcTCP33 VaccDscaff28- 372 28 22858134 22859252  41854.53 9.01 54.84 —0.947 ucleus
processed-
gene-228.2
VcTCP34 VaccDscaff28- 368 28 23127185 23130381 41617.57 8.75 61.49 —0.846 ucleus
processed-
gene-231.13
VcTCP35 VaccDscaff28- 325 28 33342992 33345897  34246.78 5.71 69.63 —0.303 ucleus
snap-gene-
333.33
VcTCP36 VaccDscaff29- 378 29 7308827 7311058 40123.07 5.72 70.24 —0.354 ucleus
processed-
gene-73.2
VcTCP37 VaccDscaff29- 199 29 21606892 21607491 21050.96 711 7714 —0.196 ucleus
processed-
gene-216.4
VcTCP38 VaccDscaff30- 386 30 14423911 14425903  40926.99 8.65 57.98 —0.658 ucleus
snap-gene-
144.30
VcTCP39 VaccDscaff30- 389 30 18850412 18852020  44214.37 9.35 64.99 —-0.927 ucleus
augustus-gene-
188.14
VcTCP40 VaccDscaff30- 277 30 30706372 30706205  29409.67 9.3 61.77 —0.646 ucleus
processed-
gene-307.4
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Year Cultivar

2014-2015 Kosui
Niitaka

2015-2016 Kosui
Niitaka

Location

Tsukuba
Uki
Hikawa
Kagoshima
Tsukuba
Uki
Kagoshima
Tsukuba
Tottori
Uki
Hikawa
Kagoshima
Tsukuba
Uki
Kagoshima

cu

2,791
2,324
2,198
2,040
2,791
2,324
2,040
2,508
2,496
1,883
1,708
1,473
2,508
1,883
1,473

Date of full boom?

15 April
7 April
7 April
9 April
7 April
2 April
1 April
12 April
16 April
7 April
7 April
9 April
11 April
2 April
2 April

Dead flower bud (%)Y

0.0
0.8
0.4
3.3
0.1
1.4
8.2
3.3
8.1
10.1
7.4
31.6
8.5
4.0
29.9

Floret No. /flower bud*

81 ns"
8.2
8.1
8.5
6.6a

54b
3b6¢c
81a
8.0a
72b
7.8a
54c¢
6.7a
43b
33¢c

2Full bloom: ~80% of flower buds blooms.

YFlower bud number that did not flowered/ total flower bud number x 100.

*Excluding non-bloomed flower bud.

WDifferent letters denote significant difference at 0.05 level with Tukey—-Kramer test. ns denotes non-significant within a same cultivar.
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Prefecture City Latitude (N), Mean temp
Longitude (E) ccy=Y

Hokkaido Yoichi 43° 11" N, 8.3
140° 47' E

Niigata Niigata 37° 54" N, 13.9
139° 16’ E

Fukushima Fukushima  37° 45’ N, 13.4
140° 28’ E

Nagano Nagano 36° 38" N, 12.3
188211 E

Tochigi Utsunomiya 36° 33’ N, 14.3
139° 52" E

Ibaraki Tsukuba 36° 05" N, 14.3
140° 04’ E

Chiba Funabashi  35° 41" N, 155
139° 58" E

Tottori Tottori 35° 29" N, 15.2
1347 18'E

Fukuoka Asakura 33° 25" N, 15.9
130° 39' E

Mean precipitation
(mm)z,x

1,325.2

1,845.9

1,207.0

965.1

1,624.7

1,326.0

1,466.1

1,931.3

1,953.0

Kumamoto  32° 46 N, 17.2
130° 43’ E
Kumamoto Uki 32° 38N, -
130° 41" E
Hikawa 32° 34 N, -
130° 40 E

Kagoshima Kagoshima  31°29' N, 18.8
130° 31" E

2,007.0

2,434.7

2Data from the nearest weather station at each city.
YDaily mean temperature between 1991 and 2020.
XTotal precipitation between 1991 and 2020.
ahttp://www.data.jma.go.jp/obd/stats/etrn/index.php.
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Module

MEblack
MEblack
MEblue
MEblue
MEbrown
MEbrown
MEcyan
MEcyan
MEgreen
MEgreen
MEgreenyeliow
MEgreenyeliow
MElighteyan
MElighteyan
MEmagenta
MEmagenta
MEmidnightblue
MEmidnightblue
MEpink
MEpink
MEpurple
MEpurple
MEred

MEred
MEsalmon
MEsalmon
MEtan

MEtan
MEturquoise
MEturquoise
MEyellow
MEyelow

Module Size

360
301
4,163
6,096
1,869
2,179
137
56
723
767
249
172
45
40
316
207
86
52
323
251
262
177
527
346
162
81
209
126
9,167
7,086
773
1,419

GWAS-candidates

34
27
519
729
221
258

18
5
80
93
31

17
3
8

27
25
9
8
44
25
a7
20
67
40
12
9
20
2%
1,142
807
%
183

GWAS-candidate (%)

9.44%
8.97%
12.47%
11.96%
11.82%
11.84%
18.14%
8.93%
11.07%
12.13%
12.46%
9.88%
6.67%
20.00%
8.54%
12.08%
10.47%
15.38%
13.62%
9.96%
14.12%
11.30%
12.71%
11.56%
7.41%
11.11%
13.88%
19.06%
12.47%
12.66%
12.42%
12.90%

Gene modules enriched with GWAS candidate genes was marked with * (value of p < 0.05 in the Fisher's exact test).

0dds ratio

0.744
0.703
1.027
0.963
0.958
0.959
1.085
0.702
0.889
0.989
1.020
0.785
0512
1.796
0.666
0.985
0.838
1.305
1.133
0791
1.182
0913
1.046
0936
0.572
0.896
1.167
1.694
1.042
1.063
1.018
1.067

Fisher P-value

0.105
0.092
0612
0.436
0.603
0.579
0.696
0.545
0.356
0955
0.922
0.413
0.361
0.144
0.046
1.000
0.742
0.522
0.441
0332
0.343
0818
0.736
0.804
0.070
0.866
0.458
0.0278*
0.357
0.179
0.867
0.424
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Traits 2017 2019 Overlap

SNP-based Gene-based SNP-based Gene-based SNP-based Gene-based
Top 0.1% Top 5% Top 0.1% Top 5% Top 0.1% Top 5%
Days to 1st flower 565 1,383 3306 1,381 108" 472
Days to 10th flower 441 1,398 3,359 1,382 a6t 568"
Days to Spct flower 3,020 1,383 3,386 1,381 85 459+
Days to 25pct flower 787 1,382 35539 1,395 27 284"
Days to 75pct flower 3617 1,381 3,620 1,381 28 182

The significance level of overlap was tested with a hypergeometric test, with ***indicating the value of p < 1
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Tissue CV-G1 CV-G2 Debris factor

Grapevine buds 12.98 + 2.364b 13.11 £2.357b  62.86 + 5.928b
Tomato leaves 4.42 + 0.820a 4.47 + 0.808a 32.27 £ 5.752a

Nuclei quality is represented by the coefficient of variation (CV) of G1 and G2
peak of propidium iodide (Pl) histogram generated by FlowJo software. All values
are shown in percentage. Means followed by different letters indicate significant
differences at p < 0.05 according to Tukey’'s multiple comparison test (n = 4).
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Chilling requirements (Chilling portions)

Forcing test

Correlation model

PLS regression

Male meiosis

Endodormancy Value +SD cv Endodormancy Value +SD cv Endodormancy Value+SD cv Endodormancy Value +SD cv
breaking breaking breaking breaking

Berdejo 06 Jan 472+45 9.6 18 Jan 57.0+49 87 14 Jan 542+46 85 26 Jan 61.9+561 83
Canino 27 Dec 40.2+6.1 1541 18 Jan 57.0+49 87 15 Jan 548+ 47 86 14 Jan 532+6.2 11.6
Corbato 07 Jan 47.5+1.5 3.1 16 Jan 56.7+4.8 87 156 Jan 549+45 83 23 Jan 50.7+46 7.6
Goldrich 29 Dec 420+7.7 182 17 Jan 56.4+48 86 13 Jan 53.6+39 7.3 21 Jan 583+565 04
Gonci Magyar 25 Jan 60.2+5.1 84 04 Feb 69.1+£56.0 7.2 12 Feb 748+51 6.8 02 Feb 66.8+52 7.7
Harcot 03 Jan 45.0+25 5.6 15 Jan 548+49 89 13 Jan 53.3+4.1 10.7 23 Jan 50.8+562 87
Henderson 05 Feb 69.1+£562 7.6 04 Feb 69.1+£5.0 7.2 13 Jan 53.6+39 7.3 07 Feb 70.9+10.4 14.6
Luizet 07 Jan 48.0+4.0 83 19 Jan 58.0+4.9 85 28 Jan 640+45 7.1 25 Jan 61.3+48 7.9
Mitger 07 Jan 47.5+1.5 3.1 16 Jan 56.7+4.8 87 29 Dec 43.2+39 9.1 21 Jan 58.0+54 93
Moniqui 1006 04 Jan 458+35 7.6 15 Jan 548+49 89 17 Dec 339+46 13.6 28 Jan 50.6+53 89
Moniqui 2113 10 Jan 49.8+24 49 16 Jan 556.7+4.8 87 14 Jan 56.0+ 4.3 14.0 26 Jan 61.7+59 0.6
Munoz 05 Jan 46.5+38 8.2 18 Jan 57.0+49 87 21 Jan 58.6+4.4 14.0 22 Jan 50.1+48 8.1
Pandora 04 Jan 458+35 7.6 18 Jan 57.0+49 87 13 Jan 53.6+39 7.3 20 Jan 60.7+9.6 15.8
Paviot 06 Jan 472+45 9.6 18 Jan 57.0+49 87 14 Jan 543+44 81 25 Jan 61.6+50 8.1
Pepito del Rubio 27 Dec 41.2+41 100 16 Jan 56.7+4.8 87 13 Jan 53.3+4.3 13.2 22 Jan 589+51 87
Stark Early Orange 25 Jan 60.4+26 4.3 06 Feb 70.7+£5.0 741 14 Feb 76.7+42 55 08 Feb 71.4+64 90
Stella 08 Feb 69.9+6.7 9.5 22 Feb 81.7+53 64 09 Feb 729+45 6.1 01 Mar 848+75 88
Sun Glo 156 Jan 539+35 6.4 20 Jan 58.6+49 84 13 Jan 53.6+39 7.3 01 Feb 66.3+7.0 10.6
Tadeo 09 Jan 49.1+24 5.0 10 Feb 73.5+5.0 6.8 13 Jan 53.6+39 7.3 24 Jan 60.5+563 87
Veecot 09 Jan 489+1.7 3.5 19 Jan 58.0+4.9 85 14 Jan 546+40 7.3 16 Jan 545+54 08

Values are in chill portions.
SD, standard deviation; cv, coefficient of variation.
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Cultivar Pedigree® and origin Bloom Chilling req. PavD1UM  PavD4/5M  Experimental section

time® (Chilling (vsizebp)  (~sizebp)  (as sequence resources/
hours)® as plant materials)
Cristobalina Unknown (Spain) Extra-early 176 900 850 IV, CSM, VDM
Royal Lee 6HB488 o0.p. (USA) Extra-early 400 900 850 VDM
Temprana de Sot Unknown (Spain) Extra-early 900 850 VDM
Son Perot Unknown (Spain) Early 900/1600  750/850 VDM
BC-8 Brooks x Cristobalina (Spain) Early 9001600  750/850 VDM
De Mango Largo Unknown (Spain) Medium 900/1600  750/850 VDM
Brooks Rainior x Early Burlat (USA) Early 411 1600 750 WV, VDM
Burlat Unknown (France) Early 618 1600 750 VDM
Chinook Bing x Gilpeck (USA) Early 1600 750 VDM
Corum (UsA) Early 1600 750 VDM
De Angelin Unknown (Spain) Early 1600 750 VDM
Earlise Starking Hardy Gient x Burlat (France) Early 981 1600 750 VDM
Early Bigi Early 1600 750 VDM
Fercer Stark Hardy Giant o.p. (France) Early 1600 750 VDM
Lapins Van x Stella (Canada) Early 450 1600 750 VDM
Larian Lambert x (Bing x Bush Tartarian) (USA)  Early 450 1600 750 VDM
Newstar Van x Stella (Canada) Early 709 1600 750 VDM
Precoce Bernard Unknown (France) Early 1600 750 VDM
Prime Giant Early 1600 750 VDM
Primulat Fercer o.p. (France) Early 1600 750 VDM
Rainier Bing x Van (USA) Early 1600 750 IV, vOM
Ramén Oliva Unknown (France) Early 800 1600 750 VDM
Rubi Early 618 1600 750 VDM
Royalton NY1725 o.p. (USA) Early 1600 750 VDM
Samba 2E-84-10 x Stella 16A7 (Canada) Early 1600 750 VDM
Sommerset Van x Vic (USA) Early 1600 750 VDM
Talegal Ahim Unknown (Spain) Early 1600 750 VDM
Talegal Almediar Unknown (Spain) Early 1600 750 VDM
Tieton Stella x Early Burlat (USA) Early 1600 750 VDM
Tigre Unknown (France) Early 900 1600 750 VDM
Ambrunés Unknown (Spain) Medium 1000 1600 750 IV, vOM
Bing Black Republican o.p. (USA) Medium 1000 1600 750 VDM
Compact Stella Imadiated Stella (Canada) Medium 1600 750 VDM
Gristalina Star x Van (Canada) Medium 1600 750 VDM
Early Van Compact Iradiated Van (Canada) Medium 1600 750 VDM
Garrafal de Monzén Unknown (Spain) Medium 1600 750 VDM
Garrafal del Jerte Unknown (Spain) Medium 1600 750 VDM
Gilpeck Napoleon x Giant (USA) Medium 1600 750 VDM
Hartland Windsor o.p. (USA) Medium 1600 750 VDM
Liemayor Unknown (Spain) Medium 1600 750 VDM
Pico Colorado Unknown (Spain) Medium 1000 1600 750 VDM
Pico Negro Unknown (Spain) Medium 1600 750 VDM
Ripoll Unknown (Spain) Medium 1600 750 VDM
Santina Stella x Summit (Canada) Medium 1600 750 VDM
Satonishiki (Japan) Medium 1600 750 IV, VDM
Sonata Lapins x 2N-39-6 (Canada) Medium 1600 750 VDM
Star “Deacon” o.p. Medium 1600 750 VDM
Sue Bing x Schmidt (Canada) Medium 1800 750 IV, VDM
Taleguera Brillante Unknown (Spain) Medium 1000 1600 750 VDM
Van Spur Medium 1600 750 VDM
Van “Empress Eugenie” o.p. (Canada) Medium 1000 1600 750 VDM
Vega Bing x Victor (Canada) Medium 1600 750 VDM
Belge Unknown (France) Late 1600 750 VDM
BlackGold Late 1600 750 VDM
Blanca de Provenza Unknown (Unknown) Late 1600 750 VDM
De la Rosa Unknown (Spain) Late 1600 750 VDM
Ferrovia (taly) Late 1600 750 IV, VDM
Hedelfinger Unknown (Germany) Late >1100 1600 750 vV, VOM
Lambert Napoleon x Blackheart (USA) Late >1100 1600 750 IV, VOM
Garrafal de Lerida Unknown (Spain) Late 1600 750 VDM
Napoleon Unknown Late >1100 1600 750 IV, VDM
Sandon Rose (Canada) Late 1600 750 VDM
Syhia Van x Sam (Canada) Late 1600 750 VOM
Vie Bing x Schmidt (Canada) Late 1600 750 IV, VDM
Villalengua Unknown (Spain) Late 1600 750 VDM
Blanca ltaliana Unknown (Spain) Very late 1600 750 VDM
Colney Unknown (UK) Very late 1600 750 VDM
Manola Unknown (Spain) Very late 1600 750 VDM
Margit “Germersdorfer” 0.p. (Hungary) Very late 1600 750 VDM
Regina Schneiders Spéte Knorpel x Rube Very late >1100 1600 750 MAS, IV, VDM, CSM
(Germany)
Sam (Windsor 0.p) 0.p. (Canada) Very late 1600 750 IV, VDM
Summit Van x Sam (Canada) Very late 1600 750 IV, VOM

Available data of pedigree, origin, chillng requirements, and bloom time of each cultivar/accession is also included.

4Data from Wiinsch and Hormaza (2002) and Schuster (2012) except for ‘Royal Lee” (data from US Patent No. 12417).

bData from Gella et al. (2001), Quero-Garcia et al. (2017), and authors data.

©Data from Faddn et al. (2020).

MAS, Mining, annotation, and structural analyses of candidate genes; IV, Intra-specific variation of PavDAMs; CSM, Characterization of PavDAM structural mutations; VDM, Validation
of DNA-markers of PavDAMs structural mutations; o.p., Open poliination.
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Gene name Forward primer(5'-3') Reverse primer(3'-5) Amplicon size

VeTCP18 GCTCTAGAGCATGGATACC AACACCAACCC CCCAAGCTTGGGTTATGTCTGATC ACCACCACG 1,077
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1.10e-21
1.10e-21
1.10e-21
1.10e-21
6.23e-21
6.23e-21
6.23e-21
3.76e-20
3.76e-20
3.76e-20
9.62e-17
9.62e-17
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