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Boreal and temperate woody perennials are highly adapted to their local climate, which delimits the length of the growing period. Moreover, seasonal control of growth-dormancy cycles impacts tree productivity and geographical distribution. Therefore, traits related to phenology are of great interest to tree breeders and particularly relevant in the context of global warming. The recent application of transcriptional profiling and genetic association studies to poplar species has provided a robust molecular framework for investigating molecules with potential links to phenology. The environment dictates phenology by modulating the expression of endogenous molecular switches, the identities of which are currently under investigation. This review outlines the current knowledge of these molecular switches in poplar and covers several perspectives concerning the environmental control of growth-dormancy cycles. In the process, we highlight certain genetic pathways which are affected by short days, low temperatures and cold-induced signaling.
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INTRODUCTION

When the photoperiod falls below the critical day length, poplars undergo growth cessation, culminating in bud set and the acquisition of cold hardiness. The fact that components of light signaling, the circadian clock and orthologs of Arabidopsis flowering time regulators have all been implicated in this stage suggests the interplay between environmental signals and diurnal gene expression in dormancy switch. Thereafter, the sequential induction of ethylene and abscisic acid signaling pathways promotes bud maturation, cessation of meristematic activity and the establishment of dormancy. Once dormant, meristem becomes insensitive to growth-promoting signals. Release from dormancy strongly depends on the accumulation of a defined number of chilling hours, a mechanism for which the molecular basis is unknown. Under spring conditions, the low temperature (LT)-mediated activation of growth promoters reactivates meristem growth. Thus, poplar phenology is controlled by the orchestrated activity of molecular switches following exposure to environmental cues. This mini-review provides insight into the genetic network underlying poplar bud set, dormancy establishment and bud break with a focus on photoperiod- and temperature-dependent signaling. Moreover, we show evidence that bud set is highly sensitive to low ambient temperatures and identify candidate genes that may participate in this response.

SHORT DAYS PROMOTE ACCLIMATION TO WINTER CONDITIONS DURING BUD SET

Irrefutable experimental evidence for the short day (SD) requirement to cold acclimation comes from studies of photoperiod-insensitive oat PHYA overexpressing poplars Junttila and Kaurin, 1990; Olsen et al., 1997; Welling et al., 2002). When transgenic and wild type plants grown during SDs were subjected to freezing conditions, poplars overexpressing oat PHYA did not develop cold hardiness (Olsen et al., 1997; Welling et al., 2002). In contrast, neither transgenic nor wild type poplars grown during long days were able to survive freezing temperatures Junttila and Kaurin, 1990. This indicates that exposure to SDs acclimates poplars to cold weather conditions, and possibly other environmental stresses, which suggests that SDs may activate adaptation pathways.

The transcriptional and metabolomic profiling of poplar shoot apices and stem tissues grown under LD and SD conditions has been used to investigate the molecular signatures underlying SD-driven adaptive responses. The results revealed that SD conditions significantly alter the transcription of certain genes (Rohde et al., 2007; Ruttink et al., 2007; Karlberg et al., 2010; Hoffman et al., 2010; Resman et al., 2010). For example, a reduction in day length affects the transcription of several light signaling- and circadian clock-regulated genes (Ruttink et al., 2007). Moreover, SD also induces genes related to dehydration and cold adaptation, such as LATE EMBRYOGENESIS-ABUNDANT (LEA), DEHYDRIN (DHN), COLD REGULATED GENES (COR), and a set of transcription factors that mediate responses to abiotic stimuli, among others (Ruttink et al., 2007; Karlberg et al., 2010). Continued SD exposure stimulates ethylene signaling and abscisic acid (ABA) hormonal burst (Rohde et al., 2002; Ruttink et al., 2007; Karlberg et al., 2010). Ethylene and ABA are abiotic stress-related phytohormones required for adaptive responses in plants and are also functionally associated to the regulation of many aspects of bud development in poplar and birch (Rohde et al., 2002; Ruonala et al., 2006; Shi and Yang, 2014; Müller and Munné-Bosch, 2015; Tylewicz et al., 2015; Trivedi et al., 2016; Tylewicz et al., 2018). Thus, acclimation to winter conditions is mediated by the temporal orchestration of SD-induced transcriptional responses that partly originate from light signaling and circadian clock dependent pathways. As a result, poplars with modified circadian clock sensitivity showed different tolerance to freezing temperatures (Ibañez et al., 2010).

TEMPERATURE MODULATES BUD SET

The effect of temperature on bud set has been poorly investigated at the molecular level. Earlier physiological studies have shown that bud set is a thermosensitive process in trees (reviewed in Tanino et al., 2010). Furthermore, recent phenotyping studies using clonally replicated poplars grown under natural conditions show that the timing of bud set depends on the local climate (Rohde et al., 2011; Evans et al., 2014). Rohde et al. (2011) showed that sub-optimal growth temperatures delay the timing of bud set. Accordingly, we observed that the timing of bud set in hybrid aspen (Populus tremula x P. alba) grown under controlled conditions is highly sensitivity to small changes in ambient temperature (Figures 1A,B). Bud set was delayed by approximately 7 days in plants grown at 18°C relative to plants grown at 21°C, and this difference was amplified when the temperature was further reduced to 15°C (Figures 1A,B). This indicates that ambient temperature can impact the SD responses controlling bud set timing. Thus, it can be hypothesized that the activation or repression of thermosensitive genes underlies the regulation of pathways that control bud set. Numerous biological processes are governed by the endogenous clock (Greenham and McClung, 2015); thus, bud set in response to low ambient temperature may additionally be mediated by the modulation of clock-related pathways. For instance, the transcription of cold tolerance genes, e.g., C-REPEAT BINDING FACTOR (CBF) genes, follow circadian rhythms in Arabidopsis (Fowler et al., 2005; Dong et al., 2011).
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FIGURE 1. Bud set-associated genes in poplar are sensitive to low ambient temperature. (A) Bud set scores for hybrid poplar (Populus tremula x P. alba) plants grown under SD and three different temperatures (21, 18, and 15°C) for 9 weeks. (B) Comparative analysis of hybrid poplar bud stage progression in plants grown under SD and three different temperatures (21, 18, and 15°C) over 4 weeks. Asterisks denote significant differences between hybrid poplar plant groups (n = 8) grown at different temperatures (Kruskal–Wallis test followed by pairwise Wilcox test; ∗P < 0.05, ∗∗P < 0.01). (C) Venn diagram representing the intersection between genes with SNPs associated with bud set and that show robust diurnal oscillations (cut-off = 0.8) under light/dark cycles (LD) and constant temperature (25°C, HH) or photothermocycles (25°C during the day, 12°C during the night, HC). 172 genes (lilac) show robust diurnal rhythms only under LDHH, 134 genes (pink) show diurnal rhythms only under LDHC and 135 genes (fuchsia) oscillate under both conditions, respectively. (D,E) Clusters of genes that show diurnal expression within 0–11 h under LDHC (D, mean = pink) and within 12–23 h under LDHC (E, mean = pink). The line chart demonstrates how photothermocycles (LDHC) promote diurnal oscillation of poplar PDLDELTA (D) and CBF4 genes (E). (F,G) Clusters of genes that show diurnal expression within 0–11 h under LDHH (F, mean = lilac) and within 12–23 h under LDHH (G, mean = lilac). The line chart demonstrates how photothermocycles (LDHC) disrupt the diurnal oscillation of poplar CCR1 (F) and PUR7 genes (G).



To identify poplar candidate genes that could affect the timing of bud set under low ambient temperature, we investigated how diurnal photothermocycles affect bud set-associated single nucleotide polymorphism (SNP) genes (Mockler et al., 2007; Filichkin et al., 2011; Evans et al., 2014). Particularly, we analyzed the diurnal oscillation (cut-off 0.8) of bud set-associated SNP genes in two different conditions, photothermocycles (LDHC; Day 25°C/Night 12°C) and photocycles (LDHH; Day 25°C/Night 25°C), in Populus thricocarpa using the Diurnal database1 (Mockler et al., 2007; Filichkin et al., 2011). A total of 134 genes associated with bud set showed robust diurnal transcription patterns over a 48 h period under LDHC conditions but not under constant temperature (LDHH), which suggests that the lower night temperature promotes their rhythmic expression (Figures 1C–E). Within the clusters of genes affected by photothermal cycles, we identified diurnal expression in the poplar ortholog of Arabidopsis PHOSPHOLIPASE D DELTA (PLDDELTA; Potri.007G060300), which is involved in phospholipid metabolism, freezing tolerance and stomatal closure (Figure 1D; Chen et al., 2008a,b; Distéfano et al., 2012; Uraji et al., 2012). Moreover, the poplar ortholog of C-REPEAT-BINDING FACTOR 4 (CBF4; Potri.012G134100), which mediates the response to decreased temperatures in Arabidopsis (Wang and Hua, 2009), is also induced by cold temperatures in poplar and birch (Figure 1E; Benedict et al., 2006; Welling and Palva, 2008). These examples indicate that the rhythmic expression of genes associated with bud set – stimulated by diurnal oscillations in temperature – may be required for cold acclimation. In contrast, we identified 172 genes with bud set-associated SNPs that showed diurnal transcription patterns under constant temperatures (LDHH) but not under photothermocycles (LDHC). This suggests that reduced night-time temperatures can undermine the rhythmic expression of certain genes (Figures 1C,F,G). Within the clusters of genes with diurnal expression disrupted by photothermocycles, we highlight the poplar ortholog of Arabidopsis COLD, CIRCADIAN RHYTHM, AND RNA BINDING 1 (CCR1; Potri.009G116400) gene (Figure 1F). CCR1 contains an RNA recognition motif (RRM), which promotes alternative splicing that is coupled to degradation by nonsense-mediated decay (NMD) (Schöning et al., 2008). CCR1 is also regulated by both cold conditions and circadian rhythms in Arabidopsis (Carpenter et al., 1994). Furthermore, we found that the diurnal expression of the poplar ortholog of Arabidopsis PURIN 7 (PUR7; Potri.017G051500), which is required to generate purine dependent cofactors in tissues under high rates of cell division, was disrupted by low night-time temperatures (Senecoff et al., 1996). These examples indicate that the impairment of key, diurnally regulated nucleic acid metabolism processes by decreased night-time temperatures could be important to timely bud set in poplar. Future functional studies will hopefully elucidate the genetic network involved in bud set regulation when poplars are exposed to LTs.

COLD DISRUPTION OF CIRCADIAN CLOCK AND BUD SET

The circadian clock creates endogenous, 24 h rhythms to help plants and animals anticipate daily and seasonal environmental changes (Schultz and Kay, 2003). The circadian clock controls physiology, growth and development, as temporal transcriptional profiles have revealed that more than 30% of genes in Arabidopsis and poplar show circadian rhythms (Harmer et al., 2000; Covington et al., 2008; Michael et al., 2008; Hoffman et al., 2010). Recent research has revealed a role for the circadian clock in the genetic network regulating growth-dormancy cycles. It is widely accepted that circadian rhythms play a central role in the photoperiodic mechanism that controls poplar shoot apical growth (reviewed in Triozzi et al., 2018). However, the implication of the biological clock in the control of growth cessation and bud set has recently emerged (Ibañez et al., 2010; Kozarewa et al., 2010; Ding et al., 2018). The circadian rhythms of several pathways involved in growth cessation and bud set can persist 8–10 weeks after exposure to continuous SDs (Triozzi et al., personal communication). This is supported by the finding that the downregulation of poplar clock-related genes LATE ELONGATED HYPOCOTYL (LHY) and TIMING OF CAB EXPRESSION 1 (TOC1) delays growth cessation and bud set (Ibañez et al., 2010). Furthermore, it has been firstly shown that chestnut clock-related genes display arrhythmic expression under winter conditions (Ramos et al., 2005; Ibañez et al., 2008). Moreover, chestnut and poplar clock-related genes respond to cold temperatures (4°C), showing high and constant expression irrespective of photoperiod (Ramos et al., 2005; Ibañez et al., 2010). It has been suggested that circadian clock disruption may facilitate bud set under cold temperatures (Johansson et al., 2015). Accordingly, cold-induced disruption of circadian rhythms caused wide transcriptional rearrangement of cold response genes in Arabidopsis (Bieniawska et al., 2008). Additionally, when exposed to freezing temperatures, LHY-RNAi poplars showed far more severe stem injuries than control plants. This indicates that the circadian clock is pivotal in the development of cold hardiness during bud set (Ibañez et al., 2010). Nevertheless, the functional implications of cold-induced disruption of clock-regulated pathways during bud set needs further investigation.

DORMANCY ESTABLISHMENT

Prolonged SD exposure after growth cessation and bud set results in dormancy establishment in various plants (Heide, 1974; Espinosa-Ruiz et al., 2004; Ruttink et al., 2007; Maurya and Bhalerao, 2017). However, until recently, our knowledge of the molecular basis of bud dormancy was rudimentary. Conclusive evidences for dormancy establishment has come from studies on plant hormones ethylene and ABA, both of which are required for apical bud formation (Figure 2). For example, ethylene-insensitive dominant mutant etr1-1 birch plants failed to develop apical buds under SD conditions (Ruonala et al., 2006). Ethylene has also been suggested to participate in dormancy induction in plants such as leafy spurge and Chrysanthemum (Sumitomo et al., 2008; Doğramacı et al., 2013. Nevertheless, genetic evidences for how ethylene affects bud dormancy are missing.
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FIGURE 2. Photoperiodic and temperature control of bud set, dormancy establishment and bud break. Short days promote bud set via activation of Flowering locus D1 (FLD1) and Abscisic acid insensitive 3 (ABI3) (Tylewicz et al., 2015), the ethylene and ABA pathways (Rohde et al., 2002; Ruonala et al., 2006) as well as the circadian clock pathway (Hoffman et al., 2010; Ibañez et al., 2010). The timing of bud set is sensitive to low ambient temperature, which alters the expression of the circadian pathway (Figure 1). ABA plays an essential role in dormancy establishment by promoting plasmodesmata closure via PKL repression (Tylewicz et al., 2018) and activating SVL growth repressive gene (Singh et al., 2018). Increased exposure to chilling temperatures is necessary to the downregulation of ABA and degradation of growth repressors such as CENL1 (Karlberg et al., 2010; Mohamed et al., 2010; Tylewicz et al., 2018). Dormancy release increases gibberellin levels (Rinne et al., 2011), mediates plasmodesmata opening (Tylewicz et al., 2018) and activates bud break-promoting factors such as FT1 (Hsu et al., 2011; Rinne et al., 2011), EBB1 (Yordanov et al., 2014), and DML10 (Conde et al., 2017). Long days and warm temperatures restore shoot apical growth.



Abscisic acid levels increase following SD exposure (Ruttink et al., 2007; Karlberg et al., 2010). Interestingly, the apical buds of etr1-1 mutant birches failed to accumulate ABA under SD conditions, which may suggest that defects in these plants may stem from the inability to increase ABA levels. Moreover, under SD conditions, ABI3oe plants display apical buds with defects during bud maturation (Rohde et al., 2002; Ruttink et al., 2007). Although poplar ABI3 has not been demonstrated to be ABA responsive or contribute to the ABA response per se, this finding may suggest a role for ABA, or at least ABI3, in bud maturation. Other research suggests that molecules associated with the opening and closing of plasmodesmata are involved in dormancy establishment (Rinne et al., 2011). It has been proposed that plasmodesmata closure in shoot apical meristem (SAM) is important for dormancy establishment (Rinne et al., 2011; Singh et al., 2017). Growth-promoting signals such a florigen move symplastically through plasmodesmata to SAM to promote growth under appropriate conditions, yet molecular and genetic evidence for this mechanism was only recently published (Singh et al., 2017; Tylewicz et al., 2018).

Abscisic acid-insensitive hybrid aspen plants overexpressing the dominant negative abi1-1 allele failed to establish dormancy under short photoperiods (SPs) (Tylewicz et al., 2018). Both WT and abi1-1 plants underwent growth cessation and apical bud formation when grown under SPs. However, when transferred from 11 weeks of SP to growth-promoting long photoperiods (LPs), WT plants did not start growing, which suggests that these plants were in a dormant state. However, abi1-1 lines restarted growth 11–15 days after being transferred to LPs. The transcriptomic analysis of WT and abi1-1 plants after 0, 6, and 10 weeks of SPs suggests that 1000s of genes are differentially regulated. Interestingly, many of these genes are associated with plasmodesmata closure and opening. Plasmodesmata closure-related genes such as GERMIN-LIKE 10, REMORIN-LIKE 1 and 2 and CALLOSE SYNTHASE 1 were upregulated in the apices of WT plants whereas genes related to plasmodesmata opening, such as GH17_39, were downregulated. The transcript levels of these genes differed between abi1-1 and WT plants. Microscopic analyses of WT and abi1-1 plants suggest that 83 and less than 3% of plasmodesmata in these plants, respectively, were closed after 10W of SPs (Tylewicz et al., 2018). Flowering Locus T (FT) protein acts as a mobile signal that can move from leaves to apex (Corbesier et al., 2007) and promotes growth of poplar trees even under SP (Böhlenius et al., 2006). Furthermore, when rootstocks of Flowering Locus T1 (FT1) plants were grafted to the scions of 10W SP grown WT and abi1-1 plants, it was able to activate the growth of abi1-1 plants even in SP conditions but not in WT scions.

Many of the transcripts associated with the plasmodesmata closure and opening also responded to the SPs (Tylewicz et al., 2018). Overexpression of plasmodesmata-located protein 1 (PDLP1) in abi1-1 plants leads to dormancy establishment, as abi1-1/PDLP1oe plants transferred from SPs to LPs did not show growth reactivation. Certain genes involved in chromatin remodeling, such as FERTILIZATION INDEPENDENT ENDOSPERM (FIE) and PICKLE (PKL), have been shown to be upregulated after SD exposure (Ruttink et al., 2007). FIE is a component of the polycomb repressive complex 2 (PRC2), while PKL is its antagonist. PRC2 plays important roles in keeping the genes in the repressed state (Margueron and Reinberg, 2011). Transcript level of PKL was upregulated in abi1-1 plants, and its downregulation in abi1-1 background developed dormancy by closing plasmodesmata (Tylewicz et al., 2018).

Taken together, these results suggest that SP influences ABA levels, which then differentially regulate plasmodesmata opening and closure-related genes to induce dormancy. Once the plasmodesmata are closed, growth-promoting signals cannot enter the SAM due to the formation of dormancy sphincters through callose deposition in plasmodesmata.

DORMANCY RELEASE AND BUD BURST

As mentioned earlier, dormancy establishment makes the SAM impermeable to growth-promoting signals, even under LD conditions. Release from dormancy requires that buds are exposed to LT for a prolonged period (Saure, 1985; Hannerz et al., 2003; Brunner et al., 2014; Fu et al., 2015). How temperature regulates dormancy release remains a poorly studied topic. Interestingly, the exposure of chilled buds to warm temperature is sufficient to induce dormancy release and subsequent bud burst. By monitoring the dormancy release time in plants with altered basal level of certain genes, we can anticipate their role in this process. Since plasmodesmata closure is required for dormancy establishment (Tylewicz et al., 2018), their opening could be expected to result in dormancy release. It has been suggested that LT treatment leads to the opening of plasmodesmata (Rinne et al., 2011), but this does not have proper experimental proof until now. However, some of the genes needed for the removal of plasmodesmatal dormancy sphincters by degrading the deposited callose, such as 1,3-β-glucanase (glucan hydrolase family 17 [GH17]), are upregulated after chilling treatment (Rinne et al., 2011).

Gibberellic acids (GAs) and FT are positive regulators of growth; as such, LT induces the transcription of FT1 and genes implicated in GA metabolism, those that encode members of the GA3 and GA20 oxidases (Rinne et al., 2011). GAs may promote GH17s expression to reopen the plasmodesmata and thus restart the symplastic, growth-promoting cell-to-cell signaling within the SAM (Figure 2). However, genetic and experimental proof of this mechanism is still lacking. CONSTANS (CO) expression was shown to be upregulated almost threefold after 2 weeks of chilling. This suggests that the CO/FT module may be initiated by LT, yet CO expression remains at a similar level throughout the cold period and is only further enhanced when chilled buds sense LDs and warmer temperatures (Rinne et al., 2011). However, the expression of CENL1/TFL1 (CENTRORADIALIS-LIKE1/TERMINAL FLOWER 1), a negative regulator of growth, remains at low levels in chilled buds throughout the LT period (Figure 2; Rinne et al., 2011). Experiments with CENL1oe and CENL-RNAi lines showed delayed and early bud burst, respectively, relative to wild type plants (Mohamed et al., 2010). This suggests that CENL1 represses dormancy release and bud burst. In chilled buds, CENL1 expression is only upregulated once the buds are transferred to warmer temperatures.

The process of dormancy release in trees is comparable to vernalization in Arabidopsis (Chouard, 1960). Many of the MAD-box transcription factors – termed DORMANCY ASSOCIATED MADS-BOX (DAM) – are known to be induced in the dormant buds of many plants, and are similar to short vegetative protein (SVP) and AGAMOUS-LIKE (AGL) transcription factors which control flowering in Arabidopsis (Ríos et al., 2014). Similar to Flowering Locus C (FLC) in Arabidopsis, these DAM genes are also epigenetically regulated by cold conditions. Cold-induced epigenetic silencing of floral repressor FLC is required during vernalization to induce flowering in Arabidopsis (Amasino, 2004; Bastow et al., 2004). The finding that expression of DAM genes goes down after cold treatment suggests that these genes are repressors of dormancy release (Shim et al., 2014; Howe et al., 2015). However, the exact roles of DAM genes can only be elucidated through future genetic studies.

Like dormancy release, our knowledge about bud burst is also very limited in perennial plants. A large number of genes are differentially regulated during dormancy release (Shim et al., 2014; Howe et al., 2015), but we do not have enough genetic evidence to conclusively describe their roles in dormancy release. Very recently, a genetic network mediating the dormancy release and bud break has been described (Singh et al., 2018). This study demonstrated that short vegetative protein-like (SVL), a tree ortholog of Arabidopsis SVP, acts as a central regulator of dormancy release and bud burst in poplar. It negatively regulates dormancy release and bud burst by promoting and repressing the expressions of negative and positive regulators of growth, respectively, after cold treatment (Singh et al., 2018). The expression of Early Bud-Break 1 (EBB1), a putative APETALA2/Ethylene responsive factor, also increases after cold periods during dormancy release and before bud burst. However, EBB1 transcripts are undetectable during the dormancy period. Transgenic lines with EBB1 overexpression and downregulation show early and delayed bud burst relative to wild type plants, respectively. This suggests that EBB1 is a positive regulator of bud burst (Figure 2; Yordanov et al., 2014).

CONCLUDING REMARKS

The effect of temperature on tree phenology is an important topic in the context of climate change. Extended seasonal growth and shifts in latitudinal distribution demonstrate how plants are already adapting to increasing global temperatures. Although previous research has attempted to elucidate how temperature influences growth cessation and bud set in trees, very little is still known about the molecular mechanisms involved in these phenomena. For this reason, understanding how environmentally sensitive molecular switches regulate the perception and transduction of temperature signals in woody plants will be crucial to predicting how plants will adapt to warmer environments and designing appropriate breeding programs for this scenario.
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