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Shoot branches develop from buds in leaf axils. Once formed from axillary meristems, the buds enter a transition stage before growing into branches. The buds may transition into dormancy if internal and environmental factors limit sucrose supply to the buds. A fundamental question is why sucrose can be limiting at the transition stage for bud outgrowth, whereas new buds continue to be formed. Sucrose is transported to sink tissues through symplastic or apoplastic pathways and a shift from symplastic to apoplastic pathway is common during seed and fruit development. In addition, symplastic connected tissues are stronger sinks than symplastically isolated tissues that rely on sugars effluxed to the apoplast. Recent studies in sorghum, sugarcane, and maize indicate activation of apoplastic sugar in buds that transition to outgrowth but not to dormancy, although the mode of sugar transport during bud formation is still unclear. Since the apoplastic pathway in sorghum buds was specifically activated during bud outgrowth, we posit that sugar for axillary bud formation is most likely supplied through the symplastic pathway. This suggests a key developmental change at the transition stage, which alters the sugar transport pathway of newly-formed buds from symplastic to apoplastic, making the buds a less strong sink for sugars. We suggest therefore that bud outgrowth that relies on overflow of excess sucrose to the apoplast will be more sensitive to internal and environmental factors that enhance the growth of sink tissues and sucrose demand in the parent shoot; whereas bud formation that relies on symplastic sucrose will be less affected by these factors.
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Introduction

The shoot architecture of annual plants depends on the growth and arrangement of primary and higher order axillary shoots that develop from buds in the leaf axils (Sussex & Kerk, 2001). The first stage in axillary bud initiation is the formation of a few meristematic cells in a stem or subapical tissue of a parent shoot, just above the point of insertion of a leaf or leaf primordia (Grbic & Bleecker, 2000). This leads to a dome of tissues, generated by the meristematic cells, that protrudes from the stem of the parent shoot in a leaf axil, and is the earliest sign of a developing axillary bud in annual plants (Figure 1). Subsequent growth of this dome of tissues leads to the formation of a fully developed axillary bud consisting of an embryonic shoot enclosed by young small leaves, and attached at its base to the parent shoot. In most annual plant species, buds are normally formed in each leaf axil regardless of endogenous and environmental conditions. Once the bud is formed, the second step is the outgrowth of the bud into a branch. However, if endogenous and environmental factors are not favorable, a bud may abruptly stop growing and transition into dormancy (Domagalska & Leyser, 2011; Barbier et al., 2019). A fundamental question is why bud outgrowth can be so readily suspended, so that the bud becomes dormant, whereas the formation of a bud is relatively insensitive to internal or environmental conditions.




Figure 1 | A model of axillary meristem fate depending on availability of apoplastic sugar at the transition stage.



Previous studies identified a transition stage between the formation of axillary buds and the subsequent development of axillary buds into dormancy or outgrowth (Figure 1) (Stafstrom & Sussex, 1992; Shimizu-Sato & Mori, 2001). Since most endogenous and environmental factors that control shoot branching have little influence on axillary bud formation, it is likely that they act at the transition stage to determine the dormancy versus outgrowth fate of axillary buds. Recent studies in different species indicate that sugar supply from the parent shoot to the buds is critical for bud outgrowth (Kebrom et al., 2012; Mason et al., 2014; Barbier et al., 2015; Kebrom & Mullet, 2015; Tarancon et al., 2017; Wang et al., 2021). Sink plant tissues such as developing seeds and fruits are supplied with symplastic and/or apoplastic sugars (Braun et al., 2014). Results that indicate activation of apoplastic sugar during bud outgrowth have been documented in several species in the grasses (Boussiengui-Boussiengui et al., 2016; Kebrom & Mullet, 2016; Dong et al., 2019). However, the mode of sugar supply during bud formation is still unclear, although in the analogous situation of the growth and development of sink plant tissues or organs a transition from symplastic to apoplastic sugar is common (Paniagua et al., 2021). In this review, we posit that the bud transition stage may involve a shift in the axillary bud from relying on symplastic sugar during bud formation to apoplastic sugar for bud outgrowth (Figure 1). Such a hypothesis may explain both bud dormancy and bud outgrowth and their reliance on external factors.

In this review, first, we provide a brief summary of how endogenous and environmental factors regulate the dormancy and outgrowth of axillary buds by controlling sugar supply. Next, we review evidence for the activation of apoplastic sugar supply during bud outgrowth, and discuss the possibility of symplastic to apoplastic transition in a developing bud in a manner similar to the transition from symplastic to apoplastic sucrose pathway in developing sink tissues such as seeds and fruits. Finally, we provide a research vision and approaches to investigate mechanisms of sucrose transport during bud formation and outgrowth that will help to understand the transition stage that leads to dormancy versus outgrowth fate of newly-formed axillary buds and shoot branching in annual plants.



Endogenous and environmental factors directly or indirectly regulate sugar supply to promote axillary bud dormancy or outgrowth

Internal and environmental factors, such as plant hormones and light signals, regulate dormancy and outgrowth of axillary buds and shoot branching in annual plants (Rameau et al., 2015; Barbier et al., 2019; Schneider et al., 2019). A direct or indirect role on dormancy or outgrowth of axillary buds is well established for the plant hormones cytokinins (CK), abscisic acid (ABA), auxin, and strigolactones (SL). Both CK and ABA act within a bud to induce axillary bud outgrowth or dormancy, respectively (Dun et al., 2012; Yao & Finlayson, 2015), whereas auxin acts outside a bud to indirectly induce bud dormancy (Prasad et al., 1993; Booker et al., 2003). Although direct application of SL to a bud induces dormancy (Brewer et al., 2009), it is not precisely known if endogenous SL act within or outside the bud (Stirnberg et al., 2007; Luo et al., 2019). Light signals, such as light enriched with far-red (FR) light or low red (R) light relative to FR, the typical microenvironment of plants growing at high density with mutual shading, also induces axillary bud dormancy and inhibits shoot branching (Kebrom et al., 2006; Finlayson et al., 2010; Drummond et al., 2015). Internal and environmental signals are integrated in part through changes in the expression level of the Teosinte branched1 (Tb1) gene in axillary buds (Wang et al., 2019), with the expression of Tb1 negatively correlated with sugar levels in the buds (Kebrom et al., 2012; Mason et al., 2014).

Analysis of the sugar levels in axillary buds through direct measurement of sugars or the expression of sugar responsive genes indicates a link between dormancy of newly-formed axillary buds and reduced sugar levels in the buds. For example, a direct measurement of sucrose in wheat revealed a significantly lower level in dormant compared to growing axillary buds, associated with upregulation of the wheat ortholog of the Arabidopsis sugar starvation-inducible DIN6 gene in the dormant buds (Kebrom et al., 2012). The expression of a DIN6 ortholog was also upregulated in dormant Rose buds (Wang et al., 2021). In sorghum, reducing the photosynthetic leaf area of young plants through defoliation increased the expression of the sorghum DIN6 ortholog and inhibited bud outgrowth (Kebrom & Mullet, 2015). Defoliation also inhibited bud outgrowth in decapitated pea plants (Mason et al., 2014; Fichtner et al., 2017). In addition, axillary bud dormancy in phytochrome B (phyB) mutant sorghum (unable to respond to R:FR light) was associated with an increase in the expression of the DIN6 gene in the buds (Kebrom & Mullet, 2016). Tarancon et al. (2017) analyzed public transcriptome data on axillary bud dormancy and outgrowth and identified a link between bud dormancy and lower sugar levels in the buds of both in annual and perennial plants. Therefore, internal and environmental factors that act outside the bud, including auxin, and low R:FR light, enhance the growth of sink tissues and sugar demand in the parent shoot and indirectly limit sugar supply to the buds and induce bud dormancy. By contrast, decapitation and reduced stem growth at low plant density (high R:FR) increase overflow of sugars to the buds and promote bud outgrowth (reviewed in Kebrom, 2017). The role of internal bud signals, especially CKs, is discussed below.



Activation of apoplastic sugar supply at transition stage promotes bud outgrowth

The link between dormancy and low sugar level in newly-formed axillary buds (Kebrom et al., 2012; Mason et al., 2014; Barbier et al., 2015; Kebrom & Mullet, 2016; Tarancon et al., 2017; Wang et al., 2021), suggests that internal and environmental factors that control shoot branching regulate sugar supply at the transition stage, just after the bud is formed and before it either progresses to sustained growth to form a branch or transitions into dormancy. Sugars synthesized in leaves are transported as sucrose to non-photosynthetic sink tissues (Braun et al., 2014). There are two main ways that sucrose can be transported to the bud, either cell to cell through plasmodesmata (symplastic pathway), or through efflux of sucrose to the extracellular space (apoplast) from which it enters into destination (sink) cells through the cytosolic membrane (apoplastic pathway) (Lemoine et al., 2013; Braun et al., 2014). Sugar Will Eventually be Exported Transporters (SWEETs) that belong to the Clade III subfamily mediate sucrose efflux from phloem to the apoplast (Eom et al., 2015; Ji et al., 2022). Apoplastic sucrose is transported into the cells by sucrose transporters (SUTs, also known as SUC) or cleaved by cell wall invertases (CWINs) into hexoses to be imported by transmembrane hexose transporters across the cell membrane into cells (Eom et al., 2015; Julius et al., 2017). CWINs are involved in apoplastic sugar transport into sink organs such as developing stem internodes, seeds, and fruits (Bihmidine et al., 2013; Jameson et al., 2016; Ruan, 2022). CWIN and SWEET gene expression or activities during bud outgrowth have also been identified recently in sugarcane, maize, and sorghum.

Sugarcane is propagated vegetatively through axillary buds in stem cuttings that develop into new shoots. A dramatic increase in CWIN enzyme activity is among the earliest changes during bud outgrowth in sugarcane (Boussiengui-Boussiengui et al., 2016). CWIN genes were also upregulated in growing buds of the highly branched tb1 and gt1 maize mutants relative to dormant buds in the unbranched wild-type (WT), indicating a role for CWIN in growing maize buds (Dong et al., 2019). In addition, a transcriptome study in sorghum revealed a role for CWINs during the transition stage of newly-formed axillary buds. The buds in the first leaf axil of phyB mutant (phyB-1) and WT sorghum are normally formed (Kebrom et al., 2006), but transcriptome results indicated that the expression of CWIN genes was activated in the WT bud that transitions to outgrowth, but not in the phyB mutant bud that transitions to dormancy (Kebrom & Mullet, 2016). Interestingly, a sorghum SWEET gene was coexpressed with the CWIN genes in the buds of WT sorghum (Kebrom & Mullet, 2016). The sorghum SWEET gene (sobic.007g191200) is orthologous to the Arabidopsis AtSWEET15 that mediates efflux of sucrose from the maternal seed coat to the apoplast to be transferred to the embryo (Chen et al., 2015). The coexpression of the sorghum SWEET and CWIN genes provides additional evidence for the activation of the apoplastic pathway during bud outgrowth. Taken together, the studies in sugarcane, maize and sorghum suggest that sugars for bud outgrowth in these species are delivered through the apoplastic pathway. Interestingly, bud burst in rose is associated with the expression of a gene encoding vacuolar acid invertase (RhVI) and sucrose breakdown in the buds under light (Girault et al., 2010). However, in the absence of light the activated bud may not elongate unless it imports additional sugars from nearby stem (Girault et al., 2010; Henry et al., 2011). The correlation between the expression of the apoplastic sucrose transporter RhSUC2 in the bud and nearby stem and an increase in sugar level in the activated bud suggests apoplastic sugar import for sustained bud growth in rose (Henry et al., 2011). The expression or activities of CWINs in sugarcane, maize, and sorghum and SUC in rose indicates variation between species in the control of apoplastic sugar transport to the buds.



Cyokinins induce the expression of CWIN genes

CK can promote axillary bud outgrowth when applied directly to the bud (Pillay & Railton, 1983; Turnbull et al., 1997). The role of CK in bud outgrowth could be through promoting cell division (Riou-Khamlichi et al., 1999). However, CK also induces the expression of CWIN genes, and thus plays a role in the transport of apoplastic sugars into sink tissues (Roitsch & Gonzalez, 2004). The expression of CK and sugar metabolism and responsive genes was consistent with the divergent fates of the buds in the phyB-1 and WT sorghum at transition stage, with the phyB-1 mutant showing expression of genes that indicate low CK level and activities and sugar starvation that lead to bud dormancy, while the WT shows high CK level and activities and increased sugar levels (upregulation of CWINs and sugar-inducible genes) promoting bud outgrowth (Kebrom & Mullet, 2016). A similar link between CK and CWINs was demonstrated during the germination and early seedling growth of pea (Jameson et al., 2016). Thus, the role of CK in shoot branching could be through promoting apoplastic sugar metabolism and transport that is required for bud outgrowth. Consistent with this, direct application of CK to the bud does not always promote bud outgrowth (reviewed in Dun et al., 2006), possibly due to limited sugar in the bud, or in the plant that could be directed to the bud. Roman et al. (2016) suggested that CK promotes bud outgrowth in rose (Rosa hybrida) through activating the expression of genes, such as RhVI, RhSUSY, RhSUC2, and RhSWEET10, that enhance the sink strength of the bud for sugars. A recent study also showed that CK promotes potato sprout branching through inducing vacuolar invertase activity (Salam et al., 2021). Therefore, it is likely that CK also promotes axillary bud outgrowth in the grasses in part through activating the expression of CWINs and enhancing apoplastic sucrose transport into the buds.



The transition stage of axillary buds: Is it a transition from symplastic sugar during bud formation to apoplastic sugar during bud outgrowth?

The activation of the apoplastic pathway at the transition stage during bud outgrowth in sorghum, sugarcane, and maize suggests axillary buds are initially formed using sucrose delivered through a non-apoplastic pathway. A transition from symplastic to apoplastic sugar is a common phenomenon during the development of other sink tissues such as seeds and fruits (Paniagua et al., 2021). For example, a symplastic discontinuity at the placenta tissue that function as a conduit for assimilate transport from fruit to seed during seed development coincides with the expression of the tomato CWIN gene LIN5 (Palmer et al., 2015; Ruan, 2022). Also, the onset of fruit ripening in grape berry is associated with a transition from the symplastic to the apoplastic pathway (Zhang et al., 2006). Although no prior research, to our knowledge, has demonstrated the mechanisms of sugar supply during axillary bud formation, it is plausible to hypothesize that buds are formed using sugar delivered through the symplastic system and that this transitions to the apoplastic system during bud outgrowth. Interestingly, plant tissues that receive sugars through the symplastic pathway, such as root tips and young leaves, are stronger sinks than symplastically isolated sink tissues that rely on apoplastic sugar (reviewed in Ayre, 2011). This suggests that the processes of bud formation that rely on symplastic sugars are stronger sinks than those of bud outgrowth, and are therefore less sensitive to endogenous and environmental factors that affect sugar production and partitioning. Based on the available information, we suggest a model where, prior to the transition stage, during axillary meristem initiation and bud formation, sugars are delivered through the symplastic system. However, symplastic discontinuity between bud and adjacent cells of the parent shoot or insufficient sugar supply through the symplastic system from the parent shoot at transition stage could lead to suspension of growth and bud dormancy, unless there is sufficient apoplastic sugar transport to allow for bud outgrowth (Figure 1).



Conclusion and future perspectives

A branch develops from a bud through a two-step process: axillary bud formation and bud outgrowth. Internal and environmental factors such as plant hormones and light that control shoot branching can induce bud outgrowth or dormancy indirectly by increasing or decreasing sugar supply from the parent shoot to the newly-formed buds; whereas bud formation is less sensitive to the overall sugar dynamics, including sugar production and demand, in the parent shoot regulated by these factors. For example, auxin and shade signals increase the growth of stem internodes in the parent shoot and indirectly reduce the flow of sugars to the buds. The question is why an increase in sugar demand in the main shoot inhibits the process of bud outgrowth but not bud formation. Activation of apoplastic sugar supply during bud outgrowth in sugarcane, sorghum, and maize suggest that sugar supply during bud formation has to be through the symplastic pathway. Plant tissues supplied with symplastic sugars are stronger sink than tissues that rely on excess sucrose from the parent shoot effluxed to the apoplast. Therefore, it appears that a key developmental change during the transition stage, from bud formation to bud outgrowth, requires an alteration in the mode of sugar supply from symplastic to apoplastic. This change could be the basis for the sensitivity of bud outgrowth to sugar limitations. However, although sugar can be limiting for bud outgrowth in eudicots such as pea and Arabidopsis, the activation of an apoplastic pathway during the transition stage has not yet reported in these species. In addition, an important question is whether the symplastic transport system in the grasses suffers either a discontinuity or is simply insufficient to supply the necessary volumes of sugar for bud outgrowth. Therefore, it is possible that both symplastic and apoplastic sugar transport co-exist during bud outgrowth. Research on the mode of sugar supply during bud formation and outgrowth in both monocots and eudicots appears to be important to understand the regulation of shoot branching in plants.

Significant progress has been made in understanding sugar transport during the growth and development of reproductive organs. The methods developed, including the use of carboxyfluorescine to investigate symplastic connection between source and sink tissues and symplastic domains within sink tissues, could enormously benefit and facilitate the research on sugar transport during bud formation and outgrowth. Also, electron microscopy could be used to study plasmodesmata connection and density, the status of vascular connection, and formation of apoplastic space during the development of bud tissues. A role for the TCP transcription factor BRC1b in restricting plasmodesmata development in aerial axillary buds of potato identified recently is a major advance in understanding how sugar transport could determine the dormancy versus outgrowth fate of axillary buds (Nicolas et al., 2022). In perennial plants, bud dormancy is induced in response to short days by callose deposition in plasmodesmata, which restricts symplastic cell-cell signaling and metabolite flux in the shoot apical meristem (van der Schoot & Rinne, 2011). In a recent study, Paterlini et al. (2021) investigated if an increase in callose synthesis would inhibit axillary bud outgrowth in Arabidopsis. Using the iclas3 system, the authors increased callose biosynthesis in Arabidopsis companion cells and phloem parenchyma cells, and investigated the effect on axillary bud growth in intact and decapitated excised inflorescence stem sections containing one or two axillary buds. Their results showed that an increase in callose accumulation did not affect bud activation (bud outgrowth), whereas subsequent growth rate of the activated buds was slightly reduced (Paterlini et al., 2021). This implies both that the apoplastic pathway must have been used to supply sugars to the developing bud, and that this pathway is less efficient than symplactic connections. Such methods could be developed for use in other species. Axillary buds are minute and thus it may not be easy to analyze the metabolic and proteomic status, whereas, transcriptome analysis can be conducted easily. However, although there are have been several transcriptomic studies of dormancy and outgrowth of axillary buds in annuals, there are noticeable differences in expression of sugar transport related genes compared to the studies in sorghum and maize. This may be because the transition stage in eudicots is narrow and thus may not be captured easily. Thus, precise determination of the developmental status of buds sampled for transcriptome analysis using biomarker genes for dormancy or growth, as has been done in sorghum and maize studies (Kebrom & Mullet, 2016; Dong et al., 2019), may resolve these issues.
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