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Precise coordination of cell fate decisions is a hallmark of multicellular organisms. Especially in tissues with non-stereotypic anatomies, dynamic communication between developing cells is vital for ensuring functional tissue organization. Radial plant growth is driven by a plant stem cell niche known as vascular cambium, usually strictly producing secondary xylem (wood) inward and secondary phloem (bast) outward, two important structures serving as much-needed CO2 depositories and building materials. Because of its bidirectional nature and its developmental plasticity, the vascular cambium serves as an instructive paradigm for investigating principles of tissue patterning. Although genes and hormones involved in xylem and phloem formation have been identified, we have a yet incomplete picture of the initial steps of cell fate transitions of stem cell daughters into xylem and phloem progenitors. In this mini-review perspective, we describe two possible scenarios of cell fate decisions based on the current knowledge about gene regulatory networks and how cellular environments are established. In addition, we point out further possible research directions.
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INTRODUCTION

Usually, multicellular organisms harbor pools of stem cells that maintain a pluripotent cell state at critical positions within their bodies. These stem cells produce new tissues consisting of differentiated cells performing specialized tasks. A central question in developmental biology is how stem cells know when and at which position they need to differentiate into a certain cell type. In plants, in particular, precise spatiotemporal regulation of differentiation is crucial, as the rigid cell wall prevents cellular migration. Due to its strictly bidirectional mode of tissue production, the vascular cambium (hereinafter called cambium), has a far simpler setup than other plant stem cell niches harboring multidirectional modes (Greb and Lohmann, 2016). Hence, the cambium is ideal to tackle principles of cell fate decisions in plants and beyond. In many species, the cambium consists of a cylindrical domain of stem cells, producing wood inward and bast outward (Larson, 1994; Evert, 2006; Shi et al., 2019; Smetana et al., 2019). Wood (xylem) transports water and nutrients from roots to shoots and stabilizes the plant body based on exceptionally stiff cell walls produced by xylem cells, whereas bast (phloem) mainly transports sugars and signaling molecules from source to sink tissues. In the model plant Arabidopsis thaliana, the hypocotyl, the organ connecting the root and the shoot systems, is a hotspot of cambium activity (Figure 1A; Chaffey et al., 2002). It is to note that the cambium structure of Arabidopsis and tree species such as poplar are not identical. However, the development and regulation of radial growth is similar, hence, Arabidopsis can serve as a paradigm for radial plant growth (Barra-Jiménez and Ragni, 2017). Functionally, the cambium is divided into three domains: the proximal domain, in which xylem differentiation is initiated, the central domain that harbors a single layer of cambium stem cells (CSCs), and the distal domain where phloem initiation takes place (Figure 1A inset 1; Shi et al., 2019). During radial growth, the proliferative activity of CSCs determines the rate of xylem and phloem production, since xylem and phloem progenitors divide only once or twice before they fully differentiate (Figure 1A inset 2; Bossinger and Spokevicius, 2018; Shi et al., 2019; Smetana et al., 2019).
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FIGURE 1. The vascular cambium in the hypocotyl of Arabidopsis thaliana produces xylem and phloem in a bidirectional manner. The cell fate decision of the bifacial vascular cambium stem cell could be triggered by different mechanisms. (A) The hypocotyl of Arabidopsis thaliana is a hotspot of vascular cambium activity, producing xylem tissue inwards, here in dark green, and phloem tissue outwards, here in dark purple. A confocal image of a hypocotyl section with stained cell walls (Direct Red 23) is shown. Inset 1: The cambium itself can be divided into the central domain, harboring the cambium stem cells (CSCs) (white), the proximal domain (light green), and the distal domain (light purple). Inset 2: So far, it is assumed that the vascular cambium stem cell divides and then differentiates into a xylem progenitor in the proximal domain or a phloem progenitor in the distal domain. After this initial division, the progenitor cells only divide once or twice before they fully differentiate into xylem or phloem cell types with increasing distance to the central cambium domain. (B) The described process in Figure 1A inset 2 could be explained by two scenarios of cell fate decisions which might take place in the vascular cambium. In the first scenario, the CSCs have a distinct stem cell state in the central cambium domain which is robust over time (timepoint 1). Upon division, both CSC daughter cells have the same CSC state (timepoint 2). As one CSC daughter leaves the central domain into the proximal or distal domain, it is exposed to a different cellular environment which dictates its direction of differentiation into xylem or phloem (timepoint 3). In the second scenario, the state of cells in the central domain is heterogeneous and fluctuates between a CSC state and a xylem- or phloem-prone state (timepoint 1). Here, the timepoint of the division dictates whether xylem or phloem progenitor cells are produced in the central domain (timepoint 2). Only the daughter cell which remains in the central domain is still able to fluctuate between states, the cell that exits the central domain loses its capacity to fluctuate between cell states (timepoint 3). Arabidopsis drawing template by Bouché (2018).


In this mini-review perspective, we present two possible scenarios of how cell fate decisions of the CSC daughters take place and discuss them in the light of recent findings on gene regulatory mechanisms and signaling regimes. We also examine the knowledge gap that needs to be filled in order to obtain a conclusive picture of how xylem and phloem formation is initiated. We mainly focus on the Arabidopsis hypocotyl, but also include findings on primary xylem and phloem formation in stems and roots. It is to note, however, that insights obtained from primary vascular development may not be transferable to the hypocotyl, as radial growth regulation between the various organs is partially different (Cammarata et al., 2019). For a more thorough overview of radial growth, the interested reader may consult extensive reviews published elsewhere (Fischer et al., 2019; Fukuda and Ohashi-Ito, 2019; Turley and Etchells, 2021).



TWO SCENARIOS FOR CELL FATE DECISIONS OF CAMBIUM STEM CELL DERIVATIVES

It was postulated already 150 years ago that individual CSCs produce both the xylem and phloem and, therefore, have a bifacial character (Sanio, 1873; Larson, 1994). Only rather recently, however, detailed lineage tracing showed that indeed a single bifacial CSC produces xylem and phloem lineages (Bossinger and Spokevicius, 2018; Shi et al., 2019; Smetana et al., 2019). Still, it is largely unclear what determines the decision of CSC derivatives to differentiate into either xylem or phloem progenitor cells. Here, we present two possible scenarios differing in the spatiotemporal pattern of decision events (Figure 1B). It is important to mention that both scenarios are brought up for conceptual reasons and may not be mutually exclusive. In the first scenario, CSCs have a distinct and robust stem cell state in the central cambium domain, i.e., a stable transcriptome state and other stem cell-associated molecular attributes. Initially, each CSC daughter is in the same state as the CSC but, as it leaves the central domain, it is exposed to a different cellular environment with a distinct signaling regime and therefore enters xylem or phloem development. In the second scenario, CSCs are heterogeneous and fluctuate between the CSC state and a xylem- or phloem-prone state. In this scenario, depending on the state of the cells in the central domain at the time of division, xylem or phloem progenitor cells are produced. After division, when cells exit the central domain, they lose their ability to fluctuate to other states, whereas the cell which remains in the central domain can still fluctuate between all the cell states (Figure 1B). State fluctuation represents a way of creating cellular heterogeneity within animal embryonic stem cells (Okamoto et al., 2018; Huang et al., 2020) and noise in gene activity is often important for promoting cell fate transitions (Eldar and Elowitz, 2010), making the second scenario worth considering in the CSC context.

We believe that conceptualizing both the scenarios is fruitful as this process brings up several questions central for cambium regulation and stem cell biology in general: Which gene regulatory networks mediate the transition from a stem cell state to a xylem- or phloem-prone progenitor state and what are their spatiotemporal patterns? Moreover, which signals establish different cellular environments in the proximal, central, and distal cambium domain?



GENE REGULATORY NETWORKS IN CAMBIUM STEM CELLS

In both the aforementioned scenarios, the cells in the central domain of the cambium are pluripotent stem cells. In animals, gene regulatory networks (GRNs) mediating pluripotency in embryonic stem cells are centered around a handful of transcription factors (TFs) and are well understood (Nichols et al., 1998; Li and Izpisua Belmonte, 2018; Huang et al., 2020). In CSCs, however, it is still unclear which genes make up the “stemness” GRN. Plant stem cell specification and maintenance is generally carried out by conserved WUSCHEL-related homeobox (WOX) TFs, which already mark cell fate decisions during early embryonic states (Haecker et al., 2004; Dolzblasz et al., 2016). In the context of the cambium, WOX4 together with WOX14 promotes stem cell proliferation downstream of a CLAVATA3/EMBRYO SURROUNDING REGION-related (CLE) peptide-signaling cascade (Hirakawa et al., 2010; Suer et al., 2011; Etchells et al., 2013). This well-studied signaling cascade consists of the PHLOEM INTERCALATED WITH XYLEM (PXY) receptor and its ligands CLE41/CLE44, also named TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR (TDIF), and CLE42. CLE41/42/44 are expressed in the phloem and are thought to diffuse toward the CSCs, bind to the PXY receptor and, ultimately, elevate WOX4 and WOX14 gene activities (Ito and Fukuda, 2006; Fisher and Turner, 2007; Hirakawa et al., 2008; Etchells and Turner, 2010; Morita et al., 2016; Zhang et al., 2016).

However, WOX4 and WOX14 expression alone is not the only factor maintaining CSCs since cambium activity is not completely abolished in wox4 or wox4; wox14 mutants (Hirakawa et al., 2010; Etchells et al., 2013). Looking at transcriptional markers, CSCs are marked by overlapping promoter activities of the WOX4 and PXY genes, but also of AINTEGUMENTA (ANT) and SUPPRESSOR OF MAX2 1-LIKE 5 (SMXL5) (Figure 2; Etchells et al., 2015; Shi et al., 2019, 2021; Smetana et al., 2019). SMXL5 is involved in the phloem formation and is active in the distal cambium domain (Wallner et al., 2017, 2020; Shi et al., 2019) and the cytokinin-responsive TF ANT is required for normal radial growth in the root (Randall et al., 2015). As an important step toward the understanding of CSC regulation, a transcriptional regulatory network consisting of 13 genes including WOX4, WOX14, ANT as well as BREVIPEDICELLUS/KNOTTED-1LIKE 1 (BP/KNAT1) has been constructed recently (Zhang et al., 2019). Using fluorescence-activated cell sorting of cells expressing a tagged cytokinin responsive TF at three stages of cambium development and subsequent genome-wide transcript profiling, candidate TFs for CSC regulation were identified and further validated (Zhang et al., 2019). Within the resulting network, WOX4 suppresses the NAC DOMAIN CONTAINING PROTEIN 15 (ANAC015) gene which, in turn, suppresses ANT (Figure 2). In addition, WOX4 activates BP/KNAT1 through WOX14 and, based on mutant phenotyping, WOX4 and BP/KNAT1 were identified as major determinants of CSC activity (Zhang et al., 2019). Moreover, BP/KNAT1 controls early events in vascular differentiation together with the SHOOT MERISTEMLESS (STM) gene (Liebsch et al., 2014). Another part of the CSC network are LOB DOMAIN-CONTAINING PROTEIN (LBD) TFs, of which LBD3 and LBD4 were shown to be important for CSC maintenance, proliferation, and vascular cell differentiation (Figure 2; Zhang et al., 2019; Smit et al., 2020; Ye et al., 2021). Furthermore, LBD4 acts downstream of WOX4, WOX14 and BP/KNAT1 and regulates vascular cell number and organization (Zhang et al., 2019). Both LBD3 and LBD4 genes are cytokinin responsive and important factors in the regulation of cambium activity (Zhang et al., 2019; Smit et al., 2020; Ye et al., 2021). Furthermore, HAIRY MERISTEM (HAM) TFs positively influence the amount of cambium-derived tissues and, in particular, HAM4 and WOX4 proteins form complexes presumably in CSCs (Zhou et al., 2015).
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FIGURE 2. Gene regulatory networks and hormone signaling in the vascular cambium influence cell fate decisions and stem cell dynamics. The gene regulatory network in the vascular cambium acts cell autonomously and non-cell autonomously, favoring cambium stem cell proliferation or differentiation of the progenitor cells into xylem and phloem. So far, the picture of the “stemness” gene regulatory network is still not complete. The genes depicted in red are the main markers of expression used to differentiate between the cambium domains. Arrows indicate activation or inhibition, respectively. Dotted lines indicate the action of hormones, the arrow ending with a dot indicates attenuation of WOX4 activity through ARF5/MP. The dots between HAM4 and WOX4 indicate protein–protein interaction.


In summary, WOX4 and WOX14 as well as BP/KNAT1, STM, ANT, and LBDs have emerged as master regulators of CSC activity. However, it becomes evident, that the results described earlier draw a yet incomplete picture of the “stemness” and “differentiation” GRNs regulating proliferation and cell fate decisions. Are identified genes continuously expressed and how does the network alter during xylem and phloem specification? With regard to the first scenario, assuming a robust stem cell state, the aforementioned regulators would be stably expressed in CSCs and all the genes involved in promoting differentiation would have to be stably counteracted in the central domain. In the second scenario, the transcriptome of the CSCs would fluctuate and thus would the genes which are mentioned earlier. Since some of the aforementioned genes promote xylem or phloem differentiation, it is possible that upon their activation CSCs switch to a xylem- or phloem-prone state (Figure 2).

This leads to a central question: Do CSCs have a unique transcriptome, and if so, how does their transcriptome differ from those of xylem and phloem progenitor cells? The course of differentiation from a vascular stem cell to differentiated protophloem sieve elements has only been described recently in the context of primary vascular development in the root (Roszak et al., 2021). Using lineage tracing, single-cell RNA sequencing (scRNA-seq) and pseudo time analysis, the authors show that there is a sharp and abrupt change in the cells’ transcriptome as they approach a differentiated state. Four so-called transcriptomic domains were identified, namely, “amplification,” “transition,” where lineage bifurcation takes place, “early differentiation” and “late differentiation.” The domains convert into each other through rapid developmental transitions based on GRNs with mutual inhibition modules. The stem cell produces transit amplifying cells which develop into cells that experience lineage bifurcation into procambium and metaphloem sieve elements. Lineage bifurcation is dependent on the activity of lineage-specific PHLOEM EARLY DNA-BINDING-WITH ONE-FINGER (PEAR) TFs which activate distinct RHO OF PLANTS GUANINE NUCLEOTIDE EXCHANGE FACTOR (ROPGEF-ROP) genes. PEARs promote phloem differentiation also through activation of the ALTERED PHLOEM DEVELOPMENT (APL) gene, encoding a member of the MYB TF family (Figure 2). In the stem cells and the transit amplifying cells, PEAR activity is suppressed through a reverse protein concentration gradient of the PLETHORA (PLT) TFs (Roszak et al., 2021). To summarize, these findings indicate that in the root, vascular stem cells, and phloem progenitors carry distinct transcriptomes and that the transition of transcriptomes is abrupt, favoring, in general terms, scenario 1.

Nevertheless, it is still unclear whether the transitions of the transcriptome, i.e., the fluctuation of cell states, can also directly take place in the central domain, which is described in the second scenario. But the strong upregulation of TFs such as WOX4 in the central domain suggests a distinct and robust cell state in the central cambium domain or at least a strong dominance of the CSC state. However, so far, there is no temporal CSC analysis with cellular resolution possible and no scRNA-seq datasets characterizing hypocotyl CSCs are available. To circumvent obstacles for life-cell imaging, fluorescent timers to track CSC dynamics over time could be used (Masuyama et al., 2019). Interestingly, mathematical modeling showed that gene activity noise among seemingly identical cells cannot be determined by only using gene expression data from scRNA-seq experiments, since changes in a particular cell over time are missing (Ham et al., 2021). Here, DNA barcoding in combination with scRNA-seq to trace individual cells may solve this issue (Zhang et al., 2020). Moreover, by including information about other molecules that are affected by the expression of a particular gene, it is possible to determine whether its activity variation is the result of intrinsic or extrinsic noises. Hence, creating a “pathway reporter” pair, such as mRNA and protein or nascent RNA and mRNA, may help to understand the source of CSC heterogeneity (Peterson et al., 2017; Ham et al., 2021).



ESTABLISHMENT OF DISTINCT CELLULAR ENVIRONMENTS THROUGH PLANT HORMONES

In the scenarios we introduced, the cellular environment dictates either the route of differentiation in the proximal or distal domain (scenario 1) or the cell states in the central domain (scenario 2). Cellular environments can be shaped by protein gradients as has been shown for CLE and PLT proteins (Fisher and Turner, 2007; Roszak et al., 2021). In addition, it is well established that plant hormones are essential for maintaining stem cell niches and for regulating stem cell differentiation (Greb and Lohmann, 2016). Most of the aforementioned genes are linked to plant hormones because they are either directly regulated by them or are downstream targets of other hormone-regulated genes. Here, we focus on the two hormones cytokinin and auxin since they have emerged as major regulators of stem cell niches (Bishopp et al., 2011a,b; Su et al., 2011; Salvi et al., 2020).

A widely discussed concept is that auxin gradients convey positional information along the cambium (Sachs, 1991; Uggla et al., 1996; Bhalerao and Fischer, 2014). Direct measurements in trees suggest that auxin levels are high in CSCs and drop toward more differentiated cells (Immanen et al., 2016). In turn, in Arabidopsis, auxin signaling seems relatively low in CSCs, though being required for their activity, and increases in differentiating xylem and phloem cells (Brackmann et al., 2018). The AUXIN RESPONSE FACTOR 5/MONOPTEROS (ARF5/MP) restricts the number of undifferentiated cambium cells and promotes the differentiation of CSCs into xylem cells. Furthermore, ARF5/MP directly targets WOX4 as well as xylem- and phloem-related genes, suggesting a general role for ARF5/MP in promoting vascular differentiation (Brackmann et al., 2018). In the root, proximity to xylem progenitor cells, showing high levels of auxin signaling, is important to determine CSC activity, defining xylem progenitor cells as a CSC organizer (Smetana et al., 2019). It is thought that after CSC organizing cells have fully differentiated into xylem, newly produced CSC daughters take over the organizer role. Downstream of ARF5/MP, as well as of ARF7 and ARF19, HOMEODOMAIN LEUCIN ZIPPER III (HD-ZIP III) TFs determine the organizer role by promoting xylem differentiation (Figure 2; Smetana et al., 2019).

The concept of a stem-cell organizer implies that both the proximal organizer (xylem progenitor cells) and the CSCs hold distinct states and that these states are determined by hormone-signaling levels associated with relative cellular position. However, before the stem cell produces two daughter cells, it might encompass or fluctuate between both identities, the CSC and the xylem progenitor state. This fluctuation does not need to be based on different transcriptome states. Fluctuation could also be on the level of cell biological attributes such as endomembrane organization or the distribution of plasma membrane-associated proteins. In this context, it is important to note that we still do not know if CSCs are polarized along radial organ axes and if such a polarity influences cell fate decisions. Roszak et al. shed light on this issue in the root by showing that lineage bifurcation in phloem development is dependent on cell polarity acquired through ROPGEF-ROPs which help position the division plane (Roszak et al., 2021). In summary, auxin is a very important factor shaping the cellular environment of the cambium and promoting CSC activity and xylem cell differentiation.

In addition to auxin, cytokinin has been long demonstrated to be important for cambium regulation (Aloni, 1987). Local cytokinin biosynthesis is crucial for vascular development (De Rybel et al., 2014) and the hormone peaks in developing phloem cells (Immanen et al., 2016). Cytokinin also influences auxin transport and distribution by regulating the expression of PIN-FORMED (PIN) genes (Růzǐčka et al., 2009; Šimášková et al., 2015). In roots, a simple regulatory circuit, including cytokinin and auxin, regulates cell fate decisions and radial patterning during vascular development. In this case, cytokinin inhibits differentiation of the procambium into protoxylem. The protein HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6) counteracts the influence of cytokinin in developing xylem cells and thereby promotes protoxylem formation, while being itself inhibited by cytokinin (Figure 2; Mähönen et al., 2006). Cytokinin also initiates the expression of PEAR1 and PEAR2 whose activity peaks in the phloem, more specifically, in protophloem sieve elements. HD-ZIP IIIs antagonize the effect of PEAR proteins and, together, both the regulatory groups define the boundary between dividing and non-dividing vascular cells in the root (Figure 2; Miyashima et al., 2019). Also DNA-BINDING-WITH ONE-FINGER 2.1 (DOF2.1), which is expressed in the outer procambium cells, is induced by cytokinin and specifically promotes proliferation in the outer procambium cells (Smet et al., 2019). Recently, Yang et al. proposed a model for the spatiotemporal control of cytokinin levels in the root: Auxin first increases cytokinin levels through activating a TF complex that induces genes which positively influence cytokinin levels in the xylem. The same TF complex also activates downstream processes that attenuate cytokinin levels in the procambium. This balancing ensures normal differentiation and proliferation of vascular cells (Yang et al., 2021). Taken together, cytokinin acts in the cambium to safeguard cell proliferation, to inhibit xylem differentiation and to promote phloem formation.

Auxin and cytokinin are two hormones which form highly interactive gradients of concentration and signaling, creating distinct cellular environments, initiating different downstream events in the respective cambium domains. With regard to the two proposed scenarios, auxin and cytokinin would either dictate proximal, central, or distal cell fates or limit the capacity of a cell to fluctuate between the cell states. In both scenarios, distinct auxin–cytokinin signaling levels may be important to ensure that proliferation only occurs in the central cambium domain. Knowing that transcriptome changes during lineage bifurcation are fairly rapid (Roszak et al., 2021), one could argue that these gradients must be sharp or that additional mechanisms are required for a fast and precise transition between cell states.



CONCLUDING REMARKS

The vascular cambium consists of the bifacial stem cells in the central domain, producing xylem and phloem progenitors in a bidirectional manner. Gene regulatory networks must specifically convey either stemness or a xylem- or phloem-prone state, and these networks may be altered strictly in a spatial or also in a temporal mode. In this context, great progress has been made in identifying members of the gene regulatory network acting in CSCs providing a molecular signature whose dynamics is open for investigation. It can be expected that techniques such as scRNA-seq, temporal-resolved lineage tracing, and cell biological characterization of CSCs will substantially contribute to establish a more comprehensive understanding of an intriguing and highly relevant stem cell system.
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