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Editorial on the Research Topic

Root Branching: From Lateral Root Primordium Initiation and Morphogenesis to Function



Why Study Root Branching?

Out of the total biomass of all life kingdoms on our planet (550 Gigatons of C; 1Gt C = 1015 g of carbon), belowground biomass, most of which is composed by plant roots, is estimated to be 130 Gt of C (Bar-On et al., 2018). Roots are important not only for soil formation, maintenance, and C input but also for the whole of plant life as they provide and transport water and minerals to the above-ground organs that permit successful photosynthetic nutrition. To forage for nutrients and water, roots grow and spread widely throughout the soil. Their spread is promoted by extensive branching; one plant may have millions of lateral roots (LRs). Despite the importance of LRs, many questions regarding their initiation and development are still not understood. Increasing our understanding of the mechanisms shaping root system architecture (RSA) has become an essential component in devising new strategies to cultivate and breed plants that are more resilient to abiotic stresses, a factor whose importance is rising as the growing human population demands sustainable intensification of agricultural practice and as the impact of global changes increases.




Lateral Root Initiation and Competent State of the Pericycle

The first steps in LR formation are related to priming and commitment of the pericycle cells in which the first divisions leading to LR primordium (LRP) formation occur. To elucidate the molecular events that take place during LR initiation and primordium development at cellular/tissue levels, cell type-specific transcriptomics of LR formation based on fluorescent activated cell sorting or laser capture microdissection has been performed using Arabidopsis thaliana and cereal model systems, thereby providing us the useful gene catalogues of genes involved in LR initiation. Kortz et al. review the recent advances obtained using this approach and focus on cell type-specific responses to nitrate-linked LR formation in maize, in which auxin transport through ZmPINs and cell cycle inhibition by Kip-related proteins are involved in LR branching from shoot-born brace roots in maize.

Participation of different hormones, chiefly auxin, in LR initiation has been extensively studied in A. thaliana and is reviewed by Torres-Martínez et al. In A. thaliana, auxin can both promote and inhibit LR formation, depending on its concentration (Ivanchenko et al., 2010). Importantly, Alarcón et al. found a similar tendency in a monocot species, Zea mays. They show that relatively high concentrations of exogenous auxin inhibit LR formation in just that part of the root formed after hormone treatment, and this reduction is accompanied with a reduced pericycle cell length. Their data suggest that pericycle cells undergo a period of competence after which LR initiation does not take place and that root growth, pericycle cell length and LR formation are linked and can be regulated by auxin.

In squash, Cucurbita pepo, LR founder cells divide within the root apical meristem rather than the young differentiation zone as occurs in Arabidopsis. Kiryushkin et al. used phylogenetic analysis together with auxin-responsive expression in the root to search for putative functional orthologs of two Arabidopsis genes associated with the early stages of LR development: GATA23 and MAKR4. They showed that expression of both genes starts in the protoxylem and then spreads to the pericycle founder cells. The authors find it unlikely that there is enough space for auxin oscillations to lead to formation of pre-branch sites prior to CpMAKR4 expression. In addition, it appears that LR initiation in squash is not induced by an inward-moving auxin signal such as might arise from dying root cap cells.

In the lycophyte, Selaginella moellendorffii, roots arise from stem-born structures called rhizophores. Within each root, a single, tetrahedrally-shaped stem cell (apical cell) nucleates the production of new cells that permit growth. These roots branch dichotomously when the root tip bifurcates, with each side having its own apical cell. Fang et al. investigated the extent to which auxin serves as a signal for the formation of new roots in Selaginella and concluded that while the plant responds to auxin, root production is indirectly affected, suggesting that the new apical cells formed during root tip dichotomous branching may be generated by an auxin-independent mechanism.




Morphogenesis of Lateral Root Primordia

In contemporary studies and reviews, the literature considered is commonly not older than two-three decades. Torres-Martínez et al. made an effort to integrate our knowledge of LR morphogenesis in both old and new literature embracing all angiosperms that include >15,000 genera (Soltis et al., 2018). They overview the participation of pericycle cells and other tissues in LRP morphogenesis and attempt to outline the phylogeny of a temporary cap-like structure of endodermal origin in LRP morphogenesis. Also, they identify categories of mutants affected in LRP morphogenesis and address genetic control and the roles of mechanical forces, cell proliferation, patterning, and cell identity acquisition in LRP morphogenesis.




Root Branching Plasticity, Nutrients and Modeling

Compared to the eudicot plants such as A. thaliana, monocots such as maize plants form a structurally and functionally complex root system consisting of different root types (primary, seminal, lateral, and crown roots), which shows root branching plasticity. Yu et al. provide an update on the molecular mechanisms in the LR branching response to environmental signals such as nutrients and water in maize. The authors explain the architectural responses of maize LRs to the availability of soil resources such as nitrate, phosphate and water. The LR branching response to the uneven distribution of water and nutrients in soil is also discussed with the aid of molecular genetic data obtained in A. thaliana and maize.

Root branching is a plastic trait that responds to signals from other parts of the plant. For instance, root tip excision promotes the developmental progression of previously specified lateral root primordia. Justamante et al. describe the natural variation in RSA after root tip excision among 120 A. thaliana accessions. Using a genome-wide association study, they identified 19 genomic loci involved in the regulation of excision-induced changes in RSA. Three candidate loci associated with wound-induced LR formation were further investigated and a potential mechanism involving cytokinin is proposed.

In addition to cereals, root and tuber crops (RTCs) such as cassava, potato, sweet potato, and yams, are also important as a global source of carbohydrates, particularly in regions not suitable for cereal production. However, root branching traits that enhance nutrient acquisition in RTCs has not been well studied. Duque and Villordon provide a comprehensive review of recent literatures on RTCs, including the authors’ research on RSA traits under phosphorus deficiency in sweet potato. To manipulate RSA for increased nutrient efficiency in RTCs, new research directions are proposed including strategic translational research using molecular genetic data on RSA and nutrient uptake from A. thaliana and cereal model systems.

Root branching is an important component of RSA and has therefore an important role in the adaptation of different plant species to their specific ecosystem. The article by Pages describes an analysis of the inter- and intraspecific variations in inter-branch distance in 36 plant species collected in homogenous soil conditions. It proposes a simple model based on three parameters accounting for two processes: the location of potential branching sites along the root and the emergence of LRs at these sites that simulates the observed variations in the different species. This suggests that these parameters could be useful traits for analysis of plasticity in root branching dependent on genotype and environmental conditions.




Future Perspectives

To understand the evolution of root system development and branching as well as the biology of crop species, research programs gradually move from a model species, A. thaliana, to a wider spectrum of other angiosperms and vascular plants in general. Clearly, this tendency will be maintained. Development of new methodological approaches such as single cell transcriptomics, 4-D imaging microscopy, new phenomics systems, including computer tomography, modeling at different organization levels, and other innovations are already starting and will help further our understanding of root branching mechanisms. It is a challenge for our community to integrate all this information and comprehend root branching, from LRP initiation and morphogenesis to evolution and function.
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Auxin is essential for the regulation of root system architecture by controlling primary root elongation and lateral root (LR) formation. Exogenous auxin has been reported to inhibit primary root elongation and promote the formation of LRs. In this study, LR formation in the Zea mays primary root was quantitatively evaluated after exogenous auxin treatment by comparing the effects of auxin on two selected zones elongated either before or after auxin application. We determined two main variables in both zones: the LR density per unit of root length (LRD), and the mean phloem pericycle cell length. The total number of phloem pericycle cells (PPCs) per unit of root length was then calculated. Considering that each LR primordium is initiated from four founder cells (FCs), the percentage of PPCs (%PPC) that behave as FCs in a specific root zone was estimated by dividing the number of pericycle cells by four times the LRD. This index was utilized to describe LR initiation. Root zones elongated in the presence of a synthetic auxin (1-naphthalene acetic acid, NAA) at low concentrations (0.01 μM) showed reduced cell length and increased LRD. However, a high concentration of NAA (0.1 μM) strongly reduced both cell length and LRD. In contrast, both low and high levels of NAA stimulated LRD in zones elongated before auxin application. Analysis of the percentage of FCs in the phloem pericycle in zones elongated in the presence or absence of NAA showed that low concentrations of NAA increased the %PFC, indicating that LR initiation is promoted at new sites; however, high concentrations of NAA elicited a considerable reduction in this variable in zones developed in the presence of auxin. As these zones are composed of short pericycle cells, we propose that short pericycle cells are incapable to participate in LR primordium initiation and that auxin modulated initiation of LRs is linked to pericycle cell length.

Keywords: lateral root development, auxin action, root elongation, pericycle, maize, Zea mays, cell growth


INTRODUCTION

Auxin is considered a key regulator of root growth, gravitropism, and lateral root (LR) formation (Muday and Haworth, 1994). Exogenous auxin treatment has typically resulted in inhibited root growth rate (Zeadan and Macleod, 1984; Hurren et al., 1988; Lloret and Pulgarín, 1992; Gaspar et al., 2003). Nevertheless, in Arabidopsis roots, it has been demonstrated that low concentrations of auxin can substantially stimulate primary root elongation (Evans et al., 1994). Auxin action on root development is not only a question of concentration but also of its polar translocation (Muday and DeLong, 2001). The auxin indole-3-acetic acid (IAA) is predominantly synthesized in shoots and transported basipetally from the apex to the base of the shoot (Lomax et al., 1995; Muday and DeLong, 2001; Casson and Lindsey, 2003). Once in the root, IAA moves acropetally toward the root apex through the central cylinder (Mitchell and Davies, 1975; Muday and DeLong, 2001) and basipetally from the root apex toward the elongation zone through the outer root tissues (Ohwaki and Tsurumi, 1976; Tsurumi and Ohwaki, 1978; Rashotte et al., 2000; Muday and DeLong, 2001; Ruzicka et al., 2007). Acropetal transport of IAA in the root is involved in the regulation of LR formation in Arabidopsis (Reed et al., 1998). Because basipetal IAA transport controls elongation of epidermal cells, it has been implicated in the regulation of gravitropism (Rashotte et al., 2001). As application of the auxin transport inhibitor naphthylphthalamic acid (NPA) to the tip of Arabidopsis roots inhibits both basipetal auxin transport and root elongation (Rashotte et al., 2000), it is likely that primary root elongation would also be controlled by the basipetal auxin transport mechanism. In some Arabidopsis mutants, it has been demonstrated that a reduced growth rate in primary roots is related, at least in part, to reduced elongation of individual cells (Hauser et al., 1995).

Auxin also regulates root system architecture by promoting the acquisition of founder cell (FC) identity in pericycle cells (Dubrovsky et al., 2008), and by stimulating LR development (Laskowski et al., 1995; Casimiro et al., 2003). Nevertheless, it has been reported that auxin loses its LR-promoting effect in newly formed regions of the Arabidopsis primary root growing at lower rate (Ivanchenko et al., 2010), suggesting that LR formation may be linked to cell length. Interestingly, regulation of initiation and subsequent development of LRs could be differentially controlled by basipetal (Casimiro et al., 2001) and acropetal auxin polar transport, respectively (Reed et al., 1998).

Lateral root initiation in maize begins with transversal divisions of pericycle cells associated with phloem poles, when two adjacent cells opposite the phloem undergo two almost simultaneous oblique asymmetrical divisions and later more transversal and periclinal divisions (Casero et al., 1995). In maize, periclinal divisions related to LR initiation occur 21–24 mm behind the tip (Casero et al., 1995). In most species, initiating LR primordia are located in the maturation zone (Lloret and Casero, 2002); consequently, the pericycle cells involved in this process are usually considered to be differenciated at the moment of LR initiation (Alarcón et al., 2016).

Several methods have been used to analyze LR development. The absolute number of LRs is not a good parameter of LR formation because it is strongly dependent on parent root length (Lloret and Pulgarín, 1992). Consequently, it evaluates not only LR formation but also main root elongation. The lateral root density (LRD) method determines the number of LRs per unit length of parent root. Currently, there is a trend to consider both emerged LRs and LR primordia, and to analyze exclusively the parent root zone that bears LRs and/or LR primordia (Lloret et al., 1988; Pulgarín et al., 1988; Dubrovsky et al., 2009). This is a better index of LR formation because it avoids distortions caused by the mother root zones where no LR initiation occurs. Another advantage of the LRD index is that it allows the comparison of LR formation in primary roots with different elongation rates. The recent implementation of the method to analyze LR formation through the determination of the “lateral root initiation index” (ILRI) represents a new and significant advance (Dubrovsky et al., 2009). This index describes the number of LR initiation anlages occurring along a root portion corresponding to 100 cortical cells in a file. The main advantage of using this index to describe LR initiation is that it offers a more integrative and cellular perspective, since it considers both the growth and rate of cell formation.

In this work, we show that exogenous auxin treatment of maize primary roots has a dual effect on LR formation, i.e., low doses promote the initiation of new primordia, whereas high doses inhibit this process. Therefore, the concept of auxin as a phytohormone which stimulates LR initiation should be re-evaluated, as was the role of ethylene as a general root growth inhibitor (Pierik et al., 2006). To explain the contrasting effects of auxin treatment on LR initiation, we propose that auxin modulated initiation of LRs is linked to pericycle FC length.



MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds of the Zea mays L. hybrid, DK 626, were sterilized by immersion in ethanol for 5 min. They were then washed three times and soaked in distilled water with aeration at 30°C. After 24 h, the seedlings, with radicles approximately 1 mm long, were placed vertically in holders made of Styrofoam disks, transferred into boxes, and placed in a humid environment, in the dark, at 30°C. They were kept in these boxes for 24 h until the roots reached a length of 20 ± 5 mm. Disks with 10 selected seedlings of equal root length were placed in bottles containing 1.5 L aerated growth solution and grown at 30°C in the dark. As Ca2+ and K+ are required for proper development of roots growing in hydroponic medium (Lee et al., 1983; Hasenstein and Evans, 1986; Walker et al., 1998), the growth medium consisted of a buffered solution of 1 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) supplemented with 1 mM Ca2Cl and 10 mM KCl at pH 6.0. HEPES was used as a buffering agent because it is highly soluble and chemically and enzymatically stable, in addition to having other advantages. The experimental conditions used in this study have been shown to be optimal for the growth of maize roots (Alarcón et al., 2009). After acclimation for 24 h, when the roots were 80 mm long, the synthetic auxin 1-naphthalene acetic acid (NAA) was added to the solution and the treatment was maintained for 48 h. Root length was measured with a ruler (accuracy ± 1 mm) before NAA application, and after 24 and 48 h of treatment. After NAA application, two 2-cm long consecutive root zones could be distinguished, that we called zones A and B (Figure 1). The proximal A zone elongated before auxin application, indicating that cell elongation occurred in the absence of the exogenous hormone. In contrast, the distal B zone grew in the presence of exogenous auxin. However, LR development occurred under exogenous auxin influence in both zones.
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FIGURE 1. Formation of two 2-cm long consecutive zones in the maize primary root after NAA application. At time 0, treatment was performed by applying NAA to the growth medium (1). Zone A (filled) is elongated before auxin application, hence cell elongation occurred without auxin influence. In contrast, zone B (unfilled) elongated in the presence of auxin. Subsequently, the root grows and lateral roots develop in both zones under the influence of exogenous auxin. Note that after 48 h, root elongation was greater in control (2) than in auxin-treated roots (3).



Chemicals

Concentrated solutions of NAA were prepared in 1 mM HEPES buffer. The volumes added to the growth medium were less than 0.1% of the total volume. All the chemicals were purchased from Sigma, except CaCl2 and KCl (Merck).

Determination of Lateral Root Density in Selected Root Zones

To allow the development of the LR primordia until they were clearly identifiable under a dissecting microscope to facilitate quantification, roots were cultivated in growth medium for 48 h. The primary root length was then measured and zones A and B were selected. The root zones were fixed in FAA fixative for 48 h. FAA is a mixture of 50% ethanol, 36% formaldehyde, and 100% acetic acid (91:6:3, v/v). The roots were subsequently transferred to 70% ethanol. LRs were quantified by observation under a dissecting microscope. The positions of the LRs were also recorded. The number of LRs that were formed during the experimental period was calculated as well as LRD in zones A and B. Both variables were determined as the number of LRs plus LR primordia per cm.

Determination of Cell Length and Parameters of LR Formation

To measure cell length, 5-mm long central segments of zones A and B were selected. These segments were embedded in paraffin and cut into 8-μm serial longitudinal sections. Cell length was determined for at least five root segments for each treatment, measuring 12 cells per segment.

The calculation of the percentage of phloem pericycle cells (PPCs) that behave as FCs requires the previous determination of two variables in zones A and B, namely, LRD and PPC length. To estimate this percentage, each LR primordium is assumed to originate from four phloem pericycle FCs, since LR primordium initiation in maize has been described as involving asymmetrical transverse divisions of a pair of adjacent pericycle FCs in each file (Casero et al., 1995), and that each phloem pole in maize is surrounded by two phloem pericycle cell files. The new index for LR formation that we propose is based on the percentage of PPCs (%PPC) that behave as FCs. The percentage of PPC that become FCs was estimated by dividing the total number of FCs that gave rise to the LRs in a specific zone (equal to the number of LRs multiplied by four cells) by the total number of PPCs present within the same zone and by multiplying this ratio by 100. The results of %PPC are presented as the mean ± SD of at least five root segments per treatment.

Another index of LR formation (ILRI) was calculated as established by Dubrovsky et al. (2009) for Arabidopsis roots. This index was defined to analyze the number of LRs and/or LRPs that developed in a primary root segment containing 100 cortical cells. This index was also calculated in at least five root segments per zone, and per treatment.

The relative rate of PPC cell production could be linked to LR formation. This rate of cell production (RCP) (Ivanov and Dubrovsky, 1997) can be calculated for a specific time by dividing the elongation velocity of the primary root by the average cell length of the cell type of interest. We calculated the RCP as the number of PPCs produced per meristem file per unit of time. At least five root segments were used per experimental group.

Measurements and Statistical Analysis

The values obtained for root elongation and LRD are represented as the mean ± SD of 10 roots. The other variables had a sample size of at least five root segments per experimental group. Each experiment was repeated at least twice. Comparison of multiple means was performed using one-way ANOVA and Tukey’s test (SPSS 13.0). Differences of means were considered significant at P < 0.05.



RESULTS

Exogenous 1-Naphthalene Acid (NAA) Application Increases LRD

The LR distribution pattern along the primary root of maize is shown in Figure 2. The number of LRs plus LR primordia per cm was determined in 2-cm long control and 0.01 μM NAA-treated root segments. The distribution of the LRs in control roots showed a characteristic pattern with several different zones. In the basal-most parent root segment, the density was relatively low (15–17 LRs/cm). In the segment between 2 and 4 cm from the base, the LRD then increased until the zone of highest density (30–35 LRs/cm), and then decreased sharply to 15 LRs/cm in the segment located 6–8 cm from the root base. From this point toward the apex, the LRD declined slowly and then stabilized at a value close to 12 LRs/cm. LR primordia were not detected in the zone adjacent to the root apex.
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FIGURE 2. Effect of 0.01 μM NAA treatment on lateral root density (LRD) in the maize primary root. LRD was measured in 2-cm-long root segments from the base to the root tip. Auxin was applied when the roots were 8 cm long and LR formation was followed during a subsequent 48 h period. Note the inhibitory effect of NAA on root elongation and the stimulating effect on LRD in the youngest root zones analyzed. Values represent mean ± SD (n = 10).



The application of 0.01 μM NAA stimulated the formation of LRs in the primary root of maize. This stimulation was observed as a wide extension of the parent root, mainly affecting the more distal root segments (Figure 2); in the youngest root segments grown after NAA treatment, significant LRD stimulation (treated: 24.3 ± 3.0 LRs/cm vs. control: 15.9 ± 2.5 LRs/cm) was observed. Promotion of LR formation also occurred in new segments formed after beginning of treatment. In contrast, more proximal root zones were apparently insensitive to auxin treatment (Figure 2).

In addition, application of 0.01 μM NAA inhibited primary root elongation by 30% and reduced the number of segments along the root where LRs normally form. Consequently, a relationship between the parent root growth and LR formation was analyzed in more details.

Relationship Between Primary Root Elongation and Lateral Root Formation

Maize primary root elongation was inhibited by NAA treatment in a concentration-dependent manner, with a consequent reduction of the area where LRs can develop (Table 1). A low NAA concentration (0.01 μM) marginally inhibited primary root elongation, but increased the total number of LRs after 48 h of treatment (Figures 3A,B). However, higher NAA concentrations elicited a large reduction in the absolute number of LRs (Figure 3A), as well as a strong concomitant reduction in primary root elongation. Therefore, the inhibition of LR formation could be due, at least in part, to the reduction in primary root elongation. Concentrations of NAA in the 0.05–0.1 μM range resulted in stronger inhibition of root elongation (up to 75%), and 0.5 μM NAA completely inhibited primary root elongation (data not shown). When primary root elongation is inhibited, LR primordia have limited physical space to develop, and LRD (number of LRs and/or LR primordia per unit length) may therefore be a better index to evaluate LR formation than the absolute number of LRs. Figure 3C shows that 0.01 and 0.05 μM NAA significantly increased the average LRD. However, the stimulatory effect was lost with application of higher doses of NAA. This suggests that high concentrations of auxin, which resulted in strongly reduced primary root elongation, inhibit LR formation.

TABLE 1. Concentration-dependent effects of NAA on cell length and root elongation.
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FIGURE 3. Effects of several NAA concentrations on lateral root (LR) formation and primary root elongation within 48 h after NAA application. Number of LRs plus LR primordia (A), primary root elongation (B), and average LRD (C) in the formed segments of primary maize roots. Values are mean ± SD (n = 10). Different letters indicate significant differences at P < 0.05 (ANOVA and Tukey’s test).



Moreover, strong inhibition of primary root elongation could result in segments located in the same position in both control and treated roots not forming at the same time (Figure 1). As segments at the same position would not be homologous, comparison of LRD between control and treated roots becomes difficult, and even meaningless in extreme cases. Therefore, it is appropriate, as far as possible, to compare root segments of the same age and similar relative location along the primary root (homologous segments).

Root Zones Formed Before and After NAA Treatment

At the beginning of NAA treatment, there were two homologous zones in control and treated roots which were formed. We called these zone A and zone B (Figure 1), and they exhibit several clear differentiating features. The main difference between the two zones was that the A zone elongated in the absence of exogenous auxin, but LR development occurred in the presence of NAA; as meanwhile, the B zone elongated and initiated LR primordia in the presence of auxin. Corresponding zone in untreated roots was defined as a root portion formed during the same time. Additionally, these two zones showed different thickness, LRD, and stages of LR primordium development (Figure 4).
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FIGURE 4. The junction between zones A and B in 0.1 μM NAA-treated maize roots. Micrograph of a maize root fragment at the junction between zones A and B (arrow). Note that zone A zone is thinner and shows a high LRD with numerous emerged lateral roots (LRs). In contrast, zone B is thicker, with relatively few un-emerged LRs. Scale bar = 1 mm.



Auxin application elicits a progressive increase in the thickness of zone A (Figure 4), without apparently affecting LR primordium initiation or development (Figure 4). In contrast, LR development appeared to be altered in the B zone (Figure 4). The existence of these two segments that developed in a short period, but under different physiological conditions, allows the separation of the effects of auxin on root elongation and LR formation.

NAA Application Elicits Different Effects on LRD in Zones A and B

The obtained LRD values for untreated primary roots for zones A and B were 18.8 ± 2.9 and 17.6 ± 1.8, respectively (Table 2). These results did not differ significantly (P > 0.05, ANOVA and Tukey’s test for unplanned comparisons). The application of NAA at 0.01, 0.05, and 0.1 μM concentrations significantly increased LRD in zone A. This variable increased from 18.8 ± 2.9 in untreated roots to an average of approximately 25 LRs per cm in NAA-treated roots. No significant differences in LRD were found between different NAA concentrations, showing that the stimulatory effect seen in zone A was independent of NAA concentration (Table 2). In contrast, the effect of NAA on LR development in zone B was concentration-dependent. As in zone A, application of 0.01 μM NAA resulted in a significant increase in LRD. However, with 0.05 μM NAA, LRD stimulation was lost, and was reduced to values lower than observed for control roots with the highest NAA doses (Table 2).

TABLE 2. Lateral root formation in maize roots under different exogenous auxin treatments.
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Reduction of Epidermal and Cortical Cell Length by NAA Treatments

We measured epidermal and cortical cell length in zones A and B of both control and NAA-treated roots. The majority of cells in zone A had finished elongating at the onset of auxin treatment. Therefore, we expected that NAA application would not affect cell length in zone A. Indeed, our results showed that the length of epidermal cells was not reduced in this zone with any NAA dose used (Table 1); moreover, cortical cell length in zone A also showed a tendency to maintain cell length. In relation to cortical cell length, the tendency was also to maintain similar values in both treated and control roots. The minimum length was recorded in roots treated with 0.05 μm NAA (12% reduced vs. control roots). However, this reduction in cell length was not statistically significant (Table 1).

In zone B, inhibition of root elongation by NAA was always accompanied by a reduction in the length of epidermal and cortical cells (Table 1). This reduction was progressive and always statistically significant, except for the epidermal cells of the group treated with 0.1 μM NAA, where cell length was 48.1 μm, likely near the lower limit for non-elongated cells (Table 1).

Reduction of Pericycle Cell Length by NAA Results in Decreased LRD

To study a possible relationship between pericycle cell length and LR formation, both parameters were analyzed comparatively in roots treated with several concentrations of NAA (Table 2). The mean PPC length in zone A of control roots was 264.3 ± 22.8 μm. In a given root segment, the number of PPCs in a cell file can be calculated by dividing the total length of the segment by the mean length of PPCs. In our sample, the mean number of phloem poles was 15 and the number of PPC cell files at each phloem pole was calculated as two. Consequently, the total number of PPCs in a specific root segment can be estimated by multiplying by 30 (2 PPC cell files per pole and 15 phloem poles) the average number of cells in a pericycle cell file along the entire length of the segment.

As we consider that each LR primordium originated from four FCs per phloem pole, and LRD was 18.8 ± 2.9 in zone A of control roots, the percentage of FCs out of total number of PPC is equal to 6.5 ± 0.5 (Table 2). Application of 0.01, 0.05, or 0.1 μM NAA did not significantly affect the length of pericycle cells in zone A, but the LRD was significantly increased (Figure 3C). Hence, the percentage of FCs increased from 6.5 to 10.4, 9.6, and 9.1, respectively, after NAA treatment (Table 2). A similar increase in LR formation was observed when the lateral root initiation index (ILRI) was calculated according to Dubrovsky et al. (2009).

In zone B of untreated roots, the values for PPC length, LRD, percentage of FCs, and ILRI (265.8 μm, 17.6 LRs/cm, 6.1%, and 33.8, respectively) were similar to those found in zone A (Table 2). Application of 0.01 μM NAA promoted a significant increase in LRD (24.9 LRs/cm) in zone B, which was accompanied by a parallel increase in the percentage of FCs (8.2%) and ILRI (41.6%) compared with control roots (Table 2). However, treatments with higher concentrations of NAA significantly reduced the mean PPC length, LRD, percentage of FCs, and ILRI (Table 2). Taken together, these data clearly show that the inhibition of PPC elongation by high NAA concentrations resulted in a reduced rate of LR formation.

We also determined the RCP values to establish whether there was a reduction in pericycle cell production in roots subjected to treatments with high concentrations of auxin. It was possible that this reduction could be linked to a decrease in the rate of LR primordium production. In control roots, this variable showed values of 7.8 ± 1.3 and 9.6 ± 0.4 cells per row per hour for zones A and B, respectively, when they formed (Table 2). This variable decreased in treated roots until reaching a minimum value of 6.1 ± 09 PPCs per cell file per hour in zone B. Consequently, there was a reduction of approximately 35% in the RCP. However, the apical meristem of the root never ceased producing new cells.



DISCUSSION

Competence Period for LR Initiation

Studies in different species have tended to confirm that pericycle cells respond only to factors that trigger LR initiation during a short period of time, called the competence period or developmental window (Abadía-Fenoll et al., 1986; Dubrovsky et al., 2006). The existence of a competence period results in LR initiation following an essentially acropetal sequence, with new LR primordia initiating distally to those formed previously (Lloret and Casero, 2002). According to Dubrovsky and Rost (2012), at least two events must occur in Arabidopsis thaliana roots before the first cell divisions of LR primordium organogenesis occur, namely, priming and specification of pericycle FCs. Priming can be considered as cell commitment to LR formation. In most higher plant species, this phenomenon occurs in the transition zone between the root apical meristem and the elongation zone (Dubrovsky and Rost, 2012). Specification consists of pericycle FCs acquiring a developmental fate different from other pericycle cells, and participating in LR primordium initiation (Dubrovsky and Rost, 2012). Local accumulation of free auxin has been shown to be a prerequisite for FC specification (Dubrovsky et al., 2008). Priming and specification can occur within a time interval shorter than a cell cycle (Dubrovsky and Rost, 2012). Consequently, these two processes should be concluded when pericycle cells eventually reach the end of the elongation zone, explaining the narrow developmental window for LR initiation.

Our results presented in Figure 2 support the hypothesis of the existence of a short competence period for LR initiation. Indeed, only the youngest root fragments increase their LRD in response to treatment with 0.01 μm NAA. Stimulation of LR formation by auxin in newly formed root zones is expected as this hormone is considered the main regulator of LR formation (Lloret and Pulgarín, 1992; Hobbie, 1998; Lloret and Casero, 2002), and numerous young pericycle cells capable of becoming FCs exist in this region (Dubrovsky et al., 2006). In the preformed regions close to the root apical meristem, we also found that NAA treatment stimulated LR formation. This suggests that pericycle cells that are primed, but not specified, will eventually develop LRs as a result of the treatment. In this case and under normal conditions, the possible regions for LR formation would be more abundant than regions where LR primordia will eventually develop.

Pericycle Cell Length and Auxin Response During LR Formation

It is well-known that exogenous auxin treatment normally promotes LR formation in several plant species (Zeadan and Macleod, 1984; Hurren et al., 1988; Lloret and Pulgarín, 1992; Zhang and Hasenstein, 1999; Nieuwland et al., 2009). Overall, the high auxin concentrations used in these experiments also inhibited primary root elongation, posing the question as to whether both effects of auxin on root system development are related. Recent evidence suggests complex effects of auxin on LR initiation in A. thaliana roots showing reduced cell elongation (Ivanchenko et al., 2010). The above mentioned study demonstrated that when the primary root elongation rate is reduced, the promotion of LR formation by auxin diminishes with increasing concentrations of this phytohormone. Our results in Z. mays agree entirely with those obtained in A. thaliana roots. The suggested connection between inhibition of primary root elongation and reduced LR formation would be mediated by a decrease in the sensitivity of pericycle cells to auxin under conditions of reduced growth (Ivanchenko et al., 2010).

We propose an alternative hypothesis to explain the same phenomenon in maize roots. The loss of the ability of auxin to stimulate LR formation when applied at high concentration may be due to the substantial reduction in cell length occurring in the pericycle of maize under conditions of reduced growth. Notably, in the study by Ivanchenko et al. (2010), a maximum inhibition of approximately 8% in cortical cell length was achieved, whereas in our experiments we observed a reduction in length of nearly 60% (Table 2). Our hypothesis does not exclude that other factors apart from cell length may be linked to the mechanism that controls LR formation under conditions of reduced growth of the primary root. However, variations in the length of pericycle FCs fully and reasonably justify the behavior of LR initiation observed in our experiments.

Our analysis of LRD in zones A and B of the maize root is especially important. Zone A corresponded to the apical-most 2 cm of primary root length when NAA treatment began and, consequently, had a pericycle too young to show advanced stages of LR development. Zone B was generated by the apical meristem during NAA treatment and new LRs were formed during the same time and under the same treatment. Nevertheless, the elongation process was different between the two root zones. In our experiment, zone A cells located proximally to the elongation zone grew without the influence of auxin. In contrast, in the B zone, the root elongation process occurred in the presence of auxin. Consequently, this experimental system can discriminate whether an effect on LR formation is independent or dependent of root elongation.

In our experiments, roots treated with 0.01 and 0.05 μM NAA showed increased LRD, in both the A and B zones. Nevertheless, strong NAA doses (0.1 μM) increased LRD in zone A, but not in zone B. This indicates that the promoting effect of auxin on LR formation is lost in the latter zone with 0.1 μM auxin treatment. The situation in zone B contrasted with the stimulation of LRD in zone A after the same auxin treatment. The most likely explanation for this phenomenon is that the high auxin concentration used in this experiment interacts with another factor to elicit a differential response in zones A and B.

Maize LRs originate from pericycle FCs located opposite the phloem poles of the parent root (Casero et al., 1995). The initiation of LRs depends on a controlled sequence of cell divisions, some of which are asymmetrical (Casero et al., 1995). Studies in diverse organisms, from bacteria to vertebrates, indicate that cell cycle commitment to the G1 to S phase transition requires that cells grow to a critical size, which is an active mechanism to ensure cell size homeostasis (Dungrawala et al., 2012). Recent evidence in plants also suggests that cell size is one of the variables controlling cell cycle progression (Rioboo et al., 2009; Bush et al., 2015; Löfke et al., 2015; Jones et al., 2017). Cells must have a mechanism for coordinating their rates of cell growth and division. In budding yeast, growth to a “critical cell size” must be achieved before cells pass the check point known as START and transition from the G1 to the S phase (Dungrawala et al., 2012). The START point is equivalent to the restriction point in mammalian cells (Dungrawala et al., 2012). Therefore, it is possible that most pericycle cells in zone B in our study, had lost their ability to proliferate and launch LR primordium initiation as a result of their extremely short length after treatment with auxin 0.1 μM NAA. Conversely, it has been demonstrated that when the Arabidopsis root is bent there is a strict correlation between cell size, auxin transport, and stimulation of LR formation in the convex side of the curvature (Laskowski et al., 2008). In this system, a maximal level of auxin is established on the convex side of the curvature where LR primordia are initiated, whereas on the concave side of the curvature, where short pericycle cells are located, LR primordia do not develop.

As with other developmental processes, LR initiation requires that a series of asymmetrical cell divisions take place (Casero et al., 1995). Alterations in cell expansion could affect not only the ability of pericycle cells to divide, but also their ability to divide asymmetrically. During the segmentation of new colonies of the green alga Volvox, gonidial cells are produced after asymmetrical cell divisions. It has been demonstrated that the large size of the gonidial cells is the primary reason for differences in cell fate, morphologic characteristics, and cell division behavior compared to somatic cells (Kirk et al., 1993). In plants, the polarized expansion of the wall may be a mechanism that promotes asymmetries in cell division (Menke and Scheres, 2009). In addition, it has been proposed an inhibition of asymmetrical divisions in short pericycle cells during LR initiation (De Smet et al., 2008).

Moreover, it was recently shown that overexpression of the small peptide GLV6 disrupted the first asymmetric divisions required for the formation of a viable LR primordium, resulting in a reduced number of emerged LRs (Fernandez et al., 2015). It is well known that GLV peptides are also implicated in the regulation of cell elongation (Ghorbani et al., 2016). Consequently, pericycle cell elongation and LR initiation are likely to be interrelated processes.

The reduction in the density of LR primordia observed when NAA was applied at high concentrations could be related to a reduction in the rate of production of cells in the root apical meristem, or a consequence of the shortening of pericycle cell length. Indeed, cell became shorter even though NAA did not completely inhibit root elongation. Importantly, the RCP value for the PPC responsible for the initiation of LR primordia was maintained at a level of approximately six cells per cell file per hour (Table 2), apparently sufficient to promote a high density of LR primordia. However, the results presented here suggest that the specification process for LR initiation in PPCs is highly compromised when cell elongation is strongly reduced.

Therefore, pericycle cell length could play an important role in regulating the formation of LRs. For maize roots at least, LR initiation can no longer be interpreted only from an organismal perspective. In pericycle cells, in addition to regulatory effects that operate at the level of the whole plant, cell length appears to be a possible modulator in the control of LR initiation.

Quantification of LR Formation

The quantification of LR formation is an important but somewhat complex topic (Dubrovsky et al., 2009). One difficulty to consider is that both already emerged LRs and endogenous LR primordia are not visible unless you clear the root or obtain histological sections. Another difficulty is that comparisons must frequently be established between roots of different ages and lengths that have been growing at very different growth rates. Hence, our results should be normalized to enable meaningful comparisons between root zones with homologous development (Figure 1).

To compensate for the influence of the primary root length on LR formation, two useful strategies have been developed to date. The first is to divide the number of LRs (independently of whether they are LR initiation events or already emerged roots) by the length of the region of the primary root containing both LRs and LR primordia (Lloret et al., 1988; Lloret and Pulgarín, 1992). A regularly used alternative option for this type of calculation has been to divide the length of the primary root into segments of fixed length and recount the number of LRs present in each segment (Hummon, 1962; Lloret et al., 1988; MacLeod, 1990; Varney et al., 1991; Lloret and Pulgarín, 1992). The second strategy consists of relating LR formation indices to the intervening cells between successive initiation events (Lloret et al., 1985; Dubrovsky et al., 2009). This protocol is useful because it adjusts the results for the differences in primary root growth rate. Both methods have advantages and disadvantages, but indices based on the latter type are the most appropriate from the point of view of developmental biology because they reveal whether the FCs were produced by the root apex at a regular rhythm.

However, not all FCs formation result in LR development, and then the longitudinal spacing pattern of LRs becomes more difficult to evaluate (Charlton, 1983; Barlow and Adam, 1988; Lloret and Casero, 2002). Recently, this issue was revisited in the model plant A. thaliana (Dubrovsky et al., 2006). In the same species, an index based on cortical cell length, called the lateral root initiation index (ILRI), has been applied to study LR distribution patterns (Dubrovsky et al., 2009). Here, we present a new method to evaluate LR formation that is relatively simple but highly effective in estimating LR formation, namely, the percentage of FCs.

The ILRI proposed by Dubrovsky et al. (2009) defines root segments as a function of the length of fully elongated cortical cells. Nevertheless, LR initiation starts in pericycle FCs, and it may be more appropriate to relate the index to pericycle cells instead of cortical cells. Therefore, we directly calculated the percentage of FCs. Despite the differences, these indices produced similar estimations of LR formation under different experimental conditions (see Table 2). For example, the increase in the percentage of pericycle FCs compared to the control was 48% in roots treated with 0.05 μM NAA. This change is consistent with the reduced length of epidermal or cortical cells occurring under the same treatment (39 and 47%, see Table 1). In contrast, an increase of approximately 30% is observed if the index is calculated using cortical cell length (ILRI).

In summary, a new index based on the percentage of pericycle cells that produce LR primordia is presented in this report. This index provides a more accurate tool for the estimation of LR formation, as the measurements are made on pericycle FCs which initiate LR formation, and are the most directly implicated in this process. In addition, we compared this new index with a previous index based on cortical cell length and obtained similar results. The results of our study also showed that auxin modulated initiation of LRs is closely linked to pericycle cell length.
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Lateral roots are a major determinant of root architecture and are instrumental for the efficient uptake of water and nutrients. Lateral roots consist of multiple cell types each expressing a unique transcriptome at a given developmental stage. Therefore, transcriptome analyses of complete lateral roots provide only average gene expression levels integrated over all cell types. Such analyses have the risk to mask genes, pathways and networks specifically expressed in a particular cell type during lateral root formation. Cell type-specific transcriptomics paves the way for a holistic understanding of the programming and re-programming of cells such as pericycle cells, involved in lateral root initiation. Recent discoveries have advanced the molecular understanding of the intrinsic genetic control of lateral root initiation and elongation. Moreover, the impact of nitrate availability on the transcriptional regulation of lateral root formation in Arabidopsis and cereals has been studied. In this review, we will focus on the systemic dissection of lateral root formation and its interaction with environmental nitrate through cell type-specific transcriptome analyses. These novel discoveries provide a better mechanistic understanding of postembryonic lateral root development in plants.
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INTRODUCTION

A key strategy of plants to adapt to changing moisture and nutrient availability in soil is the formation of a postembryonic root system. Among postembryonic root types, lateral roots are all roots that emerge from other roots. Highly branched lateral roots absorb most of the soil resources via their large root surface (Yu et al., 2016b). The genetic control of lateral root development in the dicot model plant Arabidopsis (Lavenus et al., 2013) and in monocot cereals (Yu et al., 2016b) has recently been reviewed. RNA sequencing (RNA-seq) has been widely adopted to study the transcriptomic landscape of organ and tissue development in plants (Stelpflug et al., 2016). Transcriptome analysis of lateral roots has been shown to be distinct from that of parent roots in both maize and rice, supporting the notion that fine lateral roots and thicker roots are functionally different (Gutjahr et al., 2015; Yu et al., 2018). Comparative transcriptome analyses of wild-type and mutant root systems in maize and rice have revealed molecular functions involved in auxin signaling and cell cycle regulation during lateral root formation (Zhang et al., 2014; Zhao et al., 2015). However, organs or tissues are composite structures consisting of multiple cell types with different biological functions and thus disparate transcriptome profiles (Schnable et al., 2004).

Transcriptomic analyses of single tissues, single cell types and in its extreme, single cells, have been successfully introduced in medical research and have subsequently been adopted in plant science (reviewed in: Gautam and Sarkar, 2015). There are two main systems that have been utilized in sampling single cell types and single cells. First, fluorescence activated cell sorting (FACS) was initially introduced as a tool to analyze mammalian blood cells (Hulett et al., 1969). This technique requires that cells flow in a fluid stream through the focus of a light source, where detectors can distinguish between different properties of these cells (Galbraith, 2010). Subsequently cells are separated either based on their endogenous or artificially added fluorochromes, or by metric properties estimated from their absorption and scattering behavior (Galbraith, 2010). By using multiple cell type-specific reporters such as green or yellow fluorescent proteins, distinct cell types of a single tissue can be sampled separately (Iyer-Pascuzzi and Benfey, 2010). A drawback of FACS is the requirement of cell type-specific marker lines, which are only available for selected model organisms. Moreover, these marker lines must be protoplasted by enzymatic digestion of the surrounding cell walls, to allow subsequent separation of different types of cells by the FACS system (Galbraith, 2010).

The second technique used for cell type-specific and single cell isolation is laser capture microdissection (LCM). This approach was initially developed to isolate specific tumor cells from infested tissue without compromising their DNA, RNA, and protein integrity (Emmert-Buck et al., 1996). During LCM, the cells of interest are visualized and selected through a light microscope and subsequently excised with a pulsed infrared laser (Nelson et al., 2006). This allows the isolation of specific cells from complex tissue samples comprising distinct cell types (Gautam and Sarkar, 2015). In contrast to FACS, LCM is not confined to cell suspension. Nevertheless, an elaborate sample preparation is still needed to ensure the high quality and integrity of the cells under analysis (Ludwig and Hochholdinger, 2014). The application of these two cell sorting techniques, in combination with downstream transcriptome analyses in lateral root research, will be summarized in the following chapters of this review.



CELL TYPE-SPECIFIC TRANSCRIPTOMICS TARGETING LATERAL ROOT FORMATION IN ARABIDOPSIS

In Arabidopsis, only cells of the pericycle cell layer divide and contribute to lateral root formation (van Norman et al., 2013). Therefore, the pericycle is the most promising target of cell-specific transcriptomics to study lateral root development in this species. The first cell type-specific transcriptome atlas of the Arabidopsis primary root was created by a combination of FACS and microarray experiments (Birnbaum et al., 2003). In this study, stele, endodermis, endodermis plus cortex, epidermis, and lateral root cap cells from the meristematic zone, elongation zone, and differentiation zone were separated and the transcriptomes of these cell and tissue types were analyzed (Birnbaum et al., 2003). This approach did not directly aim at deciphering lateral root development because the pericycle, as the origin of lateral roots, was not separately collected but included in the stele tissue sample. However, it paved the way for cell type-specific transcriptomic analyses and served as a valuable data source for further analyses. To further refine the resolution of cell type-specific expression in roots, the transcriptomes of 14 root cell types, including lateral root primordia, whole pericycle, phloem pole pericycle cells, and xylem pole pericycle cells, were analyzed separately for thirteen regions along the longitudinal root axis in a follow up study. This allowed detecting expression variation between different developmental stages by the combination of manual dissection, FACS and transcriptome profiling via microarray (Brady et al., 2007).

In Arabidopsis, lateral roots initiate from pericycle cells located at the xylem poles (Dolan et al., 1993; Parizot et al., 2008). The usage of two distinct marker lines for xylem and phloem pole cells in FACS experiments enabled the search for variations of the transcriptomic landscape within these distinct pericycle cell types. With this setup, the auxin biosynthetic genes CYP79B2, CYP79B3, SUPERROOT1, and SUPERROOT2 were found to be enriched in lateral root primordia and phloem pole pericycle cells, while tryptophan-dependent auxin biosynthetic genes were enriched in the lateral root primordia and in pericycle cells (Brady et al., 2007). Moreover, FACS sorting of xylem pole pericycle cells of Arabidopsis and subsequent transcriptome analyses, resulted in 1,920 genes differentially expressed at different stages of mitosis (De Smet et al., 2008). Fifteen of these genes were identified as putative key regulators of asymmetric cell division and as being involved in the specification of cell fate during the initiation of lateral roots. Among those, ARABIDOPSIS CRINKLY4 (ACR4, AT3G59420), which encodes a membrane-localized receptor-like kinase, is specifically expressed in the daughter cells, which arose from the first and second asymmetric division of the pericycle cells. This suggests a role of ACR4 in the regulation of pericycle cell division during the initiation of lateral roots and inhibition of division of neighboring cells (De Smet et al., 2008).

In an effort to utilize transcriptomic data from multiple root cell types generated in different experiments, a spreadsheet application termed VisuaLRTC has been introduced (Parizot et al., 2010). Using this tool, the authors explored the expression of members of the Aux/IAA, AUXIN RESPONSE FACTOR (ARF) and LATERAL ORGAN BOUNDARIES DOMAIN (LBD) families, which are involved in auxin signal transduction. The authors applied multiple criteria including for instance SLR-1 and ARF7-ARF19 dependency of expression, or xylem or phloem pole pericycle expression (Parizot et al., 2010). Through this approach, the authors detected known regulators of auxin signal transduction such as IAA29, IAA5, IAA11, IAA2, LBD17, and LBD33 as promising candidates for lateral root development (Parizot et al., 2010). Moreover, they discovered 211 additional candidate genes for lateral root development including known regulators of lateral root development (Parizot et al., 2010). Furthermore, they identified 19 pericycle-specific genes. Most of them were of unknown function and nearly all were down regulated by auxin (Parizot et al., 2010). In another in silico transcriptome analysis of pericycle cell populations and their associated vascular phloem or xylem poles tissues, only minorities of genes were either enriched in phloem pole or xylem pole pericycle cells (Parizot et al., 2012). Furthermore, these researchers observed a substantial overlap between the expression of pericycle cells and their respective adjacent vasculature tissue. In phloem pole pericycle and phloem pole cells, this overlap was higher than in xylem pole pericycle cells and xylem pole cells. The authors explained this observation by the meristematic identity of the xylem pole pericycle cells, which distinguishes their function from the adjacent phloem pole pericycle cells (Parizot et al., 2012).



CELL TYPE-SPECIFIC TRANSCRIPTOMICS TARGETING LATERAL ROOT FORMATION IN MONOCOTS

In contrast to Arabidopsis, lateral root primordia of maize and rice are formed from two different cell types: pericycle and endodermis cells (Bell and McCully, 1970; Clowes, 1978). Furthermore, in maize, lateral roots emerge from phloem pole pericycle cells compared to xylem pole pericycle cells in Arabidopsis [reviewed in: Hochholdinger and Zimmermann (2008)].

In rice (Oryza sativa), the combination of LCM and microarray profiling was used to create a cell type-specific transcriptome atlas of 40 cell types from shoot, root and germinating seeds at several developmental stages. The aim of this study was to identify cell type-specific genes and gene classes as well as cell-specific promoter motifs (Jiao et al., 2009). Through the application of LCM-assisted microarray experiments the transcriptome of three cell type clusters: (1) epidermis, exodermis and sclerenchyma, (2) cortex, and (3) endodermis, pericycle, and stele termed endstele were compared in rice crown roots, at different developmental stages. In total, 232 genes were up regulated in cluster (3) comprising endodermis, pericycle and stele cells in comparison to the other two clusters and in comparison to stele tissue collected further away from the root tip (Takehisa et al., 2012). 71 genes associated with cell division and elongation as well as numerous transcription factors were only expressed in the region of 1–3 mm from the root tip emphasizing a role particularly in priming and initiation of lateral roots (Takehisa et al., 2012). An AP2/EREBP gene (Os07g0669500), which was assorted to this group, is a homolog of Arabidopsis gene PUCHI. The PUCHI gene is involved in specific patterning of cell division during the early stages of lateral root primordium development (Hirota et al., 2007). Another member of this gene cluster (Os03g0659700) shares similarities with Arabidopsis AS2-LIKE 18 (ASL18/LBD 16), ASL16/LBD29, ASL20/LBD18, and rice CROWN ROOTLESS 1/ADVENTITIOUS ROOTLESS 1 (CRL1/ARL1), which are linked to lateral root initiation (Inukai et al., 2005; Okushima et al., 2007; Lee et al., 2009; Coudert et al., 2015). In addition, the homolog (Os09g0531600) of the Arabidopsis gene LATERAL ROOT PRIMORDIUM 1, which has been previously linked to the early development of the lateral root meristem (Smith and Fedoroff, 1995), was specifically expressed in the endodermis, pericycle and stele cluster (Takehisa et al., 2012). Furthermore, the preferential expression of auxin biosynthesis and signaling-related genes in the endstele tissue that is positioned 1–3 mm away from the root tip was observed in this study, supporting the notion of an auxin-associated mechanisms of lateral root initiation similar to Arabidopsis (Takehisa et al., 2012).

In maize (Zea mays), LCM was utilized to isolate pericycle cells from primary roots of the lateral root deficient mutant rootless with undetectable meristem 1 (rum1) and subjecting them to a subsequent transcriptome comparison with wild type pericycle cells. In this study, 90 genes preferentially expressed in wild type and 73 genes preferentially expressed in rum1 pericycle cells were identified (Woll et al., 2005). Among the annotated genes, genes involved in signal transduction, transcription, and cell cycle were identified, indicating a link between these protein coding genes and lateral root initiation (Woll et al., 2005). Two of the genes preferentially expressed in wild type pericycle cells were helix-loop-helix transcription factors (NP_194827.1 and AAO72577.1), known to control the proliferation and development of specific cell lineages (Heim et al., 2003) undermining their possible involvement in lateral root initiation. In this study, the gene Cyclin T2 (BAD17160.1), which is involved in the regulation of eukaryotic cell cycle progression was up regulated in wild type pericycle cells (Wang et al., 2004).

To survey the transcriptome of pericycle cells of the maize primary root before lateral root initiation, pericycle and non-pericycle cells isolated via LCM were compared (Dembinsky et al., 2007). This experiment resulted in the identification of 32 genes significantly higher expressed in pericycle cells compared to the non-pericycle cells (Dembinsky et al., 2007). These genes belonged to multiple functional classes including transcription, protein synthesis, disease/defense, signal transduction, metabolism, protein fate and subcellular localization. To identify genes preferentially expressed in pericycle cells that might not have been included in the 12 k microarray chip used in this study, suppression subtractive hybridization (SSH) and sequencing of expressed sequence tags (ESTs) were performed (Dembinsky et al., 2007). SSH led to the identification and validation of seven genes preferentially expressed in pericycle cells belonging to the functional categories of protein synthesis, cellular transport, disease/defense, signal transduction and metabolism. Moreover, 377 ESTs were sequenced from pericycle and 324 from non-pericycle central cylinder cells. Among those, the category protein synthesis was overrepresented and the category cell fate was underrepresented in pericycle compared to non-pericycle central cylinder cells (Dembinsky et al., 2007).

To identify distinct and shared components of the lateral root initiation pathway in maize primary and adventitious roots, pericycle cells were isolated via LCM from the different root types at multiple time points using a lateral root inducible system (Jansen et al., 2013). The authors discovered a shared core regulation system between primary and adventitious roots. This regulatory system was shown to be enriched for genes of the functional categories DNA binding and microtubule movement, indicating functions in gene regulation and cell division (Jansen et al., 2013). Moreover, in this study 14 genes from monocot-specific gene families, which might be involved in the positioning of lateral root initiation, were discovered. These genes might be involved in the different positioning of lateral root founder cells between Arabidopsis and maize (Jansen et al., 2013). This analysis also led to the identification of root type-specific transcription factors, of the MYB and MYB-related, homeobox and bHLH families (Jansen et al., 2013). A comparative study of maize (Jansen et al., 2013) and previously published Arabidopsis (Vanneste et al., 2005; De Smet et al., 2008) transcriptome datasets led to the identification of a shared core set of 60 genes. Moreover, these authors compared the phloem pole pericycle cell transcriptome of maize with transcriptomic profiles of xylem and phloem pole pericycle cells in Arabidopsis (Jansen et al., 2013). They showed that multiple genes including the gene LBD16/ASL18 were underrepresented in phloem pole pericycle cells of Arabidopsis, while the corresponding orthologs were induced upon lateral root induction in phloem pole pericycle cells of maize (Jansen et al., 2013). These findings indicated a shared identity between xylem pole pericycle cells of Arabidopsis and phloem pole pericycle cells of maize (Jansen et al., 2013). In addition, the existence of a conserved regulatory network among maize and Arabidopsis was further substantiated by the observed intersection of expression profiles of auxin-related genes (Jansen et al., 2013).



CELL TYPE-SPECIFIC RESPONSES TO NITRATE LINKED TO LATERAL ROOT FORMATION

Lateral roots shape overall root architecture based on the availability of nutrients such as nitrate and phosphate (Araya et al., 2014; Péret et al., 2014). Genotypes with sparsely spaced and long lateral roots are optimal for nitrate acquisition, while genotypes with densely spaced and short lateral roots are optimal for phosphate acquisition in crops (Lynch, 2011, 2013). Cell type-specific experiments have been performed to uncover transcriptomic changes in different cell types, which might regulate the adaptation observed upon nitrate treatment. Cell type-specific transcriptome analyses showed that nitrogen responses are to a large extent cell type-specific (Gifford et al., 2008). One of these cell type-specific nitrogen response genes, ARF8, which has been linked to root development before (Gutierrez et al., 2009), was induced in pericycle cells through nitrogen (Gifford et al., 2008). Furthermore, miR167a was down regulated in pericycle cells in response to nitrogen treatment, resulting in the up regulation of ARF8, which is a target of miR167a (Gifford et al., 2008; Gutierrez et al., 2009).

Similarly, nitrate treatment induced the expression of the Auxin Receptor F-Box Protein 3 (AFB3), a target of miR393 in pericycle cells of Arabidopsis (Vidal et al., 2010). This suggests that both are part of a network regulating lateral root formation as a response to high nitrate availability. Later, it was demonstrated that AFB3 regulates the expression of NAM/ATAF/CUC transcription factor NAC4 and DNA-binding-with-one-finger (DOF) transcription factor binding protein 4 (OBP4) upon nitrogen treatment (Vidal et al., 2013). This emphasizes the existence of a regulatory module, which acts downstream of an auxin signal leading to the initiation of lateral roots through regulation of cell cycle progression in the pericycle (Vidal et al., 2013). This is in line with previous reports of OBP4 gene function in cell cycle regulation in Arabidopsis (Skirycz et al., 2008).

By utilizing FACS and GFP marker lines specific to Arabidopsis xylem pole pericycle cells, it was possible to observe the response of this cell type under nitrate influence over a time period of 48 h (Walker et al., 2017). In this experiment, NITRITE REDUCTASE (NIA1) and other NITRATE TRANSPORTERS (NRT2.3 and NRT2.5) were down regulated in the pericycle as an immediate response to the treatment (Walker et al., 2017). In the same context, the gene SENESCENCE-ASSOCIATED GENE 21 (SAG21), which has been previously linked to regulation of lateral root development and biotic responses (Salleh et al., 2012), was shown to be down regulated in the pericycle cells as a late response to nitrogen (Walker et al., 2017). In contrast, WRKY75, previously reported to regulate lateral root development (Devaiah et al., 2007), was strongly and directly up regulated in pericycle cells upon nitrogen treatment (Walker et al., 2017). Through the utilization of FACS and GFP-tagged lines, an induction of TGA1, TGA4, NRT2.1, and NRT2.2 in pericycle cells in response to nitrate was observed, indicating a possible involvement in the regulation of nitrogen-induced lateral root initiation in Arabidopsis (Alvarez et al., 2014).

In maize phloem pole pericycle cells of shoot-borne brace roots, local high nitrate induces the expression of B-type cyclin-dependent kinases (CDKB) and cyclin B (CYCB) genes, while simultaneously inhibiting the expression of Kip-related proteins (Yu et al., 2015). CDKB and CYCB genes are positive regulators of cell cycle progression (Schnittger et al., 2002; Boudolf et al., 2004), while Kip-related proteins (KRPs) are repressors of the cell cycle (De Veylder et al., 2001), linking the observed expression pattern to a reactivation of the cell cycle in the pericycle (Yu et al., 2015). Furthermore, local nitrate influence led to a strong up regulation of ZmPIN9 in phloem pole cells compared to endodermis and pericycle cells, indicating that this protein serves in the transport of auxin to adjacent pericycle cells (Yu et al., 2015). While PIN-formed genes have for long been known as auxin efflux carriers (Gälweiler et al., 1998), similar cell type-specific findings in rice emphasize that these monocot-specific PIN formed genes might also regulate the formation of the complex root systems developed by monocots (Wang et al., 2009; Yu et al., 2015).

Cell type-specific transcriptomics also enables comparisons between similar cell types in different root types within a species. In maize, it was shown that some nitrate-dependent expression patterns are conserved between the different root types (Yu et al., 2016a). Conversely, in brace roots the number of genes exclusively expressed in pericycle cells exceeded the amount of exclusively expressed genes in seedling root types under homogeneous low or local high nitrate conditions (Yu et al., 2016a). This indicates a root type-specific regulation of these genes during early lateral root initiation as well as a different response to nitrate influence (Yu et al., 2016a). Multiple nitrate-responsive genes specific to brace roots were shown to be involved in the assembly of nucleosomes/chromatin and in the microtubule motor activity needed for the movement of these during mitosis (Yu et al., 2016a).



CONCLUSION AND PROSPECTS

Tissue and cell type-specific transcriptomics have promoted the understanding of the molecular networks involved in lateral root formation. Moreover, these studies identified regulators of lateral root formation and regulators of pericycle founder cell identity. Integration of transcriptome datasets was useful for mechanistic comparisons between dicots and monocots during lateral root development. In addition, cell type-specific transcriptomics accelerated a deeper understanding of nitrate induced functional networks of lateral root formation in Arabidopsis and maize at the cellular level. In the future, it will be desirable to integrate in situ root visualization techniques such as micro x-ray computer tomography with cell type-specific transcriptome analyses, although it is still challenging to apply FACS and LCM techniques to roots grown in natural soil environments. Single-cell RNA-seq (Birnbaum, 2018), will further increase the spatial and temporal resolution of cells involved in lateral root formation. This technique will for instance enable the identification of differences within pericycle cells that acquire lateral root founder cell identity and will reveal the details of the fine-tuned processes underlying lateral root organization and development.
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Angiosperms develop intensively branched root systems that are accommodated with the high capacity to produce plenty of new lateral roots throughout their life-span. Root branching can be dynamically regulated in response to edaphic conditions and provides the plants with a soil-mining potential. This highly specialized branching capacity has most likely been key in the colonization success of the present flowering plants on our planet. The initiation, formation and outgrowth of branching roots in Angiosperms are dominated by the plant hormone auxin. Upon auxin treatment root branching through the formation of lateral roots can easily be induced. In this study, we questioned whether this strong branching-inducing action of auxin is part of a conserved mechanism that was already active in the earliest diverging lineage of vascular plants with roots. In Selaginella, an extant representative species of this early clade of root forming plants, components of the canonical auxin signaling pathway are retrieved in its genome. Although we observed a clear physiological response and an indirect effect on root branching, we were not able to directly induce root branching in this species by application of different auxins. We conclude that the structural and developmental difference of the Selaginella root, which branches via bifurcation of the root meristem, or the absence of an auxin-mediated root development program, is most likely causative for the absence of an auxin-induced branching mechanism.
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INTRODUCTION

Roots, the hidden half of plants, anchor the plant body to the ground and absorb water and nutrients. The evolution of roots has been a very important innovation for plants to successfully colonize the terrestrial environment over about 400 million years ago (Raven and Edwards, 2001). The branching capacity of roots was of utmost importance in the colonization of plants, as it allows, beside a strong anchor, exploration of the soil and foraging of nutrients and water.

In angiosperms such as Arabidopsis, roots branch by the formation of lateral roots, which initiate from specialized pericycle cells. Auxin, a powerful plant growth regulator, plays a key role in this biological process by stimulating and activating pericycle cells to specify lateral root founder cells (Himanen et al., 2002; Dubrovsky et al., 2008; De Rybel et al., 2010; Möller et al., 2017). The importance of auxin signaling in promoting lateral root formation through several Aux/IAA-ARF modules has been well studied (Fukaki et al., 2002; De Rybel et al., 2010; De Smet et al., 2010; Moreno-Risueno et al., 2010; Goh et al., 2012; Du and Scheres, 2018). Accordingly, polar auxin transport inhibitors, such as 1-n-naphthylphthalamic acid (NPA) and 2,3,5-triiodobenzoic acid (TIBA), were found to inhibit lateral root branching through blocking auxin efflux (Karabaghli-Degron et al., 1998; Reed et al., 1998; Casimiro et al., 2001; Himanen et al., 2002). In addition to polar auxin transport inhibitors, cytokinin can also inhibit lateral root initiation possibly through a separate signaling pathway (Li et al., 2006; Chang et al., 2013). Similar to lateral root initiation, auxin signaling and auxin transport are crucial in root meristem and lateral root meristem establishment (Sabatini et al., 1999; Benkova et al., 2003; Blilou et al., 2005; Dello Ioio et al., 2008; Du and Scheres, 2017, 2018).

In contrast to lateral branching roots, lycophyte roots branch via bifurcation of the root tip, also called dichotomous branching (Webster and Steeves, 1964; Otreba and Gola, 2011; Gola, 2014). The lycophyte clade is the most ancient clade with rooting plants. Selaginella is an important representative of the lycophytes (Banks, 2009), in particular as it includes Selaginella moellendorffii, the first lycophyte with a sequenced genome (Banks et al., 2011). Roots of Selaginella originate from rhizophores, root primordia-bearing organs that develop on stems. The root meristem originates from a single tetrahedral apical stem cell and is anatomically similar to the root meristem in ferns. This meristem is however very different to seed plants (Motte and Beeckman, 2018). Root dichotomous branching occurs through the bifurcation of the meristem, presumably via the activation of two new apical stem cells (Gola, 2014). As such, two new root meristems establish within the root tip (Imaichi and Kato, 1989; Otreba and Gola, 2011).

Auxin signaling and auxin transport are highly conserved within land plants and key components of these pathways are already present in Selaginella (Viaene et al., 2013, 2014; Bennett et al., 2014; Kato et al., 2018; Mutte et al., 2018). In addition, the auxin flow toward the Selaginella root apex (Wochok and Sussex, 1974) suggests an important role of auxin in the root meristem as well. Considering its importance in root initiation and root meristem establishment in many land plants, a role of auxin in the initiation of dichotomous root branching in Selaginella could be anticipated as well. This putative role was previously suggested based on heavily branching roots upon auxin treatment in Selaginella kraussiana (Sanders and Langdale, 2013), but to our knowledge, no data on the induction of root branching are available up to date. To fill this gap, we report here on the effect of auxin on root initiation and dichotomous branching in Selaginella moellendorffii. Surprisingly, we found that auxin does not induce the root bifurcation itself.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Selaginella moellendorffii (Selaginella) plants were obtained from the lab of Jo Ann Banks at Purdue University. Plants are routinely propagated on sterile half-strength Murashige and Skoog (1/2MS) medium (Duchefa Biochemie) supplemented with 0.8% (w/v) agar, pH 5.8, in Sterivent boxes (Duchefa Biochemie) in a growth room at 24°C with light intensity 20.25–43.2 μmol/m2/s (cool white fluorescent lamps) and regime of 16 h light and 8 h dark. To induce rhizophores or roots, shoot apical segments, presenting two branches (further referred as explants), were transferred into Petri dish plates with 1/2MS. After a few days, rhizophores and roots started to emerge, as illustrated in Figure 1 and Video S1 showing growth of an explant from 8 days post transfer onwards.
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FIGURE 1. Rhizophore and dichotomous root branching in Selaginella. (A) Rhizophore emerged from the stem. (B–F) Frames from Video S1 showing the process of dichotomous root branching. Newly branched roots as in (D,E) were used as starting material in the branching experiments. The time is indicated in hours. Scale bars: 1 mm. (G) Representative confocal image of a newly branched root. (H) Magnification of apex 1 in (G) shows one single IC. The inset is a magnification of the square. IC, initial cell. Scale bars: 50 μm.



To test the promotive/inhibitory effect of auxin compounds as well as potential inhibitors on the root bifurcation, explants incubated for 12 days on 1/2MS were transferred to the treatment medium and only roots that just underwent a new branching event were used for analysis. For this purpose, all roots were preliminary screened at 11 and 12 days of incubation with a stereomicroscope. Roots that bifurcated between day 11 and day 12 were annotated as newly branched roots (Figure 1D or Figure 1E). Microscopic analysis of these roots showed that the newly formed tips never contained two meristems (n = 58), i.e., the next dichotomous branching was not initiated yet (Figures 1G,H). After transfer to the treatment medium, each root tip was observed daily with a stereomicroscope to evaluate bifurcation. The branching percentage was calculated as the number of bifurcated apices divided by the total number of root apices coming from newly branched roots. The number of branching events in a period of 13 days was counted per root apex coming from a newly branched root. In case of indole-3-acetic acid (IAA) treatments, yellow plastic sheets covering the plates were used to prevent IAA degradation from light.



Root Morphology

Explants or roots were subjected to daily stereomicroscopic observation to record the number of new emerging rhizophores and bifurcating roots. To determine root length elongation, the Petridish plates were scanned with a flatbed scanner (EPSON Expression 11000XL) and the length of the root segment between two branching sites was measured with ImageJ software (Abramoff et al., 2004). The elongation rate was calculated by dividing the length between two branching sites by the time in days between the two branching events.



Microscopy

Selaginella root tips were first fixed in 50% methanol and 10% acetic acid and after clearing subjected to a modified pseudo-Schiff propidium iodide staining as described previously (Truernit et al., 2008). Analysis was done with a Zeiss LSM5 Exciter confocal microscope with an argon ion laser at 488 nm as the excitation source and a detection filter at 505 nm. For all samples, z-stacks were taken to ensure the possible detection of meristematic regions in different planes.




RESULTS


Auxins Do Not Affect the Formation of Root-Bearing Rhizophores in Selaginella

In Selaginella moellendorffii (Selaginella), new roots are derived from rhizophores, root-like organs forming on the stem (Figure 1A). In accordance with the positive effect of auxin on adventitious rooting in seed plants, an auxin-dependent effect on the formation of new rhizophores in Selaginella might be anticipated as well. In order to evaluate this putative effect, we investigated the effect of auxins on the formation of rhizophores on Selaginella shoot explants. Hitherto, Selaginella shoot explants of approximately 1 cm were isolated from in vitro growing plants and transferred to growth media with different auxins. The number of rhizophores on explants after 13 days of auxin treatments does not significantly differ from the control (Figure 2). Thus, auxins do not promote the formation of rhizophores in Selaginella. Consistently, treatments with auxin transport inhibitors or a cytokinin, which mostly work antagonistically toward auxin in seed plants, did not or only in a limited extent affect rhizophore formation (Figure 2). NPA treatments showed a significant but very modest decrease in rhizophores, indicating rather an indirect role of auxin and auxin transport during rhizophore establishment and emergence.
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FIGURE 2. Effects of auxins, polar auxin transport inhibitors and a cytokinin on rhizophore emergence. Selaginella explants with newly branched roots were incubated with dimethyl sulphoxide (DMSO) or different concentrations of treatments for 13 days: indole-3-acetic acid (IAA), indole-3-butyric acid (IBA), 1-naphthaleneacetic acid (NAA), 2,4-dichlorophenoxyacetic acid (2,4-D), naphthylphthalamic acid (NPA), 2,3,5-triiodobenzoic acid (TIBA) or 6-benzylaminopurine (BA). Number of rhizophores emerging post treatments was recorded on 13 d post treatments. Error bars represent SD. n (number of plates) = 4 (except for 10 μM TIBA, n = 3) with on average 5 explants per plate. *represents p-value ≤ 0.05 (Kruskal-Wallis test).





Auxins Affect Root Development in Selaginella

In Selaginella, roots branch dichotomously (Figures 1B–H, Video S1). To examine the effect of auxins on root development, shoot explants were first isolated and incubated on hormone-free growth medium to allow the spontaneous formation of rhizophores and roots. To standardize the starting material, explants with a root that recently bifurcated were selected and transferred to an auxin-containing medium. Microscopic inspection of newly formed root tips after bifurcation shows that these apices, without exception, only contain one single meristem. We were able to clearly recognize the described tetrahedral initial cell (IC) and its derivatives form the root meristem in root anatomy of Selaginella (Figures 1G,H). The presence of recently branched root tips in the starting material was thus crucial to dispose of a clear definable stage 0 that can be used for all the treatments.

On the short term, the auxin treatments, especially at higher concentrations, inhibited root elongation, caused thickening of the root tips, induced callus-like tissue and stimulated root hair elongation (Figure 3). The root elongation rate, calculated between two consecutive branching events, was severely inhibited even at low auxin concentrations. In contrast, the auxin transport inhibitor TIBA and a low concentration (2.5 μM) of NPA showed no or a limited effect on the root elongation and morphology. Only high concentrations (10 μM; 25 μM) of NPA did more severely affect the root morphology (Figure S1). None of the treatments induced laterally positioned root branches, showing that the absence of lateral roots in Selaginella is not due to a limited auxin availability. There was, however, a positive effect on the bifurcation of roots. In accordance to the previous observations of (Sanders and Langdale, 2013), auxin treatment resulted in more branching and a higher branching frequency (Figures 4A,B). When we followed the first branching of individual root tips, in particular IAA and IBA induced much more root tips to bifurcate (Figures 4C,D). NAA and 2,4-D, even at a concentration of 0.25 μM, and all auxins at higher concentrations induced callus, which obstructed the observation of possible branching events (Figure 3A, Figure S2). The auxin transport inhibitors had in most cases no or only a weak effect on the branching (Figures 4B,E,F). Only at higher NPA concentrations, we noticed a strong inhibition of the root branching (Figures 4B,E), with a complete inhibition at 25 μM (data not shown). This however concurred with a growth arrest of the root tip and completely degenerated root meristem (Figure 5). Hence, it seems that auxin transport only affects the root meristem bifurcation when it is almost completely blocked, which in particular disturbs the meristem organization.


[image: image]

FIGURE 3. Root growth after treatments with auxins, NPA, TIBA, and BA. (A) Explants with newly branched roots were treated with different concentrations of auxins, auxin transport inhibitors or the cytokinin BA for 4 days and root morphology was observed. Scale bars: 1 mm. (B) shows the effects of treatments on root elongation rate over the time frame between two branching events. Data is not presented for the treatments that severely inhibited branching or obstructed the observation of possible branching events. Error bars represent SD. n (number of plates) = 4 (except for 10 μM TIBA, n = 3) with on average 10 root samples per plate. *represents p-value ≤ 0.05 (Kruskal-Wallis test).
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FIGURE 4. Effect of auxins, polar auxin transport inhibitors and a cytokinin on Selaginella dichotomous root branching. Selaginella explants with newly branched roots were incubated with different concentrations of auxins, auxin transport inhibitors, or the cytokinin BA. (A) Selaginella root on 0 and 8 days after IAA (2.5 μM) treatment. Arrows of different colors indicate branching derived from different apices. Scale bar: 1 mm. (B) Number of branching events per root tip after 13 days. (C–F) Percentage of root tips that branched during 13 days of treatments. Error bars represent SD. n (number of plates) = 4 (except for 10 μM TIBA, n = 3) with on average 10 root samples per plate. *represents p-value ≤ 0.05 (Kruskal-Wallis test).
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FIGURE 5. Selaginella root meristem of (A) a DMSO-treated root or (B) a root treated with 25 μM NPA for 7 days. Scale bars: 50 μm.



Auxin treatments induce only branches after 4 days, which is the same time required to obtain a bifurcation in the hormone-free control. If auxin would be capable in inducing the root meristem bifurcation itself, a much faster induction would have been anticipated.



Auxins Do Not Induce Root Meristem Bifurcation in Selaginella

To ascertain whether the bifurcation-promoting effect of auxin is direct or not, the effect of transient auxin treatments on root branching was assessed. 1 μM IAA was selected for this experiment as it had shown the highest potency in accelerating branching over long treatments. Shoot explants with a newly branched root were transferred to 1 μM IAA for either 1 or 2 days and then transferred back to either hormone-free or IAA medium. In contrast to continuous auxin application (transfer IAA to IAA), none of the transient treatments (IAA to 1/2MS) induced extra root branching compared to the untreated samples (1/2MS to 1/2MS) (Figure 6). This observation strengthens our previous observation that auxins do not induce the bifurcation of the root meristem itself in Selaginella but shorten the timing between two branching events.
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FIGURE 6. Effect of short auxin treatment on dichotomous root branching. Selaginella explants with newly branched roots were treated with DMSO or 1 μM IAA for 1 (A) or 2 (B) days. Explants were then transferred to hormone-free or 1 μM IAA-containing media. Error bars represent SD. n (number of plates) = 3 with on average 15 root samples per plate. *represents p-value ≤ 0.05 (Kruskal-Wallis test).



To further confirm that auxins do not induce root branching in Selaginella, microscopic analysis at earlier time points was performed using a modified pseudo-Schiff propidium iodide staining and confocal microscopy. We were able to clearly recognize the described Selaginella root anatomy in which one tetrahedral initial cell (IC) and its derivatives form the root meristem (Figures 1G,H). To observe early stages in the meristem bifurcation process, we first collected multiple DMSO-treated root samples at different days after a new branch was formed. Several samples showed an early stage of meristem bifurcation at 3 days (Figure 7A). However, newly branched roots treated for 3 days with 1 μM IAA did not show any meristem bifurcation (n = 11). Conversely, a higher auxin concentration hardly affected the induction of meristem bifurcation: either a concentration of 2.5 μM (Figure 7B, n = 13) or 5 μM (n = 5) IAA yielded only 1 divided meristem after 3 days. Hence, auxins and auxin signaling seem to advance root branching most likely by promoting processes taking place after the early events during root meristem bifurcation and do not directly induce the bifurcation event itself in Selaginella.
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FIGURE 7. Effect of auxin treatment on bifurcation of root apical meristem. Newly branched roots of Selaginella explants treated by DMSO and IAA were sampled for confocal microscopy daily from 0 to 3 d post treatment. (A) A newly bifurcated root meristem 3 days post DMSO treatment. Two new meristems could be clearly recognized. (B) A root meristem treated for 3 days with 2.5 μM IAA. RP, root primordium. Scale bar: 50 μm.






DISCUSSION

Auxin is, in particular regarding to root development, a predominant plant growth regulator with a highly conserved signaling pathway within land plants (Kato et al., 2018; Mutte et al., 2018). Auxins were also reported to induce root cultures in Selaginella microphylla (Bandyopadhyay et al., 2013). In accordance with these findings, we did find evidence of a certain level of physiological conservation. Indeed, typical auxin responses such as root hair elongation, callus induction or root elongation inhibition occurred in Selaginella moellendorffii as well. In contrast, auxins did not induce root-bearing rhizophores formation nor dichotomous root branching in this species. This is suggestive for the existence of an auxin independent meristem initiation and branching mechanism. Polar auxin transport mechanisms are conserved as well (Viaene et al., 2013, 2014; Bennett et al., 2014; Bennett, 2015) and clearly have an important impact on the growth of Selaginella species (Wochok and Sussex, 1973, 1974, 1975; Sanders and Langdale, 2013; Matsunaga et al., 2017). However, the inhibition of polar auxin transport is not able to block root branching in Selaginella moellendorffii, which further supports a potential auxin-independent root branching mechanism. Only high concentrations of NPA resulted in a reduction in root branching, but does not delay the timing in branching, and can be interpreted as a presumably indirect effect.

Sanders and Langdale (2013) previously showed strongly branching root tips upon auxin treatment and hence suggested a role of auxin in this branching. Similarly, we also observed on the long term, in particular with high auxin concentrations, consecutive branches with shorter time intervals. However, as there is no difference in meristem formation, as shown by our microscopic observations, and as transient auxin treatments up to 48 h do not result in an increased branching, the induction of root branching is clearly not directly affected by auxin. Hence, the increased root branching rather seems to be the consequence of an acceleration in development after branching which could have been resulted from shorter cell division cycles.

Possibly, the fundamental structural differences of Selaginella roots (Motte and Beeckman, 2018) are causative for the absence of an auxin-induced branching mechanism. The root meristem and cell divisions within the meristem are patterned differently in lycophytes compared to seed plants and therefore possibly adopted a different controlling program as well. The strong branching capacity of roots in the angiosperms moreover required the development of pluripotent pericycle cells. Although a pericycle layer is present in Selaginella species (Webster and Steeves, 1964), our observations suggests the absence of such pluripotency in the early land plants.

The fossil record shows that Lycophyte roots evolved independently from other clades (Raven and Edwards, 2001; Kenrick, 2002; Friedman et al., 2004; Boyce, 2005, 2010; Doyle, 2013; Hetherington and Dolan, 2018, 2019), but gene expression profiles suggested the presence of a root developmental program in a common ancestor or at least a parallel recruitment of largely the same root developmental program from a common ancestor (Huang and Schiefelbein, 2015). Based on our observations, this common program did, however, not contain the elements for the auxin-mediated meristem induction or root branching, which might only have been evolved later on. Supportive for this, lateral root formation in the fern Ceratopteris richardii, an earlier diverging lineage than the angiosperms, occurs also independently from auxin (Hou et al., 2004). Moreover, orthologs of important root meristem or lateral root factors downstream of auxin such as WOX5 or LBD16 are not found in the lycophyte clade (Nardmann et al., 2009; Coudert et al., 2013; Zhang et al., 2017). Hence, it seems that at least the root branching mechanisms downstream of auxin were only introduced during evolution after the origin of lycophytes, and further corroborates that roots originated multiple times during evolution.

In conclusion, by providing the first extensive evaluation of the effect of auxins on Selaginella root branching, we showed that root branching is not induced by auxins in this representative of an early diverging lineage of land plants. Despite conserved auxin signaling genes and conserved auxin responses, auxin itself seems to be not important for the root branching program and only acquired this role later during evolution.
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Figure S1. Root growth after NPA, TIBA and BA treatments. Explants with newly branched roots were treated for 4 days and root morphology was observed. Scale bars: 1 mm.

Figure S2. Effect of applied NAA, 2,4-D and BA on dichotomous root branching. Selaginella explants with newly branched roots were incubated with DMSO or different concentrations of treatments for 13 days: NAA (A), 2,4-D (B), and BA (C). Error bars represent SD. n (number of plates) = 4 with on average 10 root samples per plate. *represents p-value ≤ 0.05 (Kruskal-Wallis test).

Video S1. Selaginella shoot explant transferred to 1/2MS. The video shows the emergence of rhizophores and the subsequent development of roots from 8 days onwards.
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Plants are immobile organisms that require roots to efficiently and cost-effectively exploit their habitat for water and nutrients. Plant root systems are dynamic structures capable of altering root branching, root angle, and root growth rates determining overall architecture. This plasticity involves belowground plant-root mediated synergies coupled through a continuum of environmental interactions and endogenous developmental processes facilitating plants to adapt to favorable or adverse soil conditions. Plant root branching is paramount to ensure adequate access to soil water and nutrients. Although substantial resources have been devoted toward this goal, significant knowledge gaps exist. In well-studied systems such as rice and maize, it has become evident that root branching plays a significant role in the acquisition of nutrients and other soil-based resources. In these crop species, specific root branching traits that confer enhanced nutrient acquisition are well-characterized and are already being incorporated into breeding populations. In contrast, the understanding of root branching in root and tuber crop productivity has lagged behind. In this review article, we highlight what is known about root branching in root and tuber crops (RTCs) and mark new research directions, such as the use novel phenotyping methods, examining the changes in root morphology and anatomy under nutrient stress, and germplasm screening with enhanced root architecture for more efficient nutrient capture. These directions will permit a better understanding of the interaction between root branching and nutrient acquisition in these globally important crop species.
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INTRODUCTION

A plant’s ability to explore the soil and to compete for soil resources is largely dependent on the architecture of its root system (Lynch, 1995). Root system architecture (RSA) is determined by the pattern of root branching and by the rate and trajectory of growth of individual roots (Zhang et al., 1999). There is scientific consensus that root branching is subject to genetic control and influenced by biotic and abiotic factors. Therefore, manipulating RSA has emerged as a fundamental strategy to enhance nutrient acquisition especially in low input agricultural systems. For example, Gamuyao et al. (2012) documented the presence of a Pup1-specific protein kinase gene, the phosphorus-starvation tolerance 1 (PSTOL1) derived from the traditional aus-type rice variety Kasalath. This protein kinase was shown to enhance early root growth, thereby enabling plants to acquire more phosphorus and other nutrients under phosphorus-deficient soils. Gamuyao et al. (2012) suggested that introduction of this quantitative trait locus into locally adapted rice cultivars in Asia and Africa could enhance productivity under low nutrient conditions. Follow-up work by Neelam et al. (2017) documents novel alleles of PSTOL1 in Oryza rufipogon, the Asian wild rice, and work is already ongoing to introduce these alleles in elite rice cultivars. This and other similar examples underscore the importance of gaining a comprehensive understanding of root architecture adaptations that could contribute to productivity under marginal or low-input growing conditions. Low soil fertility in developing countries is a primary constraint to food security and economic development (Rao et al., 2016). In Africa in particular, depletion of soil fertility is a major biophysical cause of low per capita food production, contributing to food insecurity in the region (Sanchez, 2002). Increasing the capacity of plants to acquire soil resources is a key approach to improve crop yields and reduce farmer’s dependence on fertilizers (Bishopp and Lynch, 2015). The cereal species wheat and rice provide more than 50% of the calories consumed by humans (Rich and Watt, 2013). However, root and tuber crops (RTCs) are second in importance to cereals as a global source of carbohydrates, and grown in regions not suitable for cereal production1. In this work, we focus mainly on cassava (Manihot esculenta), potato (Solanum tuberosum), sweetpotato (Ipomoea batatas) and yams (Dioscorea sp), which the Food and Agriculture Organization defines as among the primary root and tuber crops of global importance2.



ROOT ARCHITECTURE AND NUTRIENT EFFICIENCY IN ROOT AND TUBER CROPS: THE CURRENT STATE OF KNOWLEDGE

Two comprehensive reviews of literature regarding root architecture in RTCs were conducted in 2014 and 2016 (Villordon et al., 2014; Khan et al., 2016). Curiously enough, in a comprehensive review of the subject matter, it was determined that between 2004 and 2014, there was only one published work on the subject of root morphological description for each of the RTCs compared to 12 for maize (Villordon et al., 2014). In the current work, we surveyed articles published within the past 10 years that specifically address the relationship of root architecture in response to heterogenous nutrient environments in RTCs (Table 1).

TABLE 1. Survey of articles published within the past 10 years that address root architecture and NPK acquisition in rice, cassava, sweetpotato, potato, and yams.

[image: image]

Crops frequently alter both their aboveground as well as their belowground structures morphologically and physiologically in response to heterogeneous nutrient environments (Drew, 1975; Fransen et al., 1999; Hodge, 2004), in which yield and nutrient uptake capabilities surpass those in nutrient-homogeneous environments. Of these soil mineral nutrients, nitrogen (N), phosphorus (P) and potassium (K) are considered the most important for crop growth, development and subsequent yield. However, phytoavailability of NPK often limits low-input agriculture (Mueller et al., 2012; White et al., 2013). For comparison, we included references available for the relationship between root architecture manipulation and NPK uptake in rice. The survey reveals a disturbing trend: the number of publications on rice exceeds the combined scientific output of the RTCs. Relative to the rice knowledge base, there is a substantial knowledge gap in RTCs about the role of RSA in the exploration and acquisition of nutrients in low-input environments. The survey reveals that rice RSA research has focused on N and P. This is consistent with current understanding that N and P availability are the primary global constraints and particularly severe in low-input agriculture characteristic of many developing nations (Lynch, 2007). N compounds are mobile and prone to leaching into deeper soils. In contrast, P accumulates mainly in the topsoil in part due to its low mobility. Among the RTCs, potato leads in terms of research output, primarily focusing on P. This is in part due to the large P requirement in the crop, about two-fold higher compared to that of cereal crops such as wheat and barley and 1/3 higher compared to most vegetable crops (White et al., 2018). The published studies on potato RSA and P, although relatively fewer compared to rice, has led to direct applications in terms of identifying desirable root traits for improved P acquisition and the identification of cultivars and genotypes with improved P efficiency in low nutrient conditions (White et al., 2005, 2018; Wang et al., 2015; Krell et al., 2018).

In sweetpotato, the published reports on N and P represent translational research of key findings from model systems (i.e., Arabidopsis, maize and rice). First, Villordon et al. (2013) demonstrated that lateral root branching jointly measured as lateral root length, number of lateral roots and lateral root density in sweetpotato cv. Beauregard was altered in response to variation in overall available N. The variation in RSA in response to different available N was consistent with prior work in Arabidopsis where external N presence had stimulatory effect on lateral root elongation, whereas high N concentrations inhibited lateral root meristem activity (Zhang et al., 2007). The data regarding relationship between spatial N availability and RSA modifications were similar to findings in Arabidopsis model systems that localized N availability is critical for lateral root signaling and development (Zhang and Forde, 2000; Zhang et al., 2007; Lima et al., 2010). Second, Villordon et al. (2018) reported that storage root length in sweetpotato cvs. Bayou Belle and Beauregard varied in response to experimental P deficiency. These findings corroborate available experimental evidence in Arabidopsis model systems that support the hypothesis that the root tip is the site of P sensing and that optimal or low P is involved in the growth or arrest of primary root growth (Svistoonoff et al., 2007; Kellermeier et al., 2014; Medici et al., 2015; Abel, 2017).

With regards to K, Liu et al. (2017) showed differences in root morphology under controlled K and deficient K treatments in two representative sweetpotato cultivars, Ningzishu 1 (sensitive to K deficiency) and Xushu 32 (tolerant to K deficiency). Under K deficiency, root length, surface area, root volume and average root diameter was reduced in Ningzishu 1 compared to Xushu 32. Interestingly, the proportion of fine roots (Ø < 0.5 mm) and thick root (Ø > 1.0 mm) of Xushu 32 seedlings increased significantly under condition of K deficiency. These results indicate potential genotypic differences in RSA and K absorption ability under K deficiency. Similarly, Wang et al. (2017) under field conditions, indicated that increased K application increased total root length, average root diameter and significantly increased the differentiation from adventitious roots to fibrous roots and tuberous roots. This root traits coupled with added K is beneficial to the early formation of storage roots and number of storage roots per plant, overall root biomass and yield.

However, limited work on the relationship between RSA and NPK can be found for cassava and yams, the most important RTC species in sub-Saharan Africa3. In cassava, Izumi et al. (1999) provided evidence that well-developed branching pattern (i.e., number and length of axile roots and lateral roots) and total root length was associated with water and nutrient absorption and essential for storage root bulking. There has been some follow-up work on the role of cassava RSA and drought tolerance but none for nutrient acquisition (Pardales and Esquibel, 1996; Subere et al., 2009). Adu et al. (2018) corroborated earlier findings and documented root genotypic variation in relative root growth rate, root length, number of nodal roots, root diameter and root branching density in a panel of cassava cultivars bred for high carotenoid content and resistance to cassava mosaic disease (CMD), recommending further studies regarding manipulating cassava RSA for nutrient use efficiency and yield.

Charles-Dominique et al. (2009) conducted an analysis of the tuber monocot, white yam (Dioscorea cayennensis subsp. rotundata Poir., Dioscoreaceae) root system derived from both sexually and vegetatively propagated yams and demonstrated that both seedlings and plants derived from tubers have two distinct root systems that are highly organized. The first type of root system (seminal) is considered transitory (i.e., short-lived) consisting of two root axis categories. The second type of root system (adventitious) is considered permanent and is larger in weight and volume compared to the transitory root system. This adventitious root system is made up of three root axis categories and this is the site for initial tuber formation. Charles-Dominique et al. (2009) concluded the importance of studying the yam root system architecture as a whole and simultaneously in order to understand its growth, development and tuber formation. In a similar study, Hgaza et al. (2012) documented the response of the RSA of water yam (Dioscorea alata) and white yam (Dioscorea cayennensis subsp. rotundata) to mineral fertilizer application under field conditions. Researchers used sequential root coring to assess horizontal and vertical root distribution. Results revealed three root types (seminal, adventitious and tuber roots) and differences in root length density, root mass density and specific root length correlated directly with higher temperature and not with fertilizer application when compared to controls. Hgaza et al. (2012) concluded that tuber formation was independent from seminal and adventitious root development and mineral nutrition did not affect final tuber yield.

The significant resources devoted to the investigation of RSA in cereal crops has led to advances in breeding and selecting RSA for improved NPK acquisition in low-input production environments. Table 2 summarizes the root traits necessary for adaptation to low NPK conditions in rice, maize, and the common bean (Phaseolus vulgaris L.) (Lynch and Brown, 1998; Kong et al., 2014). In maize, it has been determined that deeper roots are associated with increased acquisition of N that may leach to lower soil layers (Lynch and Wojciechowski, 2015). In rice, there is evidence that DEEPER ROOTING 1, a quantitative trait locus for root growth angle, increased N uptake in N-deficient conditions (Arai-Sanoh et al., 2014). This knowledge has led breeding programs to screen rice and maize genotypes for this desirable trait but also to invest in management practices like nutrient amendments that could improve root growth in rice (Abiven et al., 2015; Ju et al., 2015; Qiao et al., 2018).

TABLE 2. Summary of relevant root traits related to N and P deficiency in rice, maize, and beans.
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MANIPULATING ROOT SYSTEM ARCHITECTURE FOR INCREASED NUTRIENT EFFICIENCY: WAY FORWARD FOR ROOT AND TUBER CROPS

Advances in manipulating RSA in cereal crops like rice and maize can serve as a model for RTCs. Meaningful advances in rice and maize RSA were made possible by first achieving fundamental understanding of the intrinsic and environmental factors that control RSA. Some of these findings have already been translated into some RTCs, underscoring the importance of translating findings from model crop systems, such as, rice, maize and bean into non-model species, such as, sweetpotato, potato, and yams. Concomitant with the understanding of the biology of RSA, significant investments were made toward the development of minimally intrusive, non-destructive whole-root phenotyping systems (Chen et al., 2011; Kuijken et al., 2015). The development of these phenotyping platforms in turn enabled functional genomics and crop improvement applications (Yang et al., 2013). These phenotyping tools and approaches can be adapted for use in RTCs.

Recent and past advances in understanding RSA have come from the studies on the model plant Arabidopsis thaliana and the description of the cellular structure laid the foundation for developmental and genetic work in cereals and other well-studied crops (Dolan et al., 1993; Smith and De Smet, 2012). Similar to RTCs, the Arabidopsis root system undergoes secondary thickening under appropriate growth conditions (Dolan and Roberts, 1995; Chaffey et al., 2002). In these and other root crops, root secondary growth followed by starch deposition and increase in root biomass determine the harvestable agronomic yield. This particular area of research has not been extensively studied in RTC under nutrient deficiencies and merits research.

Reduced metabolic cost of soil exploration is important for P capture because continued soil probing is required to increase beyond the depletion of available P in the rhizosphere (Lynch, 2015). For example, the formation of root cortical aerenchyma (RCA) in different crop species is one of the latest advances in our understanding of the impact of nutrient deficiencies in root architecture. RCA is defined as tissue with large intercellular spaces in root cortex normally produced in plant species under hypoxia (Esau, 1977; Drew et al., 1979). However, RCA can be also formed in response to drought and edaphic stresses such as N and S deficiencies (Drew et al., 1989; Bouranis et al., 2003; Fan et al., 2003, Zhu et al., 2010). In maize, genotypes with greater RCA had greater topsoil foraging, P acquisition, growth and yield under low P environments (Galindo-Castañeda et al., 2018). Currently, there are no published studies on the formation of RCA in RTCs.

Another important change in root architecture as a result of nutrient deficiency is the presence or absence of root secondary growth. It has been hypothesized that a decrease in root secondary growth could lessen the carbon cost of producing and sustaining root length to improve the balance between soil exploration use and depletion of growth limiting nutrients (Lynch, 1995). This may be an adaptive strategy to improve the metabolic efficiency of soil foraging under sub-optimal P, where roots will favor primary growth (elongation) over secondary growth (radial swelling) to reach greater probing of soil areas that still hold available P (Lynch, 2007, 2011; Lynch and Brown, 2008; De la Riva, 2010). In bean, secondary root growth under low P is inhibited, but genotypes with higher inhibition of secondary root growth presented reduced root costs, greater P capture, and greater growth under low P environments (Strock et al., 2018). Contrary to the reduced bean secondary root growth model, sweetpotato storage and lateral root growth were not reduced under sub-optimal P levels (Duque and Lynch, 2018).

New evidence in sweetpotato RSA under low P environments both in greenhouse and field settings suggests a reduction in metabolic costs of soil exploration with the formation of RCA after root secondary growth in basal cross sections of storage roots but not in lateral roots (Figure 1). These preliminary results suggest a translocation of carbon resources from the storage root to the lateral roots to enhance further soil exploration and/or increase of lateral root branching (Duque and Lynch, 2018). Based on these primary results, RCA merits research on how it can potentially affect final root yield. However, this phenomenon could have profound effects on storage root size, shape and yield, thus future research should focus on the assessment of early versus late bulking genotypes, root genotypic variability and tolerance of sweetpotato under P deficiency, focusing breeding and management efforts for degraded, low input agricultural systems found in Sub-Saharan Africa where sweetpotato as well as other RTCs are staple and subsistence crops.


[image: image]

FIGURE 1. Root cortical aerenchyma-like structure formed after secondary root growth under low phosphorus in sweetpotato storage root and fibrous root at 30 DAP. (Basal meaning root segment farthest from the attachment to the stem node). Root transversal cut sections were performed using laser ablation tomography. Ablation and picture were taken by Peter Ilhardt at Penn State University.



Indeed, for RTCs in general, species-specific RSA knowledge appears to be at the level of classical morphology and with scant information on the genetic, hormonal, and molecular control of RSA. For root crops in particular, there is a general disconnect between RSA and storage root formation under nutrient deficiencies or water stress, either at the genetic, hormonal and/or molecular level. There has been crop-specific progress on the relationship between RSA and storage root formation in sweetpotato. In particular, it has been shown that lateral root development is a prerequisite to secondary cambium development in the adjacent main root tissue (Villordon et al., 2012). Previously, a cytokinin-regulated I. batatas MADS-box 1 (IbMADS1) showed evidence of selective gene expression in meristematic tissue in the stele and in lateral root primordia and it has been proposed that this gene is an integrator at the onset of storage root formation in a network that involves hormones such as jasmonic acid and cytokinin as trigger factors (Ku et al., 2008). IbMADS1 belongs to the same family as Arabidopsis nitrate regulated (ANR1), a gene previously shown to be associated with Arabidopsis lateral root development in response to nitrate (Zhang and Forde, 1998). In potato, it has been determined that RSA traits such as specific root length of basal roots and total root weight for various root classes are related to final tuber yield (Wishart et al., 2013). Basal roots are important for water uptake and anchorage, whereas stolon roots are connected with nutrient acquisition and tuber formation (Wishart et al., 2013). An earlier work by Sattelmacher et al. (1990) provided evidence that root length and surface area was important for nitrogen acquisition and that a large root system was associated with higher N acquisition.

Despite these efforts, the link between storage root/tuber yield and the carbon partitioning to other root types as well as the regulatory networks involved in RTCs has yet to be established (Khan et al., 2016). However, the cumulative evidence supporting the link between RSA and storage root in sweetpotato and between RSA and tuber yield in potato paves the way forward for more in depth work in sweetpotato and potato as well as similar studies in other RTCs. Root systems are inherently difficult to study and frequently overlooked in research. Due in large part to the RSA work in cereals and other model systems, novel tools and approaches have been developed to non-invasively measure root development in laboratory, greenhouse and field settings. Traditional methods for studying root systems include rhizotrons (Nagel et al., 2012), rhizoboxes (Lemming et al., 2016), and excavation (Bucksch et al., 2014). Image-based systems have been developed to overcome the phenotyping bottleneck, including X-ray computed tomography (Mairhofer et al., 2012), magnetic resonance imaging (Metzner et al., 2015; van Dusschoten et al., 2016), and ground penetrating radar (Guo et al., 2013), among others. However, wide scale adoption of some of these methods continued to be hampered by prohibitive costs and lack of accessibility. In RTCs, some of the non-destructive methods that have been used in the field with limited samples include rhizotrons or rhizotron-like methods in cassava (Tscherning et al., 1995), potato (Parker et al., 1991) and sweetpotato (Villordon et al., 2011). The use of viewing devices like minirhizotrons have actually been shown to interfere with storage root formation (Villordon et al., 2011), further limiting the options to study the relationship between RSA and storage root formation in root crops. Taken together, it appears that critical barriers to progress in understanding crop-specific RSA attributes in RTCs include the lack of a model system for interpreting the relationship between RSA and storage root and tuber yield and the current prohibitive costs of non-destructive, high-throughput image-based phenotyping tools.

One way forward to overcome these barriers is to use the sweetpotato (dicot, storage root), cassava (dicot, storage root), potato (dicot, tuber) and yam (monocot, tuber) as primary model systems for understanding the connection between RSA and agronomic yield in RTCs, respectively. These RTCs are considered the most important calorie-producing staple crops for smallholder subsistence farmers combined with low input agriculture on marginal lands typically located in underdeveloped countries.

Strategic translational research using data on RSA and NPK uptake from Arabidopsis and cereal model systems should continue using key RTC cultivars, as a means to rapidly validate key findings. Once validated, information on key RSA traits should be immediately forwarded to breeding programs for further studies and validation in breeding populations. These breeding programs should take advantage of available resources for adapting phenotyping methods for integrating root traits into existing breeding objectives. Finally, international agricultural research centers, as well as national institutions that have mandates in RTCs, should continue to intensify RSA research investments into their current and future research priorities, especially under the threat of climate change, vulnerable agro-ecological landscapes and poverty. During the first Green Revolution, improved rice and wheat varieties were rapidly adopted in tropical and subtropical regions that had good irrigation systems or reliable rainfall (Evenson and Gollin, 2003). The spread of these improved varieties was associated with the activity of international agricultural research centers (Evenson and Gollin, 2003). It has been suggested that a second Green Revolution, one that incorporates RSA traits, is vital to improve the yield of crops grown in infertile soils by farmers with little or no access to fertilizers (Lynch, 2007). Just like the first Green Revolution, such research centers will likely have an important role in ushering in the second Green Revolution (Zeigler and Mohanty, 2010).



CONCLUSION

The agronomic significance of understanding the regulation of RSA development is now widely accepted because of its role in soil resource acquisition under edaphic stress. In well-studied “model” crop species like rice, maize, and soybeans, the knowledge of RSA has already led to measurable gains in the ability of these crops to exploit soil resources under low-input conditions. For example, Zhao et al. (2004) reviewed by Li et al. (2016), showed that an applied core collection of soybeans with shallow root architecture presented improved spatial root aggregations enhancing P explorations resulting in higher P efficiency and yield. In maize, Liu et al. (2018) showed a positive and significant correlation between grain yield and both total root number and total root length. The tools and approaches that have been used in cereals can be applied to RTCs, potentially reducing the costs of research and development, however, these novel tools and approaches have to be sufficiently modified to account for real-time tuber and storage root development and growth as no single phenotyping platform nor specialized analytical software exists at the moment for RTCs. Unraveling the role of RSA in RTC nutrient uptake will improve global food security, especially in regions with marginal soil fertility and low-input agricultural conditions.
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Root systems can display variable architectures that contribute to nutrient foraging or to increase the tolerance of abiotic stress conditions. Root tip excision promotes the developmental progression of previously specified lateral root (LR) founder cells, which allows to easily measuring the branching capacity of a given root as regards its genotype and/or growth conditions. Here, we describe the natural variation among 120 Arabidopsis thaliana accessions in root system architecture (RSA) after root tip excision. Wound-induced changes in RSA were associated with 19 genomic loci using genome-wide association mapping. Three candidate loci associated with wound-induced LR formation were investigated. Sequence variation in the hypothetical protein encoded by the At4g01090 gene affected wound-induced LR development and its loss-of-function mutants displayed a reduced number of LRs after root tip excision. Changes in a histidine phosphotransfer protein putatively involved in cytokinin signaling were significantly associated with LR number variation after root tip excision. Our results provide a better understanding of some of the genetic components involved in LR capacity variation among accessions.

Keywords: wound-induced lateral root formation, root system architecture, genome-wide association mapping, single nucleotide polymorphism, natural variation, histidine phosphotransfer protein


INTRODUCTION

Strong modulation of root system architecture (RSA) by environmental cues, such as nutrient and water availability has been a well-documented process in Arabidopsis thaliana (Giehl and von Wirén, 2014; Giehl et al., 2014; Robbins and Dinneny, 2015). In primary roots (PRs) (PRs), a regular pre-branching pattern of lateral roots (LRs) is established by an endogenous periodic oscillation in gene expression near the root tip (Moreno-Risueno et al., 2010). A subset of xylem pole pericycle cells within the pre-branch sites becomes specified as LR founder cells. Subsequently, LR founder cells undergo a self-organizing and non-deterministic cell division patterning (Lucas et al., 2013; von Wangenheim et al., 2016) to initiate a LR primordium that eventually emerges through the PR tissues (Peret et al., 2009; Du and Scheres, 2018). However, the developmental progression of individual LR primordia is dependent on environmental cues, such as water distribution within the soil (Bao et al., 2014). In addition, a local auxin source from the LR cap of the PR, which is derived from the auxin precursor indole-3-butyric acid (IBA), determines whether a pre-branch site is specified or not (Xuan et al., 2015). The spatial distribution of LRs is not fixed, yet the total number of LR competent sites was stable with time. Root tip excision promotes the developmental progression of nearly all pre-branch sites toward LR emergence, providing an accurate measure for LR branching capacity. This later approach will allow assessing whether changes in LR pre-patterning have occurred in different genotypes and/or growth conditions (Van Norman et al., 2014). These results are in agreement with the current view that cells at the root tip are capable of integrating information about the local soil environment, tailoring the RSA for optimal nutrient and water uptake or after PR damage (Robbins and Dinneny, 2015).

Genome-wide association (GWA) studies have contributed to the identification of natural variation in key genes controlling PR growth under control and abiotic stress conditions (Meijon et al., 2014; Slovak et al., 2014; Satbhai et al., 2017; Bouain et al., 2018). Natural variation in RSA has also been reported (Rosas et al., 2013). Salt-induced changes in RSA were associated with more than 100 genetic loci identified by GWA mapping, some of which are involved in ethylene and abscisic acid (ABA) signaling (Julkowska et al., 2017). In addition, strong additive effects of phosphate starvation on LR density and salt stress on LR length were found in a recent study with a large number of Arabidopsis accessions (Kawa et al., 2016). Their results suggested that the integration of signals from phosphate starvation and salt stress might partially rely on endogenous ABA signaling. One of the candidate genes identified in these studies was HIGH-AFFINITY K+ TRANSPORTER1 (HKT1), previously identified for its role in salinity tolerance by modulating sodium/potassium homeostasis (Munns et al., 2012). The targeted HKT1 expression to pericycle cells reduced LR formation under salt stress (Julkowska et al., 2017). Recently, Ristova et al. (2018) reported a comprehensive atlas of RSA variation upon treatment with auxin, cytokinin (CK) and ABA in a large number of A. thaliana accessions. In that study, hierarchical clustering analyses identified groups of accessions sharing similar or diverse responses to a particular hormone perturbation that can be very useful to identify accessions that behave differently than the bulk and to use them as parents for QTL mapping.

To explore the natural variation of LR branching capacity in Arabidopsis (Van Norman et al., 2014), we performed a wound-induced LR formation assay in 174 accessions from the Haplotype Map (HapMap) collection (Weigel and Mott, 2009). GWA mapping using data from 120 accessions revealed 162 SNP associations with several RSA traits measured after root tip excision. SNPs affecting six genes were found significantly associated with LR number variation.



MATERIALS AND METHODS

Plant Materials and Growth Conditions

Our population for GWA mapping consisted of 174 natural inbred lines (i.e., accessions) of A. thaliana (L.) Heyhn. selected from the 1001 Genomes Project (Weigel and Mott, 2009) based on marker information and seed availability (Supplementary Table S1). The laboratory strain Columbia-0 (Col-0) was chosen as the reference. The following lines (in the Col-0 background) were used to isolate T-DNA homozygous mutants of the studied genes: N572850, N586312, N616200, and N620707 (Supplementary Table S2). The ahp1 ahp2 ahp3 (Hutchison et al., 2006) mutants were also used. All lines used were obtained from the Nottingham Arabidopsis Stock Centre (NASC1). Seeds were stored at 4°C for several weeks (>12) to break dormancy.

Seeds were surface-sterilized in 2% (w/v) NaClO and rinsed with sterile water before being transferred to 120 mm × 120 mm × 10 mm Petri dishes containing 75 mL of one-half-Murashige & Skoog (MS) medium with 2% sucrose, 8 g/L plant agar (Duchefa Biochemie, Netherlands) and 1× Gamborg B5 vitamin mixture (Duchefa Biochemie). After 4 days of stratification at 4°C in darkness, plates were wrapped in aluminum foil and were transferred (0 days after sowing) to an MLR-352-PE growth chamber (Panasonic, Japan) at 22 ± 1°C during 3 days in a nearly vertical position. Plates were unwrapped (3 days after sowing) and grew during another 3 days with continuous light (50 μmol⋅m−2⋅s−1). For each accession, 12 seeds were sown per petri dish in triplicate (36 samples/line). Sixteen consecutive sowings including 11 accessions each were established. Additionally, Col-0 was also included in all the sowings to be used as the growth reference accession and for normalization purposes (Supplementary Figure S1A). Lines with germination percentage lower than 80% and with ambiguous marker information were discarded for further analysis (Supplementary Table S1).

Induction of Lateral Root Formation

To induce LR development during early seedling growth (Van Norman et al., 2014), we excised about 2 mm of the root tip using a sterile scalpel on a laminar flow hood at 6 days after sowing (Figure 1A). Next, samples were transferred back to the growth chamber and followed during 4 days for the analysis of several root traits as described below.


[image: image]

FIGURE 1. Wound-induced lateral root (LR) development. (A) Schematic representation of LR induction by root tip excision (the excision site is indicated by the scissors). dae, days after excision; PR, primary root. (B) Average LR number observed in the Columbia-0 (Col-0) reference accession after root tip excision. Different letters indicate significant differences (LSD, P-value < 0.01). (C) Time course of LR development in Col-0 after root tip excision. Scale bar: 5 mm. Numbers in (A,C) indicate order of LR emergence (1, first; 2, second; etc.). Asterisks mark the PR tips after excision.



Image Processing and Parameter Measurement

Petri dishes were daily imaged from 6 to 10 days after sowing using an Epson Perfection V330 Photo scanner (Seiko Epson Corporation, Nagano, Japan), at a resolution of 600 dpi, and saved as RGB color images in JPEG file format. Scanned images were processed using EZ-Rhizo (Armengaud et al., 2009) with available plug-in macros to convert them into binary images, remove noise, gap-filling, and skeletonize them prior to automated root detection (Supplementary Figures S1B–S1E). PR length was directly obtained from the EZ-Rhizo output files from scanned images of 6 days after sowing. A highly significant and positive correlation was found for PR length estimated by EZ-Rhizo and directly measured by ImageJ software2 from hand-drawn roots (Supplementary Figure S1F). LR number was visually counted from the scanned images between 6 and 10 days after sowing. LR emergence onset corresponds to the day when the first newly emerged LR was visible. LR density was estimated at 8 and 10 days after sowing by the LR number/PR length ratio. Data values were normalized relative to Col-0 values in each sowing dividing each individual value by the Col-0 average (Supplementary Table S3).

Statistical Analyses and Heritability Estimation

Statistical analyses of the data was performed by using StatGraphics Centurion XV (StatPoint Technologies, United States) and SPSS 21.0.0 (SPSS Inc., United States) software packages. Data outliers were identified based on aberrant standard deviation values and were excluded for posterior analyses as described elsewhere (Aguinis et al., 2013). One-sample Kolmogorov–Smirnov tests were performed to analyze the goodness-of-fit between the distribution of the data and a theoretical normal distribution. Non-parametric tests and data transformation were applied when needed. To compare the data for a given variable, we performed multiple testing analyses with the ANOVA F-test or the Fisher’s LSD (Least Significant Differences) methods. Significant differences were collected with 5% level of significance (P-value < 0.05) unless otherwise indicated.

The broad-sense heritability (H2) for the studied dataset was calculated as H2 = σG2/(σG2 + σGE2/e +σ2e2/re), in which σG2, σGE2, σe2, r, and e represent the estimated variances for the genetic effects, genotype-environment interactions, random errors, number of replications (12) and number of environments (three), respectively. The estimated variances for σG2, σGE2, and σe2 were obtained by ANOVA using normalized data values as regards to the Col-0 reference accession from 106 of the studied lines.

Population Structure Analysis

The population structure of the selected accessions was estimated using the Bayesian model-based clustering algorithm (Porras-Hurtado et al., 2013) implemented in Structure v2.3.4 software3 (Falush et al., 2003). To this end, we used a collection of 319 randomly selected bi-allelic synonymous (likely evolutionary-neutral) SNP markers from available sequence data (Atwell et al., 2010; Cao et al., 2011; Seren et al., 2012). An in-house Matlab script (Supplementary Table S4) was used for single nucleotide polymorphism (SNP) data selection and file formatting. Structure analysis was performed for K = 1 to K = 10 clusters with 20 replicates and 50,000 burn-in period iterations, followed by 50,000 Markov chain Monte Carlo iterations while using a population admixture ancestry model. To determine the most likely number of subpopulations (K) we applied the ΔK method, as described elsewhere (Evanno et al., 2005).

Genome-Wide Association Studies

Genome-wide association mapping was performed using the GWAPP web interface4, which contains genotypic information for up to 250,000 bi-allelic SNP markers (Seren et al., 2012). GWAS was conducted for the studied traits using the linear regression model (LM) to identify associations between the phenotype of 120 studied accessions and the 205,978 SNPs available in the database. Relative LR numbers were transformed using the y = [image: image] function to fit the theoretical normal distribution. Association mapping was obtained excluding from the analyses all SNPs with a frequency <0.12. SNPs with a −log10(P-value) > 6.5 were considered significantly associated to the studied trait (Supplementary Table S5). Manhattan plots, representing the genomic position of each SNP and its association [−log10(P-value)] with the studied trait, were downloaded from the GWAPP web interface. We analyzed the sampling bias on GWAS by systematically removing one or several geographically isolated accessions and found that it did not make any difference to the detected SNP associations (Supplementary Table S6). We selected non-synonymous SNPs with a −log10(P-value) > 6.5 (P-value = 3.16 × 10−7) for further studies.

Genotyping

Seedlings with T-DNA homozygous insertions in the annotated genes were identified by PCR verification with T-DNA specific primers and a pair of gene-specific primers (Supplementary Table S2). Genomic DNA isolation and genotyping of T-DNA insertion loci PCR were performed as described elsewhere (Pérez-Pérez et al., 2004).

Gene Expression Analysis by Real-Time Quantitative PCR

Primers amplified 81–178 bp of the cDNA sequences (Supplementary Table S2). To avoid amplifying genomic DNA, forward and reverse primers bound different exons and hybridized across consecutive exons.

RNA extraction and cDNA synthesis were performed as described elsewhere (Villacorta-Martín et al., 2015). For real-time quantitative PCR, 14 μl reactions were prepared with 7 μl of the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, United States), 4 μM of specific primer pairs, and 1 μl of cDNA- and DNase-free water (up to 14 μl of total volume reaction). PCR amplifications were carried out in 96-well optical reaction plates on a Step One Plus Real-Time PCR System (Applied Biosystems, United States). Three biological and two technical replicates were performed for each gene. The thermal cycling program started with a step of 10 s at 95°C, followed by 40 cycles (15 s at 95°C and 60 s at 60°C), and the melt curve (from 60 to 95°C, with increments of 0.3°C every 5 s). Dissociation kinetics of the amplified products confirmed their specificity.

Primer validation and gene expression analyses were performed by the absolute quantification method (Lu et al., 2012) by using a standard curve that comprised equal amounts from each cDNA sample. The housekeeping At4g26410 gene (RGS1-HXK1 INTERACTING PROTEIN 1, RHIP1) (Czechowski et al., 2005) was chosen as an internal control and to ensure reproducibility. In each gene, the mean of fold-change values relative to the Col-0 reference genotype was used for graphic representation. Relative expression values were analyzed using SPSS 21.0.0 (SPSS Inc., United States) by applying the Mann–Whitney U-test for statistical differences between cDNA samples (P-value < 0.05).



RESULTS

Natural Variation of Wound-Induced Lateral Root Formation

To validate our experimental approach (Figure 1A), we studied wound-induced LR formation in Columbia-0 (Col-0) during 7 days. PR length remained almost invariable after root tip excision during the whole experiment (Supplementary Figure S1G). The new LRs were already visible at 1 day after PR tip excision (1 dae) and reached 4.97 ± 2.36 (n = 467) LRs at 4 dae (Figure 1B). At 7 dae, the number of LRs slightly increased but it was not possible to measure it unambiguously due to overlap between the LRs of adjacent seedlings (Figures 1B,C). We did not observe a clear spatial pattern of LR emergence from the PRs except that, in all cases, the new LRs emerged from its convex side (Figure 1C, inset). We found a slight variation in PR length and LR number between the different sowings (Supplementary Figures S2A,B), which might be caused by subtle environmental differences at the growth chamber.

We studied wound-induced LR formation in a collection of 173 additional accessions selected from the 1001 Genomes Project (Weigel and Mott, 2009; Supplementary Table S1). In 34 of the studied accessions, the germination percentage at 6 days after sowing was lower than 80% and were discarded for further analysis; other 20 accessions were also discarded because of ambiguous genotypes at the GWAPP web interface (Seren et al., 2012) (Supplementary Table S1). We found variation in all the studied traits (Supplementary Figure S2B). Exceptionally, one or two LRs were observed before root tip excision (0 dae) in some samples, but these were not considered. The broad-sense heritability (H2) was calculated for each of the studied traits (see section “Materials and Methods”). Heritability estimates ranged between 0.90 (LR emergence onset and LR density) and 0.95 (LR number). Broad-sense heritability for PR length was 0.93. Interestingly, we found a positive and significant correlation between LR number and PR length at 4 dae (r = 0.83; Figure 2A), as well as a negative and significant correlation between LR number at 4 dae and LR emergence onset (r = −0.69; Figure 2B). LR number ranged from 1.38 ± 0.82 in Ru3.1-31 (PR length: 0.28 ± 0.07 cm; n = 24) and 9.42 ± 4.84 in Kidr-1 (PR length: 1.90 ± 0.50 cm; n = 24). Hence, reduced LR number in Ru3.1-31 compared to Kidr-1 was likely caused by its reduced PR length. Some accessions, such as Leo-1 and Voeran-1 displayed contrasting phenotypes as regards their LR number (7.07 ± 1.41 and 3.14 ± 1.48 LRs, respectively; n = 29) although they displayed similar PR lengths (Figures 2A,C). On the other hand, Leo-1 and Aitba-2 displayed similar LR number which were larger in Leo-1 likely due to its earlier LR emergence onset (0.55 ± 0.57 days in Leo-1 and 1.82 ± 0.50 days in Aitba-2; n = 29; Figures 2B,C). Ped-0 displayed very short PRs while their wound-induced LRs were much longer (Figure 2C). As regards LR density, Castelfed4.2 and Leo-1 displayed extreme phenotypes, with 2.98 ± 1.35 and 8.05 ± 2.37 roots/cm (n = 29), respectively.
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FIGURE 2. Phenotypic variation of LR architecture after root tip excision. (A,B) Scatter plots of average values for LR number and PR length, or LR number and LR emergence onset among the studied accessions. (C) Some accessions with extreme LR architecture phenotypes after root tip excision. Asterisk marks the PR tip after excision and numbers refer to LR number at 4 dae. Scale bar: 5 mm. Red dots indicate the accessions with contrasting phenotypes shown in (C) and green dots correspond to Col-0.



Assessment of Population Structure

The observed phenotypic distribution for the studied traits (PR length, LR emergence onset, LR number and LR density) suggested that these traits were controlled by multiple genes, that some of the causal alleles are pleiotropic (i.e., affect several of these traits), and that the studied population (n = 120 accessions) was polymorphic for those causal alleles. We determined the genetic relationship among the studied accessions using a Structure analysis with 319 genome-wide randomly selected and synonymous (likely evolutionary neutral) SNP markers already available (see section “Materials and Methods”). Structure analysis of these accessions identified two distinct genetic groups (Figure 3A) that closely correspond to their geographic regions of origin (Figure 3B): The so-called “West” subpopulation including 101 accessions, and the “East” subpopulation with the remaining 19 accessions. However, a detailed analysis of these results indicated a continuous genetic shift from “East” to “West” accessions that follow A. thaliana geographical distribution and that likely arose by local haplotypes, as it has been previously proposed (Platt et al., 2010).
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FIGURE 3. Population structure of the studied accessions. (A) Population structure for the studied accessions using a collection of 319 whole-genome distributed and randomly selected synonymous single nucleotide polymorphism (SNP) markers. (B) Geographical localization of the studied accessions. Accessions from the “West” subpopulation are labeled in red; those from the “East” subpopulation are labeled in purple. (C) Histograms for the studied parameters. Relative data values at 4 dae as compared with the Col-0 reference accession from the “West” subpopulation are represented in the top histograms, while those from the “East” subpopulation are represented in the bottom histograms. Different letters indicate significant differences (LSD, P-value < 0.05).



We found a significant variation range for the studied traits between these two genetically distinct subpopulations (Figure 3C). Altogether, accessions belonging to the “East” subpopulation displayed longer PRs and an increasing number of LRs as regards the “West” subpopulation. However, some accessions of the “East” subpopulation, such as Shigu-1, displayed lower phenotypic values for the studied traits than most of their relatives (Figure 4). On the other hand, accessions of the “West” subpopulation and highly genetically divergent from those in the “East” subpopulation (i.e., Aitba-2, HKT2-4, Leo-1, Mrk-0, and Pra-6) displayed higher number of LRs compared with their closest relatives (Figure 4). Despite some population structure among the studied lines and due to high heritability estimates, there is potential for the identification of natural alleles affecting wound-induced LR formation responses through GWA mapping with our dataset.
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FIGURE 4. Natural variation of LR architecture after root tip excision in 120 accessions of Arabidopsis thaliana. Average ± standard deviation (SD) values of (A) relative PR length, (B) relative LR emergence onset, (C) relative LR number, and (D) relative LR density at 4 dae as compared with the Col-0 reference accession. Light-colored bars indicate accessions belonging to the “East” subpopulation (names indicated in gray). The Col-0 reference is shown in green. Accessions are sorted based on their relative LR numbers. Those accessions with extreme phenotypes (+, maximum; −, minimum) are also indicated.



Genome-Wide Association Mapping of Wound-Induced LR Formation

To obtain insight into the genetic basis of the observed variation in wound-induced responses in young A. thaliana roots, we performed GWA mapping (see section “Materials and Methods”). The significance of association was first evaluated with three different statistical models (LM, KW and AMM; Supplementary Figures S3A–C) and no significant SNP associations were identified by randomization of the phenotypic values within the studied lines (Supplementary Figure S3D). Although LM, and KW usually include more false positives than AMM, they do not present any risk of overcorrection in P-value when applied to traits correlated with population structure (Filiault and Maloof, 2012). We used a conservative threshold of −log10(P-value) > 6.5 and minor allele frequency (MAF) > 12% to select the SNPs being associated with a given trait. A total of 162 SNP associations were found with the LM method for the studied parameters (Supplementary Table S5). We found 32 SNPs associated with PR length with P-values ranging from 1.41 × 10−10 to 3.04 × 10−7. Thirty-two SNPs were significantly associated with LR emergence onset (P-values ranging from 1.22 × 10−8 to 3.09 × 10−7) and only one SNP was found associated with LR density. The larger number of significantly associated SNPs was found for LR number (n = 114), with P-values ranging from 8.27 × 10−11 to 3.15 × 10−7. Consistently with our previous observation that PR length and LR number are significantly correlated, 11 SNPs were significantly associated with both traits; similarly, six significantly associated SNPs were shared between LR emergence onset and LR number (Supplementary Figure S4A).

Next, we classified the selected SNPs based on its molecular effect (Supplementary Figure S4B). About 36% of the significantly associated SNPs were located in intergenic regions and 17.2% of the SNPs laid in the coding region of the annotated gene causing amino acid changes in the protein (Supplementary Figure S4B). Previous reports have shown that, due to linkage disequilibrium, multiple significantly associated SNPs should be found within a small chromosome region for true associations (Rajarammohan et al., 2018). To reduce the number of selected loci for further studies, we focused on 19 candidate genomic regions based on the following criteria (Supplementary Figure S4C): (1) P-value of associated SNPs < 3.16 × 10−7 (which corresponded to a LOD score > 6.5), (2) presence of multiple significantly associated SNPs within an average of 10 Kpb genomic window, and (3) presence of, at least, one non-synonymous SNP within the selected region. We found five genomic regions putatively contributing to PR length variation in the studied population (Figure 5A), with one (At1g04260), two (At1g04470), three (At2g22660), one (At4g01090), and two (At4g22920, At4g22940) non-synonymous SNPs each (Supplementary Table S5). Three genomic regions were identified as regards their effect on variation in LR emergence onset (Figure 5B), each with one non-synonymous SNP (At1g72250, At1g72300 and At5g20980, respectively; Supplementary Table S5). We found 14 genomic regions putatively involved in the observed variation in LR number among the studied accessions (Figure 5C). Interestingly, the non-synonymous SNPs of three of these regions (dubbed as 2′, 4′, and 5′) overlapped with three genomic regions also selected as being involved in PR length variation (Supplementary Table S5). Hence, the affected genes in these cases, At1g04470, At4g01090, and At4g22940, might indirectly contribute to the LR number differences likely due to their direct effect on PR length before root tip excision. The remaining regions identified in the GWA analysis for LR number might include genes that directly contribute to wound-induced LR formation (Supplementary Table S5) and therefore deserve further studies. On the contrary, no other genomic region fulfilled our selection criteria as regards LR density and this trait was not considered (Figure 5D).
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FIGURE 5. Manhattan plots of associations between SNPs and the studied parameters using a linear regression model (LM). (A) Relative PR length, (B) relative LR emergence onset, (C) relative LR number, and (D) relative LR density at 4 dae as compared with the Col-0 reference accession. Dashed horizontal red lines indicate threshold for significance in genome-wide association (GWA) mapping set at –log10(P-value) > 6.5. Red dots indicate the position of non-synonymous significantly associated SNPs. Numbers 1–19 indicate the genomic regions considered for further studies. Some statistically significant SNP were found both in PR length and LR number (2 and 2′, 4 and 4′, 5 and 5′).



TABLE 1. Candidate genes for LR number identified in the genome-wide association (GWA) mapping.
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Selection of Candidate Genes Involved in Wound-Induced LR Formation

To identify allelic variation in genes contributing to the observed differences in LR number after root tip excision, we selected 20 non-synonymous SNPs for further studies (Supplementary Table S6). Although SNPs in intergenic regions could also be causative, we decided to focus on non-synonymous polymorphisms as their later characterization can be performed on an easier way using reverse genetics tools. Based on both geographic distribution and genotype (Figure 3), we hypothesized that Nemrut-1 and Yeg-1 might represent atypical accessions due to ancient migration and genetic isolation. To discard the false-positive SNPs of this spurious association, we repeated the GWA mapping by removing either one or both accessions, which allowed us to reduce to 11 the number of significantly associated SNPs contributing to LR number (Supplementary Table S6). Due to the genetic structure of the studied accessions, we performed ANOVA analyses as regards the “East” and “West” subpopulations independently. Polymorphisms at eight SNPs affecting six genes (At1g17700, At3g58220, At4g01090, At4g33530, At5g16220, and At5g19710; Table 1) were found significantly associated with LR number variation (Supplementary Table S6). Four haplotypes were detected for selected SNPs within the At4g01090 gene (CAA, CAT, CTA, and TAT). The accessions containing the TAT haplotype displayed a significant increase in LR number, irrespectively of their subpopulation of origin (Supplementary Figure S5A). Indeed, the T to A polymorphism at Chr4:472726 accounted for the quantitative differences in LR number by its own. In addition, we observed a haplotype-dependent relationship between SNPs at At5g16220, and At5g19710, which are separated by 1.4 Mb and were previously assigned to two different candidate genomic regions (Figure 5C). The GA haplotype for these two genes corresponded to the higher phenotypic values for LR number (Supplementary Figure S5B). To our knowledge, this is the first example of two-linked quantitative trait nucleotides (QTNs) detected through GWA mapping and further experiments will account for the functional relationship between the two genes and wound-induced LR number.

Experimental Validation of Candidate Genes

To validate the identification of novel genes involved in wound-induced LR formation in A. thaliana seedlings, we chose At4g01090, At4g33530, and At5g19710 for further studies. We searched for available T-DNA insertions in those three genes and identified homozygous mutants by means of PCR and sequencing (Supplementary Table S1). Based on haplotype studies, we found that the Chr4:472726 C/T polymorphism at the At4g01090 gene (Supplementary Figure S6A) was significantly associated with LR number variation, even in those accessions belonging to the same subpopulation such as Fei-0 (5.19 ± 1.88; n = 36) and Star-8 (8.36 ± 2.33; n = 36; Supplementary Figures S6B,C). Additionally, T-DNA homozygotes from the Salk_086312 segregating line displayed a reduced number of wound-induced LR at 4 dae (2.82 ± 1.27; n = 34) in comparison to their wild-type siblings (6.68 ± 1.87; n = 63; Supplementary Figures 6D,E). The homozygous seedlings were also characterized by their longer hypocotyl and shorter PRs (Supplementary Figure 6D). Our results confirmed that the hypothetical protein encoded by the At4g01090 gene participates in wound-induced LR development and that the observed natural variation in their protein sequence might affect their biochemical activity.

At4g33530 (Supplementary Figure S7A) encodes a potassium (K+) uptake transporter which is highly expressed in root hairs (Ahn et al., 2004). We found a statistically significant and non-synonymous SNP (Chr4:16128906) correlated with wound-induced LR phenotype variation (Supplementary Figure S7B). The accessions Pu2-7 and Aitba-2 differed in their LR number (6.44 ± 1.95; n = 32 and 9.53 ± 1.94; n = 34, respectively) and carried alternative alleles of the Chr4:16128906 marker (Supplementary Figure S7C). We identified T-DNA homozygotes from two Salk insertion lines interrupting the coding region of this gene (Supplementary Figure S7A). None of the studied homozygous mutants from Salk_120707 and Salk_072850 lines displayed significant differences in wound-induced LR number as regards their wild-type siblings (Supplementary Figures S7D,E).

The At5g19710 gene (Figure 6A) encodes a histidine phosphotransfer protein (AHP) whose function on the CK transduction pathway has not yet been elucidated. There are six other known AHPs involved in CK responses (Hutchison et al., 2006). Phylogenetic tree reconstruction of AHPs including At5g19710 (Figure 6A), suggested that the annotated AHP protein encoded by this gene was incorrectly predicted due to an exon skipping, and clustered together with the AHP4 negative regulator of CK signaling (Figure 6B; Moreira et al., 2013). We found that the Chr5:6665363 G/A polymorphism at the third exon of this gene (Figure 6A) was significantly associated with LR number variation (Figure 6C), even in those accessions belonging to the same subpopulation such as Ll-0 (3.91 ± 2.20; n = 32) and Pra-6 (7.91 ± 1.91; n = 33; Figure 6D). We identified a homozygous T-DNA insertion line for the At5g19710 gene whose seedlings showed a reduced number of wound-induced LRs (Figures 6E,F) due to a significant miss-regulation of At5g19710 gene expression (Figure 6G). We also confirmed that the triple ahp1 ahp2 ahp3 mutants, which was defective in CK root responses (Hutchison et al., 2006), displayed a significant reduction in wound-induced LRs at 4 dae compared to their wild-type background (Figures 6E,F). Taken together, our results seem to indicate that altered homeostasis of AHP proteins required for CK signaling interferes with wound-induced LR formation, a statement that requires further investigation.
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FIGURE 6. Functional analysis of At5g19710 variation concerning LR number. (A) Gene structure of At5g19710. Exons are represented by black boxes and introns are depicted as gray lines. The studied non-synonymous SNP markers (arrows) and annotated T-DNA insertions (triangles) are indicated. (B) Phylogenetic analyses of the AHP gene family. Trees were drawn to scale, with branch lengths representing the number of substitutions per site. These analyses were conducted in MEGA7 as described elsewhere (Sánchez-García et al., 2018). (C) Scatterplot of average LR number values used for GWA mapping, sorted by the alleles, G and A, at Chr5:6665363 position. (D) Some accessions of the studied haplotypes with contrasting LR number values. (E) Representative images of wild-type and homozygous seedlings of indicated Salk and mutant lines at 4 dae. Asterisk marks the PR tip after excision and numbers refer to LR number at 4 dae. Scale bars: 5 mm. (F) Boxplot showing relative LR number values of wild type and homozygous T-DNA mutants of the indicated Salk lines. Different letters indicate significant differences (LSD, P-value < 0.01). (G) RT-qPCR of the expression of At5g19710 in wild-type and mutant seedlings at 7 dae. Bars indicate normalized expression levels ± standard deviation relative to the wild type. Asterisks indicate significant differences between the assayed genotypes and the reference (LSD; P-value < 0.05).



Finally, we wondered whether there was an epistatic interaction between the allelic variants for some of the studied non-synonymous SNP markers (Chr4:472726, Chr4:16128906 and Chr5:6665363, respectively) that contributed to the observed variation in wound-induced LR formation in the studied population. Accessions sharing the CCG haplotype for these three markers displayed the smallest number of wound-induced LRs (Supplementary Figure S8A), while only the accessions with the haplotype containing a single polymorphism in the At4g01090 gene showed a significant increase (LSD; P-value < 0.01) in LR numbers (Supplementary Figure S8A). The individual contribution of the SNP polymorphisms in the other two genes considered, At4g33530 and At5g19710, hardly increased wound-induced LR numbers alone but in combination (CGA haplotype) their effects on wound-induced LR formation were enhanced (Supplementary Figure S8A). Similar interactions were found between the other SNP pairs (TGG and TCA haplotypes). Interestingly, we identified several accessions in the “West” subpopulation of all the haplotypes correlated with an increase in wound-induced LR numbers, such as Mrk-0 (8.17 ± 2.12; n = 36) and Vie-0 (6.33 ± 1.80; n = 33) (Supplementary Figure S8B). However, all accessions with the TGA haplotype combining the allelic variants that contribute to an increase of wound-induced LR formation belonged to the “East” subpopulation, which suggested that this trait might be ancestral.



DISCUSSION

The spatial configuration of the RSA allows the plant to dynamically respond to changing soil conditions (Koevoets et al., 2016). Root plasticity relies on the integration of systemic and local signals of nutrient and water availability into the core developmental program of the root (Araya et al., 2014; Bao et al., 2014). Periodic fluctuations in auxin response within the vascular region of the PR near the meristem control the patterning of LR founder cell specification (Moreno-Risueno et al., 2010). A novel IBA-to-IAA conversion pathway in the outer LR cap cells creates a local auxin source that contributes to these periodic auxin fluctuations, which in turn are essential for LR pre-patterning (Xuan et al., 2015). Our wound-induced RSA assay is simple and provides an accurate measure of LR capacity, defined as the total number of competent sites for LR formation on a given root (Van Norman et al., 2014). Interestingly, a recent study has demonstrated that A. thaliana PRs might use a specific pathway to activate LR formation when the PR is damaged (Sheng et al., 2017). The authors found that WUSCHEL-related homeobox11 (WOX11), which is involved in de novo regeneration of adventitious roots from leaf explants (Liu et al., 2014), was also required for LR formation in soil conditions, likely upstream of the LATERAL ORGAN BOUNDARIES DOMAIN (LBD) genes required for LR initiation (Goh et al., 2012).

We found a wide variation for the studied wound-induced RSA traits in our GWA mapping population. There was a clear correlation between the number of wound-induced LRs (i.e., LR branching capacity) with PR length at the excision day and with the time of LR emergence after excision. Some accessions, such as Leo-1 and Voeran-1, significantly differed in their LR number because of an earlier initiation of wound-induced LRs in Leo-1, which were also longer. Hence, Leo-1 contained alleles for higher LR branching capacity that positively contributed to an enhanced root system, which might allow survival in harsh environments. It will be interesting to evaluate whether differences in WOX11 expression between these accessions might account for the observed differences in RSA after root tip excision.

A population analysis of the studied accessions inferred two distinct genetic groups that closely corresponded to the geographic regions of A. thaliana native distribution and the proposed postglacial colonization routes in this species (Platt et al., 2010; Cao et al., 2011). Interestingly, the “East” subpopulation included accessions, mainly from Central Asia, with enhanced wound-induced RSA traits. In this case, genetic polymorphism may be strongly correlated with RSA traits because of demographic history, challenging the identification of the causal polymorphisms. Within the “West” subpopulation however, there was a clear longitudinal gradient of genetic polymorphisms, such as the accessions in Central Europe were also genetically close to those in the “East” subpopulation. Additionally, Nemrut-1 and Yeg-1 were included in the “East” subpopulation in our study, which is in agreement with a recently proposed migration route connecting Asia and Africa from the south (Brennan et al., 2014). Although it is well-known that population structure, among other effects, can complicate GWA studies in Arabidopsis (Filiault and Maloof, 2012), we reasoned that the studied traits showed broad phenotypic variation, globally as well as within the two subpopulations, that also exhibited continuous isolation by distance as observed earlier in this species (Platt et al., 2010). For example, some accessions from the “West” subpopulation, like Leo-1 and Pra-6, showed an enhanced root system after wounding, while other genetically and geographically close accessions (Cdm-0 and Qui-0, respectively) displayed a less complex RSA. It is well known that nutrients and other environmental signals in the soil might alter the RSA (Kellermeier et al., 2014). We thus speculate that the observed differences in wound-induced RSA traits might represent local adaptations to distinct ecological niches, and one of the environmental signals that might be involved is osmotic stress. Some accessions from the “East” subpopulation, such as Shigu-1 and Tamm-2, displayed lower RSA values than their close relatives. Hence, these contrasting accessions might be used as parents for QTL identification through conventional linkage association mapping in different soil stress conditions.

Through GWA mapping, we identified 162 SNP associations that significantly accounted for variation in wound-induced RSA traits located at 19 genomic regions, which were defined based primarily by non-synonymous SNPs. As expected by our trait correlation analyses, we found a clear overlap between three genomic regions associated for PR length and LR number (2/2′, 4/4′, and 5/5′). In all these cases, the causal polymorphism(s) might affect genes with pleiotropic effects on RSA. GWA mapping has facilitated the identification of the molecular variants underlying complex traits in crops, such as heterosis (Huang et al., 2016), grain size (Si et al., 2016), or drought resistance (Wang et al., 2016). In all these examples, hundreds of genetic variants were identified and candidate genes were assigned based on prior knowledge. In most cases, the genetic variation affected regulatory regions of candidate genes and functional validation using transgenic approaches were required for the functional validation of these genes.

Our results suggest that non-synonymous variation in the coding region of At4g01090 was significantly associated with wound-induced LR variation. At4g01090 encodes a hypothetical protein (DUF3133) of unknown function, which is expressed at higher levels in the endodermis of the elongation zone of the root and the mature xylem (Winter et al., 2007). Other ortholog genes encoding proteins with the DUF3133 domain are At4g01410, which has been annotated as a late embryogenesis abundant (LEA) protein, and enhanced disease resistance 4 (EDR4), which modulates plant immunity by regulating clathrin heavy chain 2 (CHC2)-mediated vesicle trafficking (Wu et al., 2015). The protein encoded by At4g01410 has been found to interact with EDR4 (Mukhtar et al., 2011). One intriguing possibility is that these DUF3133-containing proteins might also interact with clathrin-coated vesicles during PIN-FORMED (PIN) endocytosis (Dhonukshe et al., 2007; Kitakura et al., 2011), which could then be directly linked to LR initiation (Ditengou et al., 2008). Additional experiments will be performed in our lab to confirm the involvement of DUF3133-containing proteins in clathrin-mediated PIN endocytosis during wound-induced LR formation.

At5g19710 encodes a histidine phosphotransfer protein belonging to the AHP bridge components of the His-Asp phosphorelay transduction pathway of CK signaling (Hwang et al., 2012). Five AHPs (AHP1-5) mediate the cytoplasmic-to-nuclear transduction of the CK signal by transferring the phosphoryl group from the CK receptors to nuclear type-B (positive) and type-A (negative) Arabidopsis response regulators (ARRs). AHP6 lacks the conserved His residue and negatively interferes with CK response (Moreira et al., 2013), most likely by competing with AHP1–5 for interaction with CK-activated receptors (Mahonen et al., 2006). The AHP protein encoded by the At5g19710 gene resembled AHP4. Based on loss-of-function analysis (Hutchison et al., 2006), a negative role of AHP4 for a subset of CK responses (i.e., LR formation) has also been proposed. Interestingly, At5g19710 is specifically expressed in LR cap cells in a low nitrogen environment while it was significantly downregulated by a short nitrate treatment (Gifford et al., 2007). Despite the local inhibitory role of CKs on LR initiation (Laplaze et al., 2007), CKs are essential components of the systemic signaling network leading to the enhancement of LR formation where nitrate is available (Ruffel et al., 2016). In Arabidopsis, the adaptive root response to nitrate depends on the NRT1.1/NPF6.3 transporter/sensor system (Bouguyon et al., 2016). NRT1.1 represses LR emergence at low nitrate concentration through its auxin transport activity that lowers auxin accumulation in the LR primordia (Bouguyon et al., 2016). An additional layer of regulation of systemic N signaling involves TCP20 (Guan et al., 2014). TCP20 is a transcription factor from the TEOSINTE BRANCHED1, CYCLOIDEA, and PCF (TCP) family that binds the promoters of type-A ARR5 and ARR7 at high nitrate levels and of NRT1.1 at low nitrate only (Guan et al., 2014). We speculate that the AHP protein encoded by At5g19710 might function as a negative regulator of a subset of CK responses in LR cap cells at low nitrate, leading to a net reduction of the number of competent sites for LR formation. Interestingly, cell-specific regulation of a transcriptional circuit including ARF8 and miR167 mediates LR outgrowth in response to nitrogen (Gifford et al., 2007). Additional experiments will be required to establishing a functional link between At5g19710-encoding AHP and the ARF8/miR167 circuit.

We found a statistically significant association between a non-synonymous SNP in the coding region of K+ UPTAKE TRANSPORTER5 (KUP5) that changes a Gln to His residue in a conserved transmembrane domain of the protein. Potassium is an essential element in plant growth as it affects osmotic regulation and cell water potential (Lebaudy et al., 2007). The Arabidopsis genome contains multigene families of potassium channels with distinct or redundant functions (Lebaudy et al., 2007), which might explain why the loss-of-function of kUP5 alone did not produce any effect on wound-induced RSA (this work). Consistently, loss-of-function mutations in three KUP family potassium efflux transporters, KUP6, 8 and 2, showed increased auxin responses and enhanced LR formation (Osakabe et al., 2013). As proposed earlier, these KUP transporters might coordinately control potassium homeostasis across root tissues, and the enhanced LR formation in the triple mutants might be caused by a local excess of potassium in the pericycle cells, resulting in enhanced LR formation due to its effect on cell cycle progression (Osakabe et al., 2013). We found an interesting epistatic interaction between the SNP polymorphisms in At4g33530 and At5g19710, which suggest a functional link between potassium uptake and CK signaling. CKs are fairly known to regulate uptake and metabolism of different nutrients: nitrogen, sulfate, phosphate, and iron (Brenner et al., 2012), but the roles of CKs in potassium signaling are poorly understood (Nam et al., 2012).

Through GWA mapping we have identified a number of significant non-synonymous polymorphisms that accounted for some of the variation found in wound-induced RSA. Our results highlighted new regulators of LR formation in Arabidopsis and the further dissection of the developmental mechanisms involved might help to understand the genetic basis of the natural variation of root plasticity.
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Morphogenetic processes are the basis of new organ formation. Lateral roots (LRs) are the building blocks of the root system. After LR initiation and before LR emergence, a new lateral root primordium (LRP) forms. During this period, the organization and functionality of the prospective LR is defined. Thus, proper LRP morphogenesis is a decisive process during root system formation. Most current studies on LRP morphogenesis have been performed in the model species Arabidopsis thaliana; little is known about this process in other angiosperms. To understand LRP morphogenesis from a wider perspective, we review both contemporary and earlier studies. The latter are largely forgotten, and we attempted to integrate them into present-day research. In particular, we consider in detail the participation of parent root tissue in LRP formation, cell proliferation and timing during LRP morphogenesis, and the hormonal and genetic regulation of LRP morphogenesis. Cell type identity acquisition and new stem cell establishement during LRP morphogenesis are also considered. Within each of these facets, unanswered or poorly understood questions are identified to help define future research in the field. Finally, we discuss emerging research avenues and new technologies that could be used to answer the remaining questions in studies of LRP morphogenesis.
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INTRODUCTION

A key function of roots—water and mineral uptake and transport—is strongly related to the root system surface area. Root branching promotes and underlies the increase in root surface area, and therefore a single lateral root (LR) constitutes a building block of the root system. Thus, root branching is a ubiquitous and widely distributed process in vascular plants. A classic example of the abundance of roots is the extended root system of a single rye plant (Secale cereale). During only one growth season of approximately 4 months, a single plant formed 13,815,672 roots (Dittmer, 1937), most of which were LRs. LRs are initiated in the pericycle (Laskowski et al., 1995; Dubrovsky et al., 2000, 2008; Beeckman et al., 2001; Dubrovsky and Rost, 2012; Beeckman and De Smet, 2014), and comprehensive analysis of LR development has been performed on a model species, Arabidopsis thaliana (hereafter Arabidopsis). In this species, it has been recognized that LR formation is a process that includes multiple steps: (a) pericycle priming; (b) founder cell specification; (c) the first divisions in pericycle founder cells leading to LR formation, processes defined as LR initiation; (d) lateral root primordium (LRP) formation, comprising developmental processes from the first derivatives of the founder cells to formation of the dome-shaped LRP; (e) LR emergence, i.e., protrusion of the LRP through the external root tissues, including ground tissues and epidermis; (f) activation of the apical meristem in the nascent LR; and (g) LR growth (Malamy and Benfey, 1997; De Smet et al., 2003; Péret et al., 2009; Malamy, 2010; Stoeckle et al., 2018). The details of these processes are studied at different levels, from developmental anatomy to hormonal and genetic control (Casimiro et al., 2003; De Smet et al., 2006a; Fukaki and Tasaka, 2009; De Smet, 2012; Atkinson et al., 2014; Du and Scheres, 2017a; Dubrovsky and Laskowski, 2017; Ötvös and Benková, 2017). However, not all these steps are equally understood. One of the less understood steps comprises morphogenetic processes from LR initiation to LR emergence (Figure 1). Indeed, the mechanisms underlying the remarkably stable and reproducible process of formation of the three-dimensional (3D) LRP structure from a 2D plate of founder cell derivatives are a mystery. In this review, we summarize what is known about the essential elements underlying LRP morphogenesis in angiosperms and attempt to identify the basic questions related to LRP morphogenesis that remain to be answered or better understood.
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FIGURE 1. Developmental stages and cell type identity acquisition during lateral root primordium morphogenesis from initiation to lateral root emergence. Numbers correspond to the developmental stages as defined by Malamy and Benfey (1997). Emerging cell identity recognized based on cell type reporters is color-coded. Pericycle cell identity corresponds to that of the parent root. OL and IL are outer and internal layers. See text for details.





PARENT TISSUES PARTICIPATING IN PRIMORDIUM FORMATION

Although the pericycle is a principal tissue giving rise to LRs in angiosperms, other parent root tissues, including the endodermis, cortex and vascular parenchyma, participate in LRP morphogenesis.

Pericycle

The specification of pericycle founder cells and other pre-initiation events take place before LRP initiation (De Smet et al., 2007; Moreno-Risueno et al., 2010; Van Norman et al., 2013) and are therefore beyond the scope of this review. In Arabidopsis, two types of LRP initiation have been recognized: longitudinal unicellular and longitudinal bi-cellular, in which a single or two adjacent pericycle founder cells in the longitudinal plane, respectively, participate in LRP initiation (Dubrovsky et al., 2001, 2008). The most common type of initiation is considered to be longitudinal bi-cellular (Casero et al., 1995; Lloret and Casero, 2002; De Rybel et al., 2010; von Wangenheim et al., 2016). However, it cannot be excluded that the longitudinal bi-cellular type is a result of the cell division of the founder cell following the longitudinal unicellular type of initiation. Even for a model species such as Arabidopsis, it is not known how common each initiation type is.

When viewed in a transversal plane, the number of pericycle cell files that participate in the specification of the LRP founder cells varies among species; for instance, 4 to 6 phloem-adjacent files in wheat (Triticum aestivum; Demchenko and Demchenko, 2001) and 6–8 xylem-adjacent cell files in Arabidopsis (von Wangenheim et al., 2016) are involved in LRP formation. In most species, the pericycle is a unicellular tissue layer. Nevertheless, in Cucurbitaceae, two pericycle layers, internal and external, are formed in the xylem pole, and both participate in LRP formation (Dubrovsky, 1986a; Ilina et al., 2018). The most detailed analysis of pericycle participation in LRP morphogenesis has been performed in Arabidopsis. In this species, the first few divisions in the pericycle leading to LRP formation are anticlinal formative (asymmetrical) divisions (De Smet and Beeckman, 2011). Anticlinal divisions are perpendicular to the nearest root surface. As these divisions take place in few tangentially (i.e., in the direction perpendicular to the radius of the parent root) adjacent founder cells (Dubrovsky et al., 2001; Casimiro et al., 2003; von Wangenheim et al., 2016), a plate of on average 26 pericycle-derived cells is formed (von Wangenheim et al., 2016), corresponding to Stage (St) I, as defined by Malamy and Benfey (1997) (Figure 1). This cell plate has 2D organization and, at this point, the transition to the formation of the new growth axis that permits the 3D LRP organization is defined. The first event leading to this transition is the radial growth of StI LRP cells, resulting in the formation of the apical–basal axis of the new LR (Figure 2). This new growth direction is controlled by the adjacent endodermis through auxin signaling mediated by SHORT HYPOCOTYL2, SHY2/IAA3 (Vermeer et al., 2014). Radially expanded LRP cells eventually divide periclinally (Malamy and Benfey, 1997), i.e., parallel to the nearest root surface (Figure 1), starting in the central xylem-adjacent cell files of the plate. This division follows the established Errera’s rule, which states that cells divide preferentially along the shortest distance between cell walls (Besson and Dumais, 2011). Concurrently, the tangentially flanking cells of the plate divide in an oblique orientation, impacting the formation of the oval-shaped basal portion of the prospective LRP (Lucas et al., 2013). Starting from the two-layered LRP, 3D morphogenesis continues along the axis of the future LR. The number of cells at a given developmental stage and the division patterns vary, even though the overall LRP shape changes are conserved (Lucas et al., 2013; von Wangenheim et al., 2016). The developmental stages recognized for Arabidopsis (Malamy and Benfey, 1997; Napsucialy-Mendivil and Dubrovsky, 2018), depicted in Figure 1, are frequently applied to other species (Yu et al., 2016). In most angiosperms examined, pericycle participation in LRP formation is similar, at least during the early stages(Lloret and Casero, 2002).
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FIGURE 2. Main domains in the developing lateral root primordium.



Endodermis and Cortex

As early as the 1870s, it was documented that in addition to the pericycle, other tissues participate in LRP morphogenesis (Janczewski, 1874; Van Tieghem and Douliot, 1888; Von Guttenberg, 1968). In most dicots and monocots, the endodermis is also involved in LRP formation (Van Tieghem and Douliot, 1888; Kawata and Shibayama, 1965; Bell and McCully, 1970; Seago, 1973). In some orders—for example, Poales—endodermis participation in LRP formation requires cell dedifferentiation (Danilova and Serdyuk, 1982). The first few divisions in the endodermal layer, like in the pericycle, are anticlinal (Seago, 1973; Demchenko and Demchenko, 2001). Next, in maize (Zea mays; Bell and McCully, 1970), T. aestivum (Demchenko and Demchenko, 2001), tomato (Solanum lycopersicum; Ivanchenko et al., 2006) and other species, the endodermal derivatives undergo periclinal divisions and form a two-layered structure. In many angiosperm taxa, even more than two layers of endodermal origin can be formed (Figure 3). The LRP tissues of endodermal origin form a temporary structure called Tasche in the German literature and Poche in the French (Clowes, 1978a). No specific term for this structure is used in the English literature. This temporary structure has some features of the root cap and sloughs off after LR emergence. Here we call this temporary structure the Cap-Like Structure (CLS). The CLS results from both anticlinal and periclinal divisions of the endodermis and sometimes cortex (see below). We should note here that in some cases the CLS is not temporary but a permanent structure (see below). Anatomical studies of Z. mays LRPs showed that the endodermis contributes to the formation of the LR’s permanent tissues, the epidermis and the root cap (Bell and McCully, 1970; Karas and McCully, 1973; McCully, 1975). This interpretation results from the fact that the epidermis of a recently emerged LR can be traced back to the endodermis of the parent root and that endodermal derivative cells in the central apical domain of the LRP start to divide periclinally and form a root cap (Bell and McCully, 1970; Karas and McCully, 1973). Particularly, when a Z. mays LRP protrudes about half the width of the parent root cortex, endodermal derivatives of the LRP contain abundant starch grains (Bell and McCully, 1970). By analyzing colchicine-treated chimeric LRPs that contain cells of different ploidy, Clowes (1978a) showed that the whole LR in Z. mays plants is of pericyclic origin and that the endodermis forms the CLS, which is maintained only for a short period after LR emergence. Similar conclusions were reached for more complex scenarios in which not only the endodermis but also the cortex participates in LRP formation (Dubrovsky, 1986a; Demchenko et al., 2001; Ilina et al., 2018), confirming the earlier view that the permanent body of the LR is entirely of pericyclic origin (Van Tieghem and Douliot, 1888).


[image: image]

FIGURE 3. Distribution and extent of the development of the cap-like structure (CLS) of the lateral root primordium among angiosperm orders. The maximum number of CLS cell layers is indicated. Angiosperm orders for which no CLS has been found are depicted with gray branches. Cladogram topology was depicted using FigTree (http://tree.bio.ed.ac.uk/software/figtree/) following the phylogenetic relationship among angiosperms as proposed by the Angiosperm Phylogeny Group (Chase et al., 2016). The data were taken from Voronin’s (1957) analysis of Van Tieghem and Douliot (1888). Species included in the analysis were revised in accordance with contemporary taxonomic classification. Orders for which no data are available were not included in the cladogram. Additionally, data for Solanales were added (Seago, 1973; Ivanchenko et al., 2006).



As it is not always possible to deduce which LRP tissues are formed from the pericycle or endodermis based on anatomical observations alone, there is a need to develop cell type identity markers for this purpose. Nevertheless, anatomical studies are of great value. Based on the classical work of Philippe Van Tieghem and Douliot (1888), Voronin (1957, 1964) analyzed the types and distribution of the CLS among angiosperms. We incorporated Voronin’s data in the angiosperm phylogenetic tree proposed by the Angiosperm Phylogeny Group (Chase et al., 2016), in an effort to visualize the distribution and evolutionary trends of the appearance and types of the CLS in angiosperms (Figure 3). This analysis showed that the CLS is present in most angiosperm orders. The distribution of the CLS in angiosperms suggests an evolutionary trend toward CLS reduction until its complete disappearance, as inferred from the absence of a CLS in most orders of the recent Asterids clade (Figure 3). In Arabidopsis, a CLS is not found, even though it is present in other Brassicales. This ‘atypical’ pattern is perhaps a consequence of very simple root organization with a two-layered ground tissue composed of single layers of endodermis and cortex. It would be interesting to validate this hypothesis by analyzing LRP formation in Arabidopsis transgenic lines with supernumerary ground tissue layers that maintain endodermis identity (Nakajima et al., 2001).

In some species, the developing LRP is capable of inducing cell divisions in the adjacent cortex (Tschermak-Woess and Doležal, 1953; Demchenko et al., 2001) that are unrelated to LRP morphogenesis. The role of these divisions is unclear. In some taxa, cortex adjacent to the endodermis participates in CLS formation. This is commonly found in Fabaceae (Popham, 1955; Byrne et al., 1977) and Cucurbitaceae (Van Tieghem and Douliot, 1886; Dubrovsky, 1986a; Demchenko and Demchenko, 2001; Ilina et al., 2018), which form a massive CLS (Figure 4). Interestingly, the cortical and endodermal cells of the same files of the parent root that constitute the developing LRP participate in CLS formation and the cells outside the LRP of the same files do not divide (Dubrovsky, 1986a; Demchenko and Demchenko, 2001; Ilina et al., 2018). This endodermis continuity between the parent and lateral roots is not always maintained, and the CLS on the flanks can be destroyed before LR emergence, as in Z. mays (Clowes, 1978a). Few studies have examined how the ground tissue and epidermis of endodermal and cortical origin are replaced by the same cell types produced by the pericycle (Dubrovsky, 1986a).
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FIGURE 4. Tissues participating in lateral root primordium (LRP) formation in cucumber (Cucumis sativus) root. In C. sativus, several embryonic LRPs are formed during embryogenesis. Within the same parent root, the more apical primordium (A) is developed to a lesser extent than the most basal primordium (B). Note the different extent of each cell type participation in LRP morphogenesis in these primordia. The temporal cap-like structure (CLS) includes endodermis and cortex derivatives of the LRP. Cell types and their derivative cells produced within the LRP are color coded. The LRP is indicated by a dashed line. Seeds were imbibed for 18 h and fixed; histological sections of the radicle were prepared and stained as described (Dubrovsky, 1986a). Scale bar = 50 μm.



Surprisingly, studies of CLS function during and after LRP formation are scarce. It has been suggested that CLS cells secrete hydrolases that may facilitate LR emergence (Van Tieghem and Douliot, 1888; Bonnett, 1969; McCully, 1975). The early literature on CLSs suggests that this structure protects the pericycle derivatives from mechanical damage as the LRP protrudes through the parental root tissues before LR emergence. Despite the fact that in most angiosperms the CLS is displaced by the permanent cap of pericyclic origin post-emergence, in some hydrophytes (e.g., Hydrocharis, Lemna, Pistia, Eichornia, and Pontederia) the CLS is permanently maintained on the LRs (Voronin, 1957).

Another possible function of the CLS might be related to cell proliferation. Cell division in the endodermis and the pericycle start simultaneously during LRP initiation and may create a critical mass of cells required to sustain rapid cell divisions (see section “The Cell Cycle During Lateral Root Primordium Morphogenesis and Timing Aspects”). Also, cell proliferation of the CLS is important for quiescent center (QC) establishment (see Section “Cell Type Identity Acquisition”). Whether endodermal participation in LRP morphogenesis in angiosperms is evolutionarily linked to the ability of this tissue in ferns to form LRPs (Mallory et al., 1970; Hou et al., 2004) is an open question.

Vascular Parenchyma

No participation of vascular parenchyma in LRP formation has been documented in Arabidopsis. Therefore, this aspect of LRP morphogenesis is seldom discussed in contemporary literature. Nonetheless, the vascular parenchyma participates in primordium formation in both monocots (Rywosch, 1909; Bunning, 1952; Bell and McCully, 1970; Demchenko and Demchenko, 1996b) and eudicots (Seago, 1973; Byrne et al., 1977) by contributing to the vascular connection of the nascent LR and the parent root. It has been documented that vascular parenchyma cells start to divide very early, in StI LRPs in monocots (e.g., T. aestivum; Demchenko and Demchenko, 1996a) and StII LRPs in eudicots (e.g., Glycine Max; Byrne et al., 1977). During LRP formation in G. max, vascular parenchyma derivatives divide periclinally and form files of 4–5 cells that contribute to the formation of vascular tissues connecting the parent and lateral root (Byrne et al., 1977). Similarly, during embryonic LRP morphogenesis in the cucumber (Cucumis sativus) radicle, vascular parenchyma cells of the parent root divide 2–3 times periclinally, forming several layers of derivative cells (Dubrovsky, 1986a) (Figure 4). The contribution of vascular tissues of the parent root to LRP formation was also documented by the analysis of ploidy chimeras in Z. mays roots (Clowes, 1978a). Whether the participation of vascular parenchyma during LRP development is related to transport of nutrients or hormones toward the developing LRP remains to be determined.



THE CELL CYCLE DURING LATERAL ROOT PRIMORDIUM MORPHOGENESIS AND TIMING ASPECTS

In most angiosperms, LR initiation takes place post-germination. However, there are well-documented cases in which LRs are initiated during embryogenesis, such as in Cucurbitaceae (Clowes, 1982; Dubrovsky, 1986a,b, 1987) and Polygonaceae (buckwheat, Fagopyrum sagittatum, O’Dell and Foard, 1969). The extent to which LRP morphogenesis proceeds during embryogenesis ranges from StII, as in F. sagittatum (O’Dell and Foard, 1969), to StVII, as in C. sativum (Dubrovsky, 1986a). A number of embryonic LRPs are formed within the embryo (O’Dell and Foard, 1969; Dubrovsky, 1987). Interestingly, in some Cucurbitaceae in which embryonic LRP morphogenesis is documented, post-germination LRP initiation takes place in the root apical meristem (Gulyaev, 1964; Dubrovsky, 1987; Demchenko and Demchenko, 2001; Ilina et al., 2018). Some other angiosperms, especially hydrophytes from Pontederiaceae, Araceae and Alismataceae, also begin LRP morphogenesis within the apical meristem of the parent root, as reviewed elsewhere (Dubrovsky and Rost, 2003; Ilina et al., 2018). Whether there is a correlation between the species capability to start LRP morphogenesis during embryogenesis and its capacity to initiate LRPs within the root apical meristem is an open question. In most angiosperm species, however, initiation starts post-germination within the differentiation zone, where LRP morphogenesis takes place. In this review, we consider mostly these cases.

The time from LR initiation to emergence ranges from 2.8 to 3.6 days in pea (Pisum sativum), faba bean (Vicia faba), Z. mays, and common bean (Phaseolus vulgaris) (MacLeod and Thompson, 1979), is about 2.5 days in radish (Raphanus sativus) (Blakely et al., 1982) and 1.6–2.2 days in Arabidopsis (Napsucialy-Mendivil et al., 2014; von Wangenheim et al., 2016). This suggests that the whole new organ can be formed during a relatively short period. Cell cycle studies in developing LRPs using labeled DNA precursors, e.g., tritiated thymidine (3H-thymidine), have restrictions because LRPs at advanced stages do not incorporate 3H-thymidine; for example, in V. faba LRPs of 1,500 or fewer cells incorporated 3H-thymidine, whereas LRPs that contained a greater number of cells did not (Davidson and MacLeod, 1968; MacLeod and Davidson, 1968). Similarly, in monocots (T. aestivum), LRPs at StIII and later did not incorporate 3H-thymidine (Demchenko and Demchenko, 1996a). Therefore, most earlier studies were based on estimating cell doubling time (Td), and contemporary studies use a time-lapse approach (von Wangenheim et al., 2016). Td estimations assume an exponential increase in cell number in the LRP (Thompson and MacLeod, 1981) to estimate the maximal duration of the cell cycle. As all LRP cells become polyploid when treated with colchicine (MacLeod and Davidson, 1968; Friedberg and Davidson, 1971), it is accepted that all the LRP cells proliferate, and the proliferation fraction is equal to one.

Cell proliferation dynamics impact the rate of primordium formation and LRP morphogenesis. It has been proposed that the rapid establishment of an LRP after initiation might have a role in lateral inhibition—i.e., preventing the initiation of new LRPs in the vicinity of ones already initiated (Dubrovsky et al., 2001). Therefore, the cell cycle in young LRPs is expected to be shorter than that in LRPs at a later developmental stage. Indeed, a few studies show that the shortest cell cycle is found at the earliest stages of LRP morphogenesis and increases at later stages. In V. faba, P. sativum, Z. mays, P. vulgaris (MacLeod and Thompson, 1979), and Arabidopsis (Dubrovsky et al., 2001), the Td from early to later stages of LRP development increases from 8.2, 2.9, 4.5, 6.9, and 2.7 h to 14.16, 9.96, 17.65, 11.4, and 4.9 h, respectively. For Arabidopsis, the average Td in LRP cells is 7.1 h (von Wangenheim et al., 2016), about half the average cell cycle duration observed in the primary-root apical meristem (reviewed in Zhukovskaya et al., 2018). Therefore, an overall short cell cycle and a gradual increase in cell cycle duration over time seems to be a general tendency. In species with LRPs already initiated during embryogenesis, the opposite trend is found post-germination. For instance, in C. sativus, Td is the longest (8.7 h) when pre-initiated LRP cells first enter the cell cycle soon after seed imbibition and decreases to 2.7 h in the LRP just before LR emergence (Dubrovsky, 1986b), explaining why LRs emerge rapidly after germination in this species.

When V. faba LRPs are about to emerge, their cells are less proliferatively active than during previous stages; after emergence, a sharp increase in proliferation is observed (Friedberg and Davidson, 1971; MacLeod, 1972, 1973). The rate of formation of individual LRPs within a parent root is variable, as documented for V. faba, P. sativum, Z. mays, and P. vulgaris (MacLeod and Thompson, 1979) and Arabidopsis (Dubrovsky et al., 2006; von Wangenheim et al., 2016). This is in agreement with the fact that, contrary to LR initiation, LRP formation along the parent root does not follow an acropetal pattern and is asynchronous. The heterogeneity in the rate of LRP formation explains why younger LRPs are found among the older ones or among emerged LRs, even in the zone where the vascular cambium and secondary tissues are formed (Napsucialy-Mendivil and Dubrovsky, 2018). Whether slow developing or delayed LRPs are capable of later resuming development is not well documented and remains an open question.

The processes of LR initiation and emergence are coordinated (Lucas et al., 2008b). The distance from the apex of the parent root to the site where the LR emerges depends on the site of LR initiation and on the rate of primordium formation. As mentioned above, in Arabidopsis, the time between LRP initiation and LR emergence is one of the shortest reported in Angiosperms. Nonetheless, the LR emerges a few centimeters from the apex. When LRs are initiated in the root apical meristem of the parent roots, as in Cucurbitaceae, LRs emerge at a shorter distance, e.g., 12–15 mm from the primary root apex in squash, Cucurbita pepo (Demchenko and Demchenko, 2001).

The role of cell cycle duration in LRP morphogenesis has not been extensively studied. The central domains of the LRP seem to develop faster than the flanking domains. Figure 2 shows the terminology used to describe the LRP domains. The progeny of central founder cells is characterized by an average interphase duration of 6.0 h, whereas the corresponding period in the progeny of peripheral founder cells is 7.2 h (von Wangenheim et al., 2016). This suggests that the difference between cell cycle duration in each cell lineage has a profound impact on morphogenesis. It is not understood how heterogeneity in cell cycle time is related to LRP morphogenesis, whether the differences in cell cycle duration in certain domains have a critical role in defining the dome shape of the developing LRP, or whether cell cycle time heterogeneity dictates the shape of the LRP or if the shape defines the cell cycle duration in different domains. Future studies should address these questions.



HORMONAL REGULATION OF MORPHOGENESIS

Since early studies, the importance of hormonal regulation in all aspects of LR development was recognized (Wightman et al., 1980). The role of auxin in LR development is well documented (Fukaki and Tasaka, 2009; Lavenus et al., 2013; Du and Scheres, 2017a) and LRP morphogenesis is known to depend on endogenous auxins up to StIV (Laskowski et al., 1995). In P. sativum plants treated with auxin transport inhibitors, normal LRP dome organization is lost and the primordium structure is transformed into a globular mass of cells (Hinchee and Rost, 1992), highlighting the significance of auxin in LRP morphogenesis. Accordingly, synthetic auxin-response promoter DIRECT REPEAT5 (DR5) (Ulmasov et al., 1997) activity is high during both LR initiation (Dubrovsky et al., 2008) and throughout LRP development (Benková et al., 2003; Dubrovsky et al., 2008). The auxin response maximum is present starting from StI in LRPs. From StIII, it is restricted to the central apical domain (Figure 2) of the LRP, corresponding to the prospective location of the QC (Dubrovsky et al., 2008). The auxin maximum apparently has a role in stem cell niche establishment and thus is important for normal LRP morphogenesis (see also the next section).

The localized auxin maximum response is present in different angiosperm orders, from monocots (Z. mays, Jansen et al., 2012) to eudicots (S. lycopersicum and Arabidopsis, Dubrovsky et al., 2008). It has been shown that while LR initiation does not depend on shoot-derived auxin, this source of auxin is essential for post-initiation LRP morphogenesis and LR emergence (Bhalerao et al., 2002; Ditengou et al., 2008; Swarup et al., 2008; Richter et al., 2009). A recent study strongly suggests that formation of an auxin maximum in the LRP also depends on local auxin synthesis in proliferating cells (Brumos et al., 2018). In most angiosperms, LR initiation starts in the young differentiation zone. Interestingly, when the LRP forms within the root apical meristem of the parent root, as in C. pepo, the auxin maximum is also established from the very early stages of LRP formation and is subsequently maintained throughout LRP development (Ilina et al., 2018). This suggests that LRP morphogenesis depends on auxin regardless of the differentiation state of the parent root cells giving rise to the LRP.

The auxin gradient with a maximum in the central apical domain (Figure 2) of the developing LRP is created by the auxin efflux carriers PIN-FORMED 1 (PIN1), PIN3, PIN4, PIN6, and PIN7 (Benková et al., 2003; Marhavý et al., 2014) and the auxin influx carriers AUX1 and LIKE AUX 3 (LAX3) (Marchant et al., 2002; Péret et al., 2012b). This gradient is formed by auxin flux from the flanking to the central domain and from the basal to the apical domain (Figure 2). Mutations that affect auxin transport lead to abnormal LRP formation. In the pin1 mutant, LRP formation is slow and DR5 promoter activity is extended to more cells (Benková et al., 2003). Similarly, LRP formation takes more time in a lax3 mutant (Swarup et al., 2008). Additionally, similar phenotypes are found in single and multiple mutants in LATERAL ORGAN BOUNDARIES-DOMAIN/ASYMMETRIC LEAVES2-LIKE (LBD) genes encoding transcription factors, such as lbd29 (Porco et al., 2016), lbd16 lbd18 double and lbd16 labd18 lbd29 triple mutants (Feng et al., 2012; Lee et al., 2015), which are targets of auxin signaling through AUXIN RESPONSE FACTOR 7 (ARF7) and ARF19 transcription factors (Okushima et al., 2007). These phenotypes are explained by the finding that LBDs directly or indirectly promote expression of auxin influx carriers (Feng et al., 2012; Lee et al., 2015; Porco et al., 2016).

In the pin1 pin3 pin4 triple mutant, treatment with exogenous auxin results in a massive division of pericycle cells and formation of a multilayered pericycle without a defined LRP structure, a phenotype similar to that of wild-type (Wt) seedlings treated with auxin transport inhibitor (Benková et al., 2003). Similarly, the role of auxin in correct cell division orientation during LRP morphogenesis is shown in pin2 pin3 pin7 triple mutants that form fused LRs (Laskowski et al., 2008). S. lycopersicum DIAGEOTROPICA (DGT) encodes Cyclophilin A, which negatively regulates PIN protein localization and thereby affects both LRP initiation and morphogenesis (Ivanchenko et al., 2015). When pericycle cell proliferation is induced by auxin treatment in a dgt mutant, massive cell proliferation without formation of a recognizable primordium is observed (Ivanchenko et al., 2006). Auxin response restriction to the central apical domain of the LRP depends on the APETALA2-class transcription factor PLETHORA (PLT) genes (Du and Scheres, 2017b), whose expression in turn depends on AUXIN RESPONSE FACTOR 7 (ARF7) and ARF19 (Hofhuis et al., 2013). In the plt3 plt5 plt7 triple mutant, DR5 activity is more diffuse and PIN1 and PIN3 expression is low or absent. In addition, due to abolishment of the auxin gradient in the mutant, periclinal cell divisions in LRPs are delayed or absent from StII onwards (Du and Scheres, 2017b). This work underlines the importance of auxin in LRP morphogenesis and cell division orientation. In line with this, it was shown that the correct orientation of pericycle cell divisions leading to LRP formation is abolished when the adjacent endodermal cell is ablated, but it is restored when exogenous auxin is added (Marhavý et al., 2016).

The processes of LRP initiation and LRP morphogenesis are linked, as the first cell division of founder cells triggers a new developmental program that permits de novo organ formation (Dubrovsky et al., 2008). This triggering is dependent on ARF7, ARF19, and INDOLE-3 ACETIC ACID 14 (IAA14)/SOLITARY-ROOT, the latter of which represses ARFs (Fukaki et al., 2005). Importantly, in the lateral rootless mutant solitary root (slr)/iaa14 (Fukaki et al., 2002) and double mutant arf7 arf19 (Okushima et al., 2005; Wilmoth et al., 2005), LRP initiation is almost completely abolished, although some StI but no StII LRPs still form. This phenotype cannot be rescued by the application of exogenous auxin (Fukaki et al., 2002; Okushima et al., 2005; Wilmoth et al., 2005).

Overexpression of CYCLIND3;1 in the slr mutant background promotes cell proliferation in pericycle cells but no organized LRPs are formed beyond StI (Vanneste et al., 2005; De Smet et al., 2010). This LRP arrest is bypassed when the slr CYCD3;1OE line is treated with exogenous auxin. The treatment re-establishes normal LRP morphogenesis, which is accompanied by restoration of ARABIDOPSIS CRINKLY4 (ACR4) and PLT3 expression, which are downregulated in slr- CYCD3;1OE (De Smet et al., 2010). Therefore, activation of cell proliferation is necessary but not sufficient to trigger LRP morphogenesis, and both correct auxin signaling and cell proliferation are required for normal LRP morphogenesis (Figure 5). It seems that auxin is linked to cell proliferation in this context through an F-box protein S-Phase Kinase-Associated Protein 2A (SKP2A) (Jurado et al., 2010).
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FIGURE 5. Overview of the genetic control of lateral root primordium (LRP) morphogenesis in Arabidopsis. Two well-defined regulatory modules are observed, the auxin regulatory and the reactive oxygen species (ROS) homeostasis modules (discussed in the text). The first module involving ARFs, IAAs, AUX/LAX and PIN proteins (PIN∗) also includes the PLT, PUCHI, FEZ, and WER transcription factors; the GRAS transcription cofactors SCR and SHR; and LBD proteins. The Ser/Thr kinases AUR1 and AUR2 are highly redundant and AlphaScreen assays showed that AUR1 interacts with SHR (Takagi et al., 2016); however, this interaction has not been proven in planta and hence is depicted with a discontinuous line. The second module includes the transcription factors MYB36 and UPB1, which control the expression of PER genes. Peroxidases together with RBOH control ROS homeostasis. Other cellular processes mentioned in the text and involved in LRP formation, such as the cell cycle, snRNA biosynthesis, histone methylation, and folate metabolism, are also depicted. Although particular genes involved in the regulation of these processes have been shown to affect LRP morphogenesis, their interactions with larger gene regulatory modules await to be discovered. Green arrows indicate activation or positive interaction; red lines with blunt ends indicate downregulation. The network was built from literature mining and visualized in Cytoscape v3.2.1 (Shannon et al., 2003). Complete names of the proteins are provided in the text.



Another important auxin-signaling module involved in LRP morphogenesis was revealed based on phenotypic analysis of the bodenlos (bdl)/iaa12 and monopteros/arf5 mutants (De Smet et al., 2010). In these mutants, a multilayered pericycle and fused LRPs show clear abnormalities in morphogenesis (Figure 6), demonstrating again that auxin signaling is of paramount importance for organized LRP development. Similarly, in the triple mutant affected in proteins involved in auxin perception, TRANSPORT INHIBITOR RESPONSE1 (TIR1), AUXIN SIGNALING F-BOX2 (AFB2), and AFB3 (Dharmasiri et al., 2005; Kepinski and Leyser, 2005), LRP morphogenesis turns out to be abnormal, resulting either in a multilayered pericycle or unusually wide LRPs (Figure 6) (Dubrovsky et al., 2011).
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FIGURE 6. Categories of lateral root primordium phenotype abnormalities in different Arabidopsis mutants. See text for details.



Cytokinins (CKs) are likewise important for LRP morphogenesis. CK biosynthesis takes place in the developing LRPs as shown using the PHOSPHATES-ISOPENTENYL TRANSFERASE pIPT5::GFP reporter (Takei et al., 2004). CKs are negative regulators of LR development (Li et al., 2006; Laplaze et al., 2007; Marhavý et al., 2011; Bielach et al., 2012). Specifically, CKs inhibit LRP initiation or some of the anticlinal divisions in StI LRPs (Li et al., 2006; Laplaze et al., 2007; Bielach et al., 2012). Later stages of LRP development are also inhibited, but they are less sensitive to CKs and, for this reason, time from initiation to emergence is increased (Li et al., 2006; Laplaze et al., 2007; Bielach et al., 2012). CK-treated plants show abnormal patterns of cell division throughout LRP morphogenesis. During the early stages, a series of periclinal divisions in external and internal layers occurs out of sequence (Laplaze et al., 2007). These irregularities at the cellular level result in a flattened LRP (Laplaze et al., 2007).

Cytokinins affect the auxin response maximum in developing LRPs, diffusing or abolishing it (Laplaze et al., 2007; Marhavý et al., 2011) through downregulation of PIN expression (Laplaze et al., 2007). From StIII onwards, low concentrations of exogenous N6-benzyladenine (a synthetic cytokinin) promote depletion of PIN1 in the plasma membrane to a greater extent at anticlinal cell walls than at periclinal ones (Marhavý et al., 2014). In this manner, cytokinin modulates the polarity of PIN1, allowing auxin to flow toward the LRP central apical domain (Figure 2) (Marhavý et al., 2014). In support of this notion, in Wt, PIN1 is predominantly found at periclinal cell walls, while in CK receptor mutants, PIN1 becomes localized at anticlinal walls (Marhavý et al., 2014). This CK-dependent redistribution of PIN1 in the mutants does not permit maintenance of the same number of cells in the external layer of the StIV LRP (Marhavý et al., 2014). This analysis clearly demonstrates that both auxins and CKs are involved in maintaining LRP morphogenesis and that crosstalk between these hormones is essential at all LRP developmental stages.

The role of other hormones in LRP morphogenesis is unclear. Ethylene promotes LR emergence through its effect on cell proliferation, at least in the outer LRP layers (Ivanchenko et al., 2008), but the mechanism has not been addressed. Abscisic acid (ABA) inhibits the emergence of LRPs and promotes its dormancy (De Smet et al., 2006b; Fukaki and Tasaka, 2009). In the parent root, a fraction of arrested or slowly developing LRPs is frequently found (Dubrovsky et al., 2006; Napsucialy-Mendivil and Dubrovsky, 2018). The most plausible scenario is that ABA inhibits cell proliferation in the developing LRP, keeping it ‘dormant,’ but this is yet to be shown.

Knowledge of the role of brassinosteroids and gibberellins (GA) in LRP morphogenesis is fragmentary (Fukaki and Tasaka, 2009). In poplar (Populus sp.), GA negatively regulates LRP initiation (Gou et al., 2010), but its role in LRP formation is unknown. The Gibberellic Acid Stimulated-Like (GAST-like) gene family, regulated by GA, is suggested to be involved in LRP development in rice (Oryza sativa) and Z. mays, but its exact role has yet to be established (Zimmermann et al., 2010). Nitric oxide was recently considered to be a phytohormone (Santner and Estelle, 2009). It inhibits LRP initiation but does not affect LR emergence (Lira-Ruan et al., 2013); however, its role in LRP morphogenesis is unknown. Many—if not all—of the hormone signaling pathways converge at one point or another. These interactions can potentially influence various aspects of LRP morphogenesis and further investigation is needed to address this complex cross-talk.



MECHANICAL FORCES AND LATERAL ROOT EMERGENCE

Even from early studies, it was known that developing LRPs experience mechanical stress imposed by the overlaying tissues (Pond, 1908). Additionally, the LRP is influenced by external factors such as substrate particles, soil compaction, and parent root curvatures. Roots in soil frequently meet mechanical barriers. The internal and external mechanical forces affect LRP morphogenesis, and we will briefly review what is known in this respect.

When roots were grown in beds of glass spheres, roots curved and LR initiation occurred on the external (convex) root side (Goss, 1977; Goss and Russell, 1980). Moreover, when a root is bent during the gravitropic response, or after permanent or transient manual bending that can be as short as 20 s, the LR is also formed on the convex root side (Ditengou et al., 2008; Laskowski et al., 2008; Lucas et al., 2008a,b; Richter et al., 2009; Kircher and Schopfer, 2016). At the bending site, auxin induces AUX1 expression within the root stele of the young differentiation zone, which together with PIN protein reorientation promotes increased auxin transport toward the convex side of the root, creating a positive feedback loop that results in greater auxin levels and eventually in LR initiation (Ditengou et al., 2008; Laskowski et al., 2008).

The possibility of inducing LR initiation at the desired time and place provides a useful experimental system for studying LRP morphogenesis. With this approach, it has been shown that shootward (basipetal) transport of solutes is important for LR initiation and LRP morphogenesis. After root apical meristem removal and experimental root bending (Ditengou et al., 2008) or only after bending (Lucas et al., 2008b), the LRP develops faster on the convex side compared to intact roots. Interestingly, manual root bending promotes LRP initiation in slr/iaa14 and arf7 arf19 mutants and they become capable of proceeding with LRP morphogenesis, though in the latter mutant only LRPs but not LRs are formed (Ditengou et al., 2008). Similarly, the ability of other auxin-related mutants to form LRPs and proceed with morphogenesis increases significantly after root bending (Richter et al., 2009). Specifically, these mutants are those affected in AUX1, AUXIN RESISTANT4 (AXR4) encoding an accessory protein involved in correct localization of AUX1 (Dharmasiri et al., 2006), and TRANSPORT INHIBITOR RESPONSE1 (TIR1) encoding the F-box protein auxin receptor (Tan et al., 2007). Overall, these experiments show a clear link between root bending, LR initiation, auxin accumulation at the convex root side, and the rate of LRP formation. The reasons for accelerated LRP formation in bent roots have not yet been addressed. A potential increase in auxin content during LR initiation could impact posterior development of the LRP. An increase of cytosolic Ca2+ in the pericycle on the convex side of bent root (Richter et al., 2009) could also impact LRP morphogenesis. Finally, mechanical forces affect cell wall properties in the root portion from which the LRP is emerging.

Cell wall remodeling and cell separation in tissues overlying the LRP are well documented and required for LRP protrusion. These processes depend on auxin signaling. Cell wall remodeling enzymes encoded by PECTATE LYASE1 (PLA1) and PLA2 are active during LRP protrusion (Laskowski et al., 2006). During this process, expression of EXPANSIN14 (EXPA14) (Lee et al., 2013) and EXPA17 (Lee and Kim, 2013), which encode cell wall remodeling proteins, is activated by LBD18 transcription factor in response to auxin. A loss-of-function mutant lbd18 is significantly affected in the progression of LRP morphogenesis, resulting in delayed LR emergence (Lee and Kim, 2013; Lee et al., 2013). This demonstrates an auxin signaling-dependent crosstalk in the tissues overlying the developing LRP. A similar delayed LR emergence phenotype is found in the loss-of-function auxin influx carrier mutant lax3 (Swarup et al., 2008). LAX3 is expressed in the cortex and epidermis overlying the LRP and is involved in regulating the expression of AUXIN INDUCED IN ROOT3 (AIR3), encoding a subtilisin-like protease (Neuteboom et al., 1999). Furthermore, POLYGALACTURONASES (PG) and a XYLOGLUCAN:XYLOGLUCOSYL TRANSFERASE 6 (XTR6) were reported to be regulated by a signaling pathway mediated by ARF7, ARF19-IAA14 and LAX3 and by the peptide INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) through the leucine-rich repeat receptor-like kinases HAESA (HAE) and HAESA-LIKE2 (HSL2) (Swarup et al., 2008; Kumpf et al., 2013). Consequently, mutations in IDA, HAE, and HSL2 result in both delayed LR emergence and flattened LRPs (Kumpf et al., 2013).

A more severe phenotype of no LR emergence and flattened LRPs is found in auxin-treated plants carrying the stabilized variant of SHY2/IAA3 expressed from the endodermis-specific promoter of CASPARIAN STRIP DOMAIN PROTEIN (CASP1) (Vermeer et al., 2014). In these transgenic lines, endodermal cells overlying the LRP were unable to decrease their turgor pressure and consequently the cell volume to permit LRP protrusion. The authors also showed that SHY2 activity in the endodermis and not in the cortex and epidermis is important for LR emergence (Vermeer et al., 2014). Furthermore, the aquaporin water channel PLASMA MEMBRANE INTRINSIC PROTEINS (PIPs) have essential roles in the turgor pressure control of both the LRP and the overlying cells (Péret et al., 2012a). As expected, in pip2 mutants, LRPs are flattened and LRs emerge at a slower rate (Péret et al., 2012a).

These data collectively demonstrate the importance of auxin signaling in the control of cell wall remodeling and turgor pressure in the overlying tissues that impact LRP morphogenesis and LR emergence. However, the mechanism by which the mechanical forces are perceived, the respective signal transduction pathways, the modes of communication between overlying tissues and LRP cells, and the morphogenesis mechanisms dependent on these factors, are still to be discovered.



CELL TYPE IDENTITY ACQUISITION

In vascular plants, three main tissue systems form: dermal, ground, and vascular tissues, originating from the protoderm, periblem, and plerome histogens, respectively (Hanstein, 1870; Esau, 1977; Evert, 2006). The idea that cell types acquire their identity in the very early stages of LRP formation was first deduced from an anatomical retrospective analysis. Going back from advanced LRP stages, when cell types can be recognized, to earlier stages, Von Guttenberg (1960) proposed that the first periclinal division in StI primordium cells forms two layers, the internal and external layer, with different developmental fates. These layers are marked on Figure 1 as IL and OL following Malamy and Benfey (1997). The internal layer is already specified at this early stage as plerome, giving rise to the future vascular cylinder or stele. Next, the external layer of StII LRPs (OL) undergoes a second periclinal division that gives rise to two outer layers (the external OL1 and the internal outer OL2), again with different cell fates. The protoderm (prospective epidermis) and the root cap are specified from OL1 layer, and OL2 gives rise to the periblem (prospective ground tissue; Von Guttenberg, 1960). Thus, the main cell types can be recognized already in StIII LRPs. It seems that this holds true in different taxa (Von Guttenberg, 1960; Voronkina, 1978).

Remarkably, although this conclusion was based on anatomical studies, it was later confirmed using cell type-specific marker lines of Arabidopsis (Malamy and Benfey, 1997). Figure 1 illustrates the sequence of the cell type identity acquisitions in the developing LRP based on cell type reporters. It was reported that the enhancer trap markers for different cell types are expressed similarly in the primary and lateral roots. The stele-specific marker SHORT-ROOT (SHR) is transcribed in the stele of the primary root (Helariutta, 2000), and also in the internal cell layer of the StII LRP (IL), confirming its vascular (stele) identity (Tian et al., 2014; Goh et al., 2016; Du and Scheres, 2017b). The endodermis-specific SCARECROW (SCR; Di Laurenzio et al., 1996) is expressed in the external layer of the StII LRP (OL), confirming its endodermal identity (Tian et al., 2014; Goh et al., 2016; Du and Scheres, 2017b). After the second periclinal division in OL of StII LRP, both resulting outer layers (OL1 and OL2) maintain endodermal identity, as confirmed by pSCR::GFP:SCR expression (Goh et al., 2016). When the third periclinal division occurrs in the StIII LRP, it takes place in the innermost layer (IL). As evidenced by pSHR::SHR:GFP expression, both new layers maintain the stele identity (Goh et al., 2016). At this stage (StIV), the endormal cell indentity becomes restricted to the second outer layer (OL2).

When the internal layer of the StIII LRP (IL) divides periclinally, it forms the most internal (IL1) layer, presumably giving rise to pericycle, and the second layer (IL2), giving rise to other provascular tissues of the LRP (Malamy and Benfey, 1997). However, no pericycle-specific markers have been shown to be expressed within the central domains of an LRP. At stages V and VI, the external cells of the central domain of the LRP acquire root cap and epidermis identities, as evidenced by the promoter activity of the NAC domain transcription factor FEZ (Willemsen et al., 2008; Du and Scheres, 2017b) and of the MYB-related transcription factor WEREWOLF (Lee and Schiefelbein, 1999; Du and Scheres, 2017b), respectively. Therefore, the use of cell type-specific marker lines substantially enhanced our understanding of LRP morphogenesis and revealed that practically all meristematic cell type identitites are acquired before LR emergence (Malamy and Benfey, 1997; Du and Scheres, 2017b). These studies clearly demonstrate that differential gene expression involved in cell type identity acquisition starts very early in LRP morphogenesis.

A GFP reporter of the enhancer trap line J0121 is expressed specifically in the protoxylem-adjacent pericycle of the parent root. J0121 GFP expression was detected in all layers of the developing LRP from StI to StIII (Laplaze et al., 2005; Dubrovsky et al., 2006). This suggests that the early LRP cells posess a mixed identity. In the J0121 line, GFP is not expressed in the root apical meristem, but it is expressed throughout the elongation and differentiation zones of the parent root. Importantly, starting from StIV, GFP expression in the J0121 line is excluded from the central domains of the LRP and is maintained in the flanking domains until LR emergence, suggesting that the central and flanking domains have different developmental fates. Furthermore, this pattern suggests that, starting from StIV, the central LRP domain acquires features of a root apical meristem, as it no longer expresses J0121 GFP. This observation is in line with the fact that, from StIV onwards, the LRP becomes less dependent on the parent root (Laskowski et al., 1995), which could be related to the beginning of autonomous auxin synthesis in the LRP. Additionally, a gene regulatory network analysis showed that the formation of the central and flanking domains is controlled by two distinct gene clusters (Lavenus et al., 2015).

As discussed, the first periclinal divisions are developmentally asymmetric (Scheres and Benfey, 1999), i.e., different developmental fates are aquired by the daughter cells. Indeed, each cell type origin is dependent on these asymmetric divisions and we still do not understand how these are regulated. We do not yet know how early pericycle, xylem, phloem, and vascular parenchyma cell type identities are acquired during LRP morphogenesis. Cell type identity acquisition studies with the aid of cell type reporters are limited to Arabidopsis. Extension to other angiosperms is needed.



NEW STEM CELL NICHE ESTABLISHMENT

The QC in roots is a population of slowly cycling cells that gives rise to all the cells of the apical meristem and serves as an organizing center with stem cell properties (Clowes, 1954, 1975; Barlow, 1997; Bennett and Scheres, 2010; Dubrovsky and Barlow, 2015). In some species, such as Malva sylvestris (Byrne, 1973) and V. faba (MacLeod and McLachlan, 1974; MacLeod, 1977), the QC is established after LR emergence. In other species, such as Eichornia, Pistia (Clowes, 1958), and Arabidopsis (Goh et al., 2016), the QC is established during LRP morphogenesis. In yet other species, e.g., Z. mays (Clowes, 1978b), the QC can be established either before or after LR emergence. The establishment of a functional QC requires a critical mass of proliferating cells within a developing LRP. In Z. mays, cell proliferation in the CLS of endodermal origin is essential for QC establishment (Clowes, 1978b). This early-established QC vanishes when the CLS cells are sloughed off. Soon after, the new root cap initial cells of pericyclic origin are produced and simultaneously a new cap and QC are established (Clowes, 1978b).

In Arabidopsis, the WUSCHEL-RELATED HOMEOBOX 5 (WOX5) gene is specifically expressed in the QC (Sarkar et al., 2007). The pWOX5::GFP reporter is expressed already at StI (Ditengou et al., 2008), when LRP initiation is triggered by a primary root bending, or at StII in intact roots (Tian et al., 2014; Du and Scheres, 2017b; Shimotohno et al., 2018). This expression pattern, which resembles the expression of WOX5 soon after the onset of embryogenesis (Sarkar et al., 2007), suggests that the cell lineage that will lead to QC establishment is specified early in root development. Moreover, the possibility exists that correct WOX5 expression is required and sufficient to define the central domain of the LRP and could provide a hallmark for the neigboring domains (Figure 2). Another QC marker, QC25 (Sabatini et al., 2003; ten Hove et al., 2010), starts to be expressed in the OL2 of StIV LRPs, when the cycle time increases by 70% in that layer compared to that in the most external layer, OL1 (Goh et al., 2016). QC establishment depends on SCR, as in the scr loss-of-function mutant, the specification of QC identity—as monitored by the pWOX5::n3GFP reporter—does not take place in the OL2 LRP layer but in the more internal layers that have stele identity (Goh et al., 2016). QC identity is completely lost in the plt3 plt5 plt7 mutant, underlying the importance of these transcription factors in QC establishment (Du and Scheres, 2017b). PLT1 or PLT3 and SCR form a protein complex mediated by TCP20/21 (a plant-specific Teosinte-branched-Cycloidea PCNA [Proliferating cell nuclear antigen]) transcription factor that binds to the WOX5 promoter, and this complex is important for QC specification and LRP morphogenesis (Shimotohno et al., 2018). Triple mutants in genes encoding members of this complex show LRP morphogenesis abnormalities in both the central and flanking domains (Shimotohno et al., 2018). This phenotype reveals a tight link between cell type identity acquisition and morphogenetic processes. The observation that the QC is established before LR emergence suggests that LRP morphogenesis culminates with a new root apical meristem that becomes functional post-emergence. An open question is how the stem cell identiy is acquired during LRP morphogenesis and what other factors are involved in this process. Again, our knowledge of this process for species other than Arabidopsis is limited.



GENETIC CONTROL OF LATERAL ROOT PRIMORDIUM MORPHOGENESIS

A morphogenetic process must be considered from a 3D perspective. How gene regulatory networks define an organized structure is a central question for understanding morphogenesis. The 3D structure during embryogenesis was first acquired and fixed in evolution starting from gametophore development in bryophytes. In this basal land plant, rotation in the orientation of the cell division plane in stem cells permitted 3D morphogenesis (Harrison, 2017), an evolutionary novelty involving the CLAVATA (CLV) signaling pathway (Whitewoods et al., 2018). Time-lapse (4D) analyses of the genetic control of LRP morphogenesis are only beginning to be possible (Lucas et al., 2013; Vermeer et al., 2014; Goh et al., 2016; von Wangenheim et al., 2016) and few detailed studies of mutants affected in LRP morphogenesis have been performed. To examine the genetic control of LRP morphogenesis (Figure 5), we consider mutants that exhibit abnormal LRP formation and attempt to discern which morphogenetic processes are affected.

Some of the first mutants reported to be affected in LRP morphogenesis were shoot redifferentiation defective (srd2), root initiation defective (rid4), and root redifferentiation (rrd1 and rrd2) (Yasutani et al., 1994; Konishi and Sugiyama, 2003; Sugiyama, 2003). These mutants were isolated in a temperature-dependent mutant screen aimed at identifying genes involved in root development that could be essential, and thus conditionally lethal if absent, during early developmental stages. In the srd2 mutant, time from LRP initiation to LR emergence is significantly increased (Ohtani and Sugiyama, 2005; Ohtani et al., 2010). Furthermore, from StV onwards, LRP morphogenesis becomes abnormal. The altered cell division pattern results in the formation of an LRP with a wider dome than in the Wt (Ohtani et al., 2010) due to increased length and thickness of the flanking domains and a decrease in the apical–basal axis length (see the respective domains in Figure 2). This srd2 phenotype is related to the lack of auxin maximum establishment in the apical domain of the LRP in the mutant, which results from downregulation of the PIN proteins (Ohtani et al., 2010). SRD2 encodes a nuclear protein that shares sequence similarity with human SOLUBLE NSF ATTACHMENT PROTEIN 50 (SNAP50), a subunit of the SNAPc multiprotein complex required for small nuclear RNA transcription (Ohtani and Sugiyama, 2005; Ohtani et al., 2010). The precise mechanism of SRD2 action in LRP morphogenesis is unknown.

The phenotype of the rrd1, rrd2, and rid4 mutants during the LRP pre-emergence stages is similar to that described for srd2. Surprisingly, the post-emergence LR phenotype in these mutants is different from that of srd2. While in srd2, the LRs are globular without pronounced growth, those of the rrd1, rrd2, and rid4 mutants do grow, but produce fasciated (fused) roots (Konishi and Sugiyama, 2003; Sugiyama, 2003). During abnormal LRP development, the internal LRP cells form the prospective stele, which appears as a fusion of two adjacent LRPs. This was shown using pSHR:GFP and pPIN1:PIN1-GFP reporters. At the same time, pSCR:GFP expression revealed that the single external layer corresponding to the developing endodermis encloses the fused steles of the developing LRP (Otsuka and Sugiyama, 2012). The molecular function of genes affected in these mutants remains to be identified. The abnormal cell division pattern, which is more evident when seedlings are transferred from permissive to restrictive temperatures during the earlier stages of LRP morphogenesis, is a common feature of the mutants (Otsuka and Sugiyama, 2012). Furthermore, in the non-temperature-dependent atx1 mutant affected in a H3K4-methyltransferase, similar LRP phenotypes (wider LRP and fasciated primordia) were found (Napsucialy-Mendivil et al., 2014). Abnormalities in cell division pattern and proliferation in the LRP at different developmental stages are also reported in the shr (Lucas et al., 2011) and folylpolyglutamate synthetase1 (fpgs1) mutants (Reyes-Hernández et al., 2014). LRP morphogenesis in the srd2, rrd1, rrd2, rid4, atx1, shr, and fpgs1 mutants shows that correct cell division patterns and proliferation are critical factors in sustaining normal LRP development. In most of these cases, the abnormalities are equally distributed throughout all the LRP domains.

Lateral root primordium morphogenesis could also be affected either at specific stages or in specific LRP domains. Thus, in the puchi mutant, anticlinal and periclinal divisions are supernumerary in both the central and flanking domains, resulting in an increased thickness of the flanking domain and an overall flatter LRP at later stages of development (Hirota et al., 2007). PUCHI encodes an AP2/EREBP transcription factor that acts downstream of auxin signaling and is most strongly expressed in the flanking and basal domains (Hirota et al., 2007). Thus, PUCHI is apparently required to limit the extent of cell proliferation in the flanking domain and to restrict it to the central domain during LRP morphogenesis (Hirota et al., 2007). Similarly, myb36 mutant LRPs are flatter than those of the Wt and, from StIV onwards, a defect in the transition from the flat to dome-shaped LRP is observed (Fernández-Marcos et al., 2017). More cells along the central basal and flanking domains of the myb36 LRP are produced, resulting in wider LRPs than in the Wt (Fernández-Marcos et al., 2017). MYB36 is a transcription factor expressed in the LRP from StV onwards and is restricted to the central basal and flanking domains, where it controls the expression of peroxidases PER9 and PER64 (Fernández-Marcos et al., 2017). Thus, MYB36 apparently regulates LRP width through limiting cell proliferation mediated by changes in reactive oxygen species (ROS) balance.

In addition to the genetic control of morphogenesis at specific times and places, another aspect of morphogenesis is the control of cell division patterns and the orientation of the cell division plate. In the aurora (aur)1 aur2 double mutant, oblique or irregularly shaped divisions take place during StI, after the first 2–3 anticlinal divisions. Therefore, the typical layered structure of the LRP is not formed (Van Damme et al., 2011). AUR1 and AUR2 encode Ser/Thr kinases that phosphorylate Ser 10 of Histone H3 during mitosis (Demidov et al., 2005, 2009; Kawabe et al., 2005). A recent in vitro study showed that AUR1 interacts and phosphorylates the SHR transcription factor; however, this interaction has not been confirmed in planta (Takagi et al., 2016). Interestingly, despite altered orientation of cell division throughout LRP development, the overall shape of the primordium is not significantly affected (Lucas et al., 2013). Nevertheless, LR emergence is substantially delayed in the aur1 aur2 mutant (Van Damme et al., 2011; Lucas et al., 2013).

Other genes controlling the cell division orientation are those encoding PLT transcription factors. The triple mutant plt3 plt5 plt7 is characterized by multiple defects in LRP formation, including irregular cell shapes, aberrant LRP morphology, and a lack of layered LRP structure (Hofhuis et al., 2013; Du and Scheres, 2017b). PLT1, PLT2, and PLT4 are expressed at later stages during LRP development and their expression depends on the expression of PLT3, PLT5, and PLT7, which are expressed from StI onward. Therefore, the plt3 plt5 plt7 mutant is affected in these six PLT genes, highlighting their importance in LRP morphogenesis. An overview of the genetic control of LRP morphogenesis is presented in Figure 5, while categories of the outlined abnormal LRP phenotypes are shown in Figure 6.

Together with genetic analysis, transcriptomic approaches (Brady et al., 2007; Moreno-Risueno et al., 2010) have also been used recently to analyze the genetic control of LRP morphogenesis. Together, these two approaches permit construction of gene regulatory networks and thus contribute to the identification of genes involved in LR development (Lavenus et al., 2015; Voß et al., 2015). Recent papers report how the architecture of gene regulatory networks changes during LRP formation. In one such study, the gravistimulation-induced LRP system (Lucas et al., 2008a) was implemented and time-series expression data sets collected starting from LRP initiation. In this way, two mutually exclusive gene clusters regulated by auxin were identified that act in non-overlapping central and flanking domains of the LRP (Lavenus et al., 2015). One cluster involves regulation by ARF7 and ARF19 and first acts in both domains, but soon becomes restricted to the flanking domain, where it is maintained until LR emergence. The second cluster is regulated by MP, ARF6, and ARF8 and acts in the central LRP domain (Lavenus et al., 2015). This analysis confirmed the importance of previously known genes involved in LRP morphogenesis and allowed the identification of new gene regulatory network nodes that potentially participate in LRP morphogenesis (Lavenus et al., 2015). Experimental validation of the identified genes will settle their particular roles in this process.

A transcriptomic approach was also used to identify new genes involved in LRP formation. For this, cell sorting of roots expressing the pSKP2B:GFP reporter, which is active at all LRP stages (Manzano et al., 2012), was performed and used to identify SKP2B-coexpressed genes (Manzano et al., 2014). This analysis revealed genes involved in ROS signaling, among others. One of these genes, UPBEAT1 (UPB1), encodes a bHLH transcription factor and is expressed in the flanking LRP domain (Manzano et al., 2014). UPB1 regulates the expression of a subset of PEROXIDASE (PER) genes involved in maintaining the ROS balance (Tsukagoshi et al., 2010; Manzano et al., 2014). LR emergence is significantly delayed in per7 and per57 loss-of-function mutants and is promoted in the PER7 overexpression line, suggesting the importance of ROS in LRP morphogenesis through UPB1-mediated signaling (Manzano et al., 2014). In line with these studies, RESPIRATORY BURST OXIDASE HOMOLOGS (RBOH) NADPH oxidases that produce extracellular ROS are also involved in LRP development (Manzano et al., 2014; Orman-Ligeza et al., 2016). Interestingly, nitroblue tetrazolium (NBT) staining, employed for the localization of superoxide, was detected in the central domain, but staining was absent or much lower in the flanking LRP domains (Manzano et al., 2014). In double and triple rboh mutants, LR emergence was also delayed, while it was accelerated in RBOHD-overexpressor lines (Orman-Ligeza et al., 2016). Collectively, these studies demonstrate that ROS promote progression of LRP formation and that redox state is important for LRP morphogenesis, even though it is not known which specific morphogenetic processes are involved. Overall, transcriptomic approaches permit efficient identification of many new players involved in LRP formation and further studies should clarify their roles.



LATERAL ROOT MORPHOGENESIS AND PLANT HEALTH

A better understanding of LRP morphogenesis is important for both basic and applied science. Correct root primordium morphogenesis is the foundation of a healthy root system and appropriate root architecture. Abnormal primordium morphogenesis is a characteristic of rhizomania disease of sugar beet (Beta vulgaris) (D’ambra et al., 1972; Pollini and Giunchedi, 1989). This disease is induced by the beet necrotic yellow vein virus (BNYVV) and causes supernumerary LR formation on the taproot, leading to a dramatic decrease of root mass and yield. The viral P25 virulence factor mimics auxin action by deregulating BvAUX28. As a result, some root-specific LBD transcription factors and EXPANSINS are upregulated, which in turn promote uncontrolled LR formation (Gil et al., 2018) and probably cause abnormal morphogenesis. Early processes of LR development affected by this and other root diseases are underexplored, and studies of these diseases may suggest strategies to control and/or prevent abnormalities in LRP morphogenesis.



CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Here we outlined the main components of LRP morphogenesis in angiosperms. Each facet of LRP morphogenesis reflected in the respective sections of this review outlines specific open questions. Most data on the genetic control of LRP morphogenesis are available for Arabidopsis and can be used for comparative studies in angiosperms. Further understanding of LRP morphogenesis in crop species is needed to modulate or adjust root system architecture to specific growth conditions.

The main tendencies, important for further research in this field, are related to the development of new technologies that could be used to address the open questions. These tendencies are as follows:

(1) Addressing the genetic control of morphogenesis in mutants and Wt plants by 3D analysis in time (4D) can significantly advance our understanding of root system formation. New imaging technologies and new microscopy approaches (Ovečka et al., 2018) that could be used for this purpose are already accessible. Deciphering cell division patterns and developmental rules involved in morphogenesis (Yoshida et al., 2014; von Wangenheim et al., 2016) is an important goal.

(2) Gene regulatory networks uncover complex relationships between pathways involved in regulating different processes during LRP morphogenesis (Lavenus et al., 2015; Voß et al., 2015). Further studies of gene regulatory networks at the single cell level and implementation of plant systems biology approaches (Libault et al., 2017) will undoubtedly contribute to answering the questions of how different LRP domains and cell types are specified and maintained, how the overall shape of the developing LRP emerges, and how timing control is operated.

(3) LRPs develop under mechanical constraints imposed by the external parent root tissues. The role of mechanical forces during LRP morphogenesis was recognized in early studies, but only recently did their roles in both LR initiation (Vermeer et al., 2014) and morphogenesis (Stoeckle et al., 2018) begin to be understood. Models of auxin transport coupled to mechanical forces provide explanations for the robust morphogenesis observed in the Arabidopsis root (Romero-Arias et al., 2017) and application of these models to LRP morphogenesis should be promising. Developing new biophysical methods to monitor the mechanical properties of live cells (e.g., Elsayad et al., 2016) is challenging, but required to discern the role of the mechanical forces in LRP morphogenesis. LRP formation is closely linked to external and internal mechanical forces and the cytoskeleton (Eng and Sampathkumar, 2018), but it is unclear how the mechanical forces contribute to LRP morphogenesis.

(4) We outlined a possible role of the temporal CLS formed during LRP morphogenesis and attempted to visualize related evolutionary trends of this particular feature of LRP morphogenesis. Understanding the relationships between different facets of LRP morphogenesis (e.g., orientation of cell division, developmental rules, participation of different cell types) and how they change during evolution is challenging but feasible in the post-genomic era. Integration of different approaches from genomics and molecular to cell biology and anatomy could help reveal evo–devo relationships in LRP morphogenesis of angiosperms.

Here we reviewed the main aspects of LRP morphogenesis that have been under investigation for more than a century. Not all available information was discussed; for instance, we did not include the role of environmental factors and mineral nutrition. We hope that the historical perspective combined here with our overview of contemporary studies of LRP morphogenesis highlights key questions that will guide future research aimed at elucidating the morphogenetic processes that take place during LRP development. Such research would yield important insights into root biology and evolution, providing a framework to modulate root system architecture, root production and root adaptation to the environment in crop species.
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Extensively branched root systems can efficiently capture soil resources by increasing their absorbing surface in soil. Lateral roots are the roots formed from pericycle cells of other roots that can be of any type. As a consequence, lateral roots provide a higher surface to volume ratio and are important for water and nutrients acquisition. Discoveries from recent studies have started to shed light on how plant root systems respond to environmental changes in order to improve capture of soil resources. In this Mini Review, we will mainly focus on the spatial distribution of lateral roots of maize and their developmental plasticity in response to the availability of water and nutrients.
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INTRODUCTION

Maize forms a structurally and functionally complex root system composed of different root types (Hochholdinger et al., 2017) to efficiently acquire water and nutrients (Lynch, 2013) and to tolerate biotic and abiotic stresses (Lynch et al., 2014). Lateral roots of different orders are the most eminent root type for nutrient and water uptake from soil because of their high surface to volume ratio (Rogers and Benfey, 2015). Compared to other root types, lateral roots display the highest developmental plasticity when exposed to unfavorable environmental conditions (Yu et al., 2014a, 2016a). The formation and spatial distribution of lateral roots, e.g., lateral root branching is the most important factor governing root system architecture and soil exploration in plants (Atkinson et al., 2014). Thus, genotypes with lateral root defects display a strong inhibition of nutrient uptake and biomass production in crops (Yu et al., 2016a). The molecular mechanisms and hormonal crosstalk involved in lateral root formation and positioning has been extensively studied in the model plant Arabidopsis thaliana (Möller et al., 2017; Ötvös and Benková, 2017). Genetic and molecular control of lateral root initiation and formation in maize has been summarized in the recent review (Yu et al., 2016a). In this Mini Review, we provide an update on the molecular mechanisms involved in the lateral root branching response to environmental cues such as nutrients and water in maize.



ARCHITECTURAL RESPONSES OF LATERAL ROOTS TO THE AVAILABILITY OF SOIL RESOURCES

The significantly higher surface area of the lateral roots compared to their parental roots is a major determinant that is instrumental for water uptake in maize (Ahmed et al., 2016). Lateral roots are efficient in the short-distance exploitation and transport of water from soil to the vasculature in young and adult maize plants (Ahmed et al., 2016, 2018). Genotypic differences in lateral root branching and their vertical distribution along the root system are a measure for drought tolerance in soil (Hund et al., 2009). Maize genotypes with reduced lateral root branching have been shown to be highly tolerant against drought under both greenhouse and field conditions (Zhan et al., 2015). A possible explanation for this observation is the negative correlation between lateral root branching and axial root elongation (Lynch, 2015). In maize, distinct orders of lateral roots make up the majority of total length of the root system (Lynch, 2013). Different plant species display distinct responses to nitrogen and phosphorus starvation with respect to their lateral root branching patterns, although dicot and monocot plants show similar patterns of lateral root spacing along the primary root under optimal conditions (Chen et al., 2018). The optimal branching density of lateral roots in maize has been predicted by the functional-structural model SimRoot based on the observation that nutrient acquisition is proportional to the spatial availability and mobility of resources in the soil profile (Postma et al., 2014). Genotypes with sparsely distributed and long lateral roots are optimal for nitrate acquisition, whereas genotypes with densely spaced and short lateral roots are optimal for phosphorus acquisition in maize (Postma et al., 2014). Recent results in maize have indicated that genotypes with higher lateral root branching density display significantly increased phosphorus acquisition under phosphorus-deficient conditions (Liu et al., 2013; Jia et al., 2018). By contrast, maize genotypes with few and long lateral roots are more competent for nitrogen uptake than genotypes with many and short lateral roots under suboptimal nitrogen concentrations in soil (Zhan and Lynch, 2015). Thus, availability of soil nutrients and water determines compensatory growth and patterning of lateral roots along the parental root axes.



LATERAL ROOT BRANCHING IN RESPONSE TO PATCHY SOIL RESOURCES

Lateral root branching patterns reflect the uneven distribution of water and nutrients in soil (Robinson, 1994). Plants adapt to heterogeneous water conditions by altering their lateral root branching in contact with water by using “hydropatterning” response (Bao et al., 2014; Robbins and Dinneny, 2018). High-resolution non-invasive microcomputed tomography imaging has revealed that the formation and patterning of lateral roots is highly responsive to local water availability in A. thaliana and crop species (Bao et al., 2014; Robbins and Dinneny, 2015; Orman-Ligeza et al., 2018). Xerobranching, describing the repression of lateral root branching when root tips are not in contact with wet soil, suggests that abscisic acid is involved as key signal regulating branches of lateral roots in their local microenvironment (Orman-Ligeza et al., 2018). For hydropatterning, high availability of water results in the induction of auxin biosynthesis and transport, independent of endogenous abscisic acid signals (Bao et al., 2014; Figure 1A). A recent study with A. thaliana demonstrated that hydropatterning is dependent on SUMO-mediated posttranslational regulation of auxin signaling pathway (ARF7/IAA3) controlling lateral root branching pattern in response to water availability (Orosa-Puente et al., 2018; Figure 1A). ARF7 transcription factor induces asymmetric expression of its target gene LATERAL ORGAN BOUNDARIES (LOB) domain 16 (LBD16) in lateral root founder cells (Orosa-Puente et al., 2018; Figure 1A). Future work will be necessary to understand how the water and nutrient signals are integrated to regulate lateral root branching in response to local water/nutrients availability (Giehl and von Wirén, 2018). Through a combination of empirical and mathematical-modeling approaches in maize, it has been shown a central role of tissue growth and developmental competence, which is necessary to sustain the normal hydropatterning, although the molecular mechanism is unknown in crop plants (Robbins and Dinneny, 2018). This result implies that the water requirement for fast developing tissue is an important contribution process on water perception and developmental reprogramming during the postembryonic root development.


[image: image]

FIGURE 1. Schematic illustration of lateral root branching response to availability of water in A. thaliana (A) and of nitrate in maize (B). ARF, auxin response factor; IAA3, Aux/IAA3 (Aux/indole-3-acetic acid protein 3); KRP, Kip-related protein; LBD, LATERAL ORGAN BOUNDARIES (LOB) domain; LR, lateral root; LRE, lateral root emergence; LRP, lateral root primordia; PIN, PIN-Formed; SUMO, small ubiquitin-like modifier.
 

Lateral root formation in response to systemic and local nitrate signaling has been recently summarized in A. thaliana (Sun et al., 2017). A series of experiments have demonstrated that local nitrate supply can considerably stimulate lateral root production also in crops, such as maize (Wang et al., 2004; Guo et al., 2005; Liu et al., 2008, 2010), rice (Huang et al., 2015), barley (Drew et al., 1973), and wheat (Hackett, 1972). Hydroponics allows local nutrient application under well-controlled conditions, which can also avoid influences of other factors such as physical properties of soil and microbes. Local application of nutrients in hydroponics includes two strategies: one is the vertical split system that the middle part of the root was supplied with high nutrients along the longitudinal axis (Drew et al., 1973); another strategy is horizontal split system that the axial roots are separated into different compartments or rhizoslides with diverse nutrient levels (Yu et al., 2014b; Dina in’t Zandt et al., 2015). The complex nature of the root system of maize plants makes split-root experiments challenging. Most common ways to carry out such experiments is by placing the primary root into one compartment and the other root types are placed into the other one (Yu et al., 2014b, 2015, 2016b) or the crown roots are equally separated and cultured in different compartments after removing the primary and seminal roots (Wang et al., 2004; Guo et al., 2005; Liu et al., 2008, 2010). Vertical hydroponics experiments by Drew and his colleagues demonstrated that lateral root formation in barley depends on the dose and type of nutrient application (reviewed in Yu et al., 2014a). Both length and density of lateral roots are significantly induced by local high nitrate (control: 0.01 mM; high nitrate 1 mM) in barley seedlings (Drew et al., 1973). By contrast, only elongation of the lateral roots on primary root is induced in maize seedlings split supplied by local high nitrate (control: 0.5 mM; high nitrate 4 mM) in 7-day-old maize seedlings grown in the left-right hydroponic system (Yu et al., 2014b). This is consistent with the lateral root formation from the crown roots of maize, that localized nitrate mainly induced lateral root formation but little effects on the density of lateral roots in both hydroponics (Liu et al., 2010) and rhizoslides (Dina in’t Zandt et al., 2015). This is further validated by a microarray analysis of pericycle cells indicating common mechanisms for lateral root initiation in maize primary and crown roots (Jansen et al., 2013). Different responses on lateral root branching between barley and maize can be explained by species-specific responses to nitrate but also by different developmental stages of root types surveyed in these plant species. Thus, lateral root specific responses to local nitrate depend on the developmental stage when certain root type is formed. For instance, shoot-borne roots specifically initiated during silking form more lateral roots in response to localized nitrate supply than other root types including the shoot-borne roots formed before silking (Yu et al., 2015, 2016b). This divergent finding can be explained by the higher shoot demand for nutrients during and after silking (Yu et al., 2014b) but also the possibility of specific hormone signaling from the reproductive process (Yu et al., 2016b). For example, basipetal auxin transport is facilitated by ZmPIN1a and ZmPIN1c in response to local nitrate supply (Yu et al., 2016b; Figure 1B). Moreover, monocot-specific PIN9 gene in phloem pole cells of shoot-borne roots at silking modulates auxin efflux to pericycle cells and subsequent cell cycle activation by alleviating the inhibition of Kip-related proteins (KRP) coding genes in maize (Yu et al., 2016b; Figure 1B). Moreover, CPP-like (cysteine-rich polycomb-like) transcription factors have been found specifically enriched in brace roots of maize, which may play an important role in development of reproductive organs and control of cell division in plants (Yu et al., 2016b). It would be interesting to compare the responses of different root types to local nitrogen supply at the flowering stage in order to answer whether in maize this divergent response is root type specific and/or developmental stage dependent.

A study with A. thaliana mutants with reduced number of lateral roots indicate that complex architecture and branching pattern of lateral roots are mainly required for the acquisition of immobile resources, such as phosphate, whereas mobile ions like nitrate can be effectively taken up even by restricted root systems (Fitter et al., 2002). This raises the hypothesis that root proliferation in nutrient-rich patches could be more important for the enhanced capture of immobile than mobile ions. In fact, field studies have suggested that enhanced root proliferation in nutrient-rich patches of ammonium and phosphate during seedling stage and adult development is essential for improving phosphate uptake and ultimately grain yield (Jing et al., 2010; Li et al., 2012, 2016; Ma et al., 2013). One possible explanation for this observation could be indirect effects of solubilization of mineral phosphate by rhizosphere acidification using ammonium fertilization. Alternatively, fine lateral root proliferation substantially increases exudate secretion to the rhizosphere, which can be used as the carbon source for beneficial interactions of the microbiome at the root-soil interface.



ROOT TYPE-SPECIFIC BRANCHING PATTERNS

Recent experiments highlight root type-specific transcriptomic, anatomical, and physiological differences in maize (Tai et al., 2015; Ahmed et al., 2018). Distinct root types of maize show diverse branching responses to nitrate and also host different fungal taxa in their axial and lateral roots (Yu et al., 2016b, 2018). A novel phenotyping approach demonstrates distinct growth rates of three types of lateral roots contribution to the random patterning of lateral root formation in pearl millet and maize (Passot et al., 2018). This phenomenon raises the question whether lateral root types with divergent lengths show distinct competences of their corresponding pericycle cells for dividing. To further study this question, diverse inbred lines with natural variation for lateral root patterning and spacing could be studied in maize.



CONCLUSIONS AND PERSPECTIVES

Lateral root branching of maize plants grown in soil is root type specific and depends on hormonal crosstalk and signal transduction based on local sensing of water and nutrients. Nevertheless, these molecular processes have not been understood in full detail at the cellular level. Therefore, systemic cell-type-specific analyses in different root types will be instrumental to clarify the identity of pericycle and endodermis cells in maize in response to local water and nutrient supply (Kortz et al., 2019). In particular, root type has to be considered when studying the mechanism of lateral root formation as maize has a unique architectural pattern in comparison to the other crop species (Burton et al., 2013; Tai et al., 2015; Yu et al., 2016a). Signal transduction induced by water and nutrients at the root-soil interface needs to be explored in large genetic populations on the molecular level and by advanced in situ imaging (van Dusschoten et al., 2016; Tardieu et al., 2017). To this end, understanding the reprogramming of lateral root formation and architectural plasticity in response to water and nutrient availability in the context of yield acquisition and resource use efficiency can be relevant for rational breeding approaches.
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While in most higher plants, including the model system Arabidopsis thaliana, the formation of lateral root primordia is induced in the elongation zone of the parental root, in seven plant families, including Cucurbitaceae, an alternative root branching mechanism is established such that lateral roots are initiated directly in the apical meristem of the parental root. In Arabidopsis, the transcription factor GATA23 and MEMBRANE-ASSOCIATED KINASE REGULATOR4 (MAKR4) are involved in the gene regulatory network of lateral root initiation. Among all marker genes examined, these are the earliest known marker genes up-regulated by auxin during lateral root initiation. In this study, putative functional orthologs of Arabidopsis GATA23 and MAKR4 were identified in cucumber (Cucumis sativus) and squash (Cucurbita pepo). Both cucurbits contained 26 genes encoding GATA family transcription factors and only one MAKR4 gene. Phylogenetic and transcriptional analysis of up-regulation by auxin led to the identification of GATA23 putative functional orthologs in Cucurbitaceae – CpGATA24 and CsGATA24. In squash, CpMAKR4 was up-regulated by naphthylacetic acid (NAA) and, similar to MAKR4 in Arabidopsis, indole-3-butyric acid (IBA). A detailed analysis of the expression pattern of CpGATA24 and CpMAKR4 in squash roots from founder cell specification until emergence of lateral root primordia was carried out using promoter-fluorescent reporter gene fusions and confocal microscopy. Their expression was induced in the protoxylem, and then expanded to founder cells in the pericycle. Thus, while the overall expression pattern of these genes was significantly different from that in Arabidopsis, in founder cells their expression was induced in the same order as in Arabidopsis. Altogether, these findings suggest that in Cucurbitaceae the putative functional orthologs of GATA23 and MAKR4 might play a role in founder cell specification and primordium positioning during lateral root initiation. The role of the protoxylem in auxin transport as a trigger of founder cells specification and lateral root initiation is discussed.
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INTRODUCTION

During a plant’s lifetime, the development of the root system is associated with the initiation and development of lateral root primordia. In seed plants lateral roots are initiated in the pericycle, but in ferns, in the endodermis [reviewed by Charlton (1991)]. However, the radial location of the initiation site, as well as the position along the longitudinal axis of the parental root, can vary considerably (Mallory et al., 1970; Charlton, 1991; Demchenko and Demchenko, 2001; Hou et al., 2004; Ilina et al., 2018). The ancestral form of root branching is dichotomous, as shown by fossils of the ancestors of current ferns and Lycopodiophyta (Hetherington and Dolan, 2017, 2018, 2019; Liu and Xu, 2018), while in extant angiosperms, root branching is monopodial [reviewed by Motte and Beeckman (2018)]. Here, lateral roots emerge from a main axis formed by the parental roots. Thus, one of the basic questions in root evolution is how dichotomous and monopodial branching evolved.

Over the past several decades, most developmental biological studies have focused on model plant species, in the case of dicotyledonous herbs on Arabidopsis thaliana (hereafter Arabidopsis). Yet, model species do not encompass all types of morphogenetic mechanisms. In most higher plants, the formation of lateral root primordia is induced in the elongation zone of the parental root by a well-studied mechanism [reviewed by Du and Scheres (2018)]. However, in seven families of Angiosperms, including Cucurbitaceae, an alternative root branching mechanism is established in that lateral roots are initiated directly in the apical meristem of the parental root (Ilina et al., 2018). The study of alternative mechanisms can help us understand the evolution of root branching.

The gene regulatory network involved in lateral root initiation is well known for Arabidopsis. Key genes encoding the transcription factor GATA23, MEMBRANE-ASSOCIATED KINASE REGULATOR4 (MAKR4), and RAPID ALKALINIZATION FACTOR-like34 (RALFL34) are the earliest known markers, the transcription of which is induced during lateral root initiation in Arabidopsis (De Rybel et al., 2010; Xuan et al., 2015; Murphy et al., 2016). During founder cell specification, auxin acts through auxin regulatory components and their target genes GATA23 and MAKR4 (De Rybel et al., 2010; Xuan et al., 2015).

GATA transcription factors are a group of regulators that contain the highly conserved type IV zinc finger motif in the form CX2CX17–20CX2. These factors were named by their ability to bind the consensus DNA sequence (A/T)GATA(A/G). They were originally identified and characterized in animals and fungi, and are typically encoded by multi-gene families (Reyes et al., 2004). The transcription factor GATA23, which belongs to the B-class of GATA-family proteins and is specific for Brassicaceae (Behringer et al., 2014; Behringer and Schwechheimer, 2015), was found using meta-analysis of transcriptomic databases related to lateral root initiation events (De Rybel et al., 2010). In Arabidopsis, GATA23 is specifically expressed in the primed pericycle cells prior to the first asymmetric divisions (De Rybel et al., 2010).

Priming of founder cells is a rhythmically repetitive event. Founder cell specification depends on ARF6–ARF8-mediated signaling with GATA23 as a target (Lavenus et al., 2013). Expression levels of GATA23 are upregulated by naphthylacetic acid (NAA) in an IAA28- and SLR/IAA14-dependent manner, indicating that auxin is directly involved in the regulation of GATA23 expression. At the cellular level, the transcription factor GATA23 acts cell-autonomously: its activity commences in the two sister xylem pole pericycle cells before the first asymmetric division (De Rybel et al., 2010). The stages of lateral root development were defined by Malamy and Benfey (1997). Using a pGATA23::NLS-GFP and a pGATA23::GATA23-GFP fusion construct, GATA23 expression could be detected in the pericycle up to stage II (De Rybel et al., 2010). Arabidopsis RNAi lines with 70% reduction in the expression levels of GATA23 displayed strongly reduced numbers of lateral root primordia in stages I and II, while overexpression of GATA23 led to an increase in the number of non-emerged primordia (De Rybel et al., 2010).

A search for proteins showing amino acid sequence similarity with the C-terminal end of the BRASSINOSTEROID KINASE INSENSITIVE 1 (BKI1) protein resulted in the identification of a new family of Arabidopsis proteins, which was named MEMBRANE-ASSOCIATED KINASE REGULATOR (MAKR) (Jaillais et al., 2011). Studies on auxin metabolism showed that one member of this family is involved in root branching. Auxin derived from the root cap due to the conversion of indole-3-butyric acid (IBA) to indole-3-acetic acid (IAA) plays an important role in the regulation of root branching (De Rybel et al., 2012). Comparisons of the transcriptome of an Arabidopsis ibr1ibr3ibr10 triple mutant, which lacks the enzymes of the IBA-to-IAA conversion pathway, with that of the wild type after IBA treatment led to the identification of a novel IBA-regulated component of root patterning, MEMBRANE-ASSOCIATED KINASE REGULATOR 4 (MAKR4) (Xuan et al., 2015).

MAKR4 promoter activity was found to be initially induced in the protoxylem cells within the root apical meristem, and transcription was upregulated after IAA- or IBA treatment (Xuan et al., 2015). In the Arabidopsis ibr1ibr3ibr10 triple mutant, MAKR4 expression levels were strongly reduced compared to the wild type even after treatment with IBA. At the cellular level, MAKR4 located to the plasma membrane and nuclei (Xuan et al., 2015; Simon et al., 2016). Roots carrying estradiol-inducible artificial microRNA constructs targeting MAKR4 had significantly lower numbers of lateral root primordia and emerged lateral roots than wild type roots, while numbers of prebranch sites resembled those of wild type roots. Therefore, MAKR4 has been suggested to be involved in converting prebranch sites in the pericycle into a regular spacing of lateral roots (Xuan et al., 2015).

Little is known about the other members of the MAKR protein family. MAKR1, like BKI1, may interact with the BRASSINOSTEROID INSENSITIVE 1 (BRI1) receptor (Jaillais et al., 2011; Jiang et al., 2015). Unlike BKI1, a negative regulator of brassinosteroid signaling, MAKR5 is a positive effector of CLAVATA3/EMBRYO SURROUNDING REGION 45 (CLE45) signaling through the BARELY ANY MERISTEM 3 (BAM3) receptor (Kang and Hardtke, 2016). Arabidopsis MAKR6 is one of 72 targets of the KANADI1 transcription factor, which regulates the adaxial-abaxial polarity of leaves (Xie et al., 2015). Expression of the MAKR6 gene was upregulated in roots after 6 h of treatment with 1 μM exogenous IAA (Omelyanchuk et al., 2017).

Previously, we have shown in detail the sequence of events involved in the initiation and development of lateral root primordia in squash (Cucurbita pepo, Cucurbitaceae) (Ilina et al., 2018). In squash, the first symmetric anticlinal division was preceded by the formation of cellular auxin response maxima in two adjacent cells in files of the pericycle in the parental root apical meristem at a distance of 250–350 μm from the initial cells, among proliferating cells of the parental root meristem. Cellular auxin response maxima appeared at the xylem pole in pairs of sister cells (founder cells) of the three inner pericycle files, two files of the outer pericycle, and endodermis files. These observations are similar to those for Arabidopsis, where the simultaneous activation of pairs of cells took place in three files of pericycle cells at the xylem pole (Casimiro et al., 2003). Thus, the first divisions initiating lateral root formation, regardless of the place of the initiation, were anticlinal divisions in a pair of sister cells. Further development of squash lateral root primordia was associated with the involvement of three to four layers of the inner cortex. Cortex cells formed an auxin response maximum and contributed to primordium development after periclinal divisions in the pericycle and endodermis.

While in squash, exogenous application of auxin transport inhibitors led to a reduction of the number of lateral roots, exogenous auxins neither led to an increase in the total number of lateral roots nor did they affect the Dubrovsky LRI index (Ilina et al., 2018). Nevertheless, DR5 promoter mediated visualization of auxin response maxima at the earliest stages of primordium formation demonstrated a key role for endogenous auxin in lateral root initiation in squash (Ilina et al., 2018).

As already noted by Xuan et al. (2015) for Arabidopsis, so far the exact role of auxin during lateral root pre-patterning and founder cell specification remains elusive. Similarly, the genetic mechanisms leading to lateral root initiation, including founder cell specification, in Cucurbitaceae are poorly understood. In this study, we focused on two genes expressed during the initiation of lateral root primordia. In Arabidopsis, GATA23 and MAKR4 play a key role in specifying pericycle cells to become founder cells prior to the first formative divisions during lateral root initiation. We report the identification and expression patterns of the putative functional orthologs of GATA23 and MAKR4 in Cucurbitaceae.



MATERIALS AND METHODS

Plant Material and Bacterial Strains

Squash (Cucurbita pepo L. var. giromontina) cv. Beloplodniy and cucumber (Cucumis sativus L.) cv. Kustovoy (Sortsemovosch, Saint Petersburg, Russia) were used in this study. Agrobacterium rhizogenes strain R1000-mediated transformation of squash seedlings was performed as described previously (Ilina et al., 2012). Escherichia coli strain XL-1 Blue was used for molecular cloning.

Molecular Cloning

A set of genetic constructs harboring promoter–reporter fusions was developed via multisite Gateway technology using Gateway LR Clonase II Plus (Thermo Fisher Scientific, Waltham, MA, United States). To create the 242_pKGW-RR-MGW-pCpGATA24::mNeonGreen-H2B construct (pCpGATA24::mNeonGreen-H2B), containing the human histone H2B ORF (Nam and Benezra, 2009) and the 242_pKGW-RR-MGW-pCpMAKR4::eGFP-H2B construct (pCpMAKR4::eGFP-H2B), a series of entry vectors was generated. A list of plasmids and vectors used for entry vector construction is given in Supplementary Table S1. Constructions of binary vectors are given in Supplementary Table S2.

A set of promoter-containing entry vectors was developed containing 3036 bp of the promoter region of the C. pepo GATA24 gene identified in this study (from –3062 to –27 before the predicted translational start site) and 2683 bp of the promoter region of the C. pepo MAKR4 gene identified in this study (from –2688 to –6 before the predicted translational start site). Promoters were PCR-amplified using squash genomic DNA as a template, and cloned in the 369_pENTRattL4attR1_BSAI vector (Thermo Fisher Scientific) using SmaI restriction sites. Sequences of mNeonGreen-H2B-C6 (Shaner et al., 2013) and eGFP-H2B fusions were PCR amplified from commercial plasmid templates (Supplementary Table S1) and cloned in the pUC18-entry8 vector (Hornung et al., 2005) using KpnI and NotI restriction sites. The A. thaliana Actin2 gene terminator (TermAct) (Engler et al., 2014) was PCR amplified from a commercial plasmid and cloned in the 373_pENTRattR2attL3 vector (Thermo Fisher Scientific) via a Gateway BP Clonase reaction (Thermo Fisher Scientific). The resulting 373_pENTRattR2attL3-TermAct vector was used as a donor of TermAct in all further constructions.

All fusions in all constructs were verified by PCR amplification of fragments and sequencing of the products. All primers sequences are given in Supplementary Table S3. All binary vectors were introduced into A. rhizogenes R1000 cells by electroporation (Ilina et al., 2012).

Plant Transformation

Agrobacterium rhizogenes-mediated plant transformation was carried out as described previously (Ilina et al., 2012) with several modifications. Surface sterilized seeds of squash were germinated in sterile vermiculite moistened with d H2O in MagentaTM GA-7 vessels (Merck, Kenilworth, NJ, United States). Plants were grown in an MLR-352H incubator (Panasonic, Osaka, Japan) under controlled conditions: 16/8 h light/darkness, light intensity 600 μM/(m2⋅sec), humidity 96%, at 25/22°C (day/night) for seed germination and growth of transformants and at 21°C for co-cultivation of plants and agrobacteria. The first putative transformed roots were harvested approximately 2 weeks after the inoculation of squash seedlings. Further on, transformed roots 5–10 cm in length were harvested three to five times with 5-day intervals from a single transformation.

Treatments With Exogenous Auxins

Indole-3-acetic acid (IAA, 0.3, 1, or 5 μM), naphthylacetic acid (NAA, 10 μM), and indole-3-butyric acid (IBA, 5 μM) were used as exogenous auxins. Four-day-old wild type seedlings with 5–7 cm long roots were incubated in aerated 1/4 strength Hoagland’s medium supplemented with the respective phytohormones for 6 h at 25°C during the light period. The auxins concentrations and period of exposition used in this study were selected based on data reported previously (Paponov et al., 2008; De Rybel et al., 2010; Xuan et al., 2015). The seedlings were located on a floating opaque raft, and vessels were protected by aluminum foil from light. After the treatment, root tips (1 cm from the root cap) were flash-frozen in liquid nitrogen. Frozen plant material was stored at −80°C. Each experiment included at least 25–30 seedlings and was repeated at least five times independently.

Quantitative Real-Time PCR Assays

Total RNA was extracted from frozen plant material using the RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany). To assess the integrity of the total RNA, an aliquot of each RNA sample was run on an 1% agarose gel following by staining with ethidium bromide. The quantity of each RNA sample was measured using a Qubit 2.0 fluorometer (Thermo Fisher Scientific) using the Qubit RNA BR Assay Kit.

Total RNA (1 μg) was used for reverse transcription with the Maxima First Strand cDNA synthesis kit for RT-qPCR with dsDNase (Thermo Fisher Scientific). Reverse transcription conditions were as follows: dsDNase treatment at 37°C for 10 min; addition of reverse transcription components to the same tube; incubation for 10 min at 25°C followed by 15 min at 50°C; the reaction was terminated by incubation at 85°C for 5 min. 0.4 μl of cDNA from a non-diluted sample (total volume 20 μl) was used for each qPCR reaction.

The RT-qPCR analysis was performed using an Eco Real-Time PCR system (Illumina, San Diego, CA, United States). Each qPCR reaction was carried out in a total volume of 10 μl. For GATA genes, detection based on SYBR Green I dye chemistry was used (Maxima SYBR Green/ROX qPCR master mix (2X), Thermo Fisher Scientific). PCR conditions were as follows: 1 cycle of 95°C for 10 min; 40 cycles of 95°C for 15 s, 52°C (for cucumber) or 60°C (for squash) for 30 s, and 72°C for 30 s; followed by reheating of PCR products at 95°C and then by starting a gradual temperature decrease from 95 to 55°C with a step of −0.3°C per s. For the squash MAKR4 gene, detection based on TaqMan chemistry was used (Maxima Probe/ROX qPCR master mix (2X), Thermo Fisher Scientific). PCR conditions were as follows: 1 cycle of 95°C for 10 min; 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. A TaqMan probe carrying carboxyfluorescein (FAM) as a fluorophore and Black Hole Quencher1 (BHQ1) as a quencher was used. All primers and probes used for qPCR are listed in Supplementary Table S4. Primers and probes were designed using the Vector NTI Advance v11.0 software (Thermo Fisher Scientific). Purified PCR primers were purchased from Evrogen (Moscow, Russia). TaqMan probes were synthetized by BioBeagle (Saint Petersburg, Russia). Each experiment was carried out with at least five biological replicates and three technical replicates. The specificity of the amplified qPCR products was verified by sequencing.

Quantification cycles (Cq) were determined using the Eco Real-Time PCR System software v4.1.11.2 (Illumina). Relative transcript levels were calculated using the 2−ΔΔCT method (Livak and Schmittgen, 2001). PCR efficiency for all primer pairs was between 93 and 98%. Elongation factor EF1a was chosen as reference gene according to literature data about the stability of reference gene expression in cucumber (Wan et al., 2010) and squash (Obrero et al., 2011).

Plots for qPCR data were prepared using the R software default code for the boxplot function (R Core Team, 2017). Statistical analysis of the data was performed with Wilcoxon’s test from the base R package. Differences with P-values <0.05 were considered statistically significant. RT-qPCR analysis of the relative expression levels of GATA genes was performed with five biological replicates. For MAKR4, this analysis was performed using four to eight biological replicates.

Phylogeny and Bioinformatics

Arabidopsis GATA and MAKR proteins from TAIR1 (Berardini et al., 2015) were used as query to find amino acid sequences of C. sativus (cucumber, Chinese long v. 2 and Gy14) (Li et al., 2011; Yang et al., 2012), Cucumis melo (melon) (Garcia-Mas et al., 2012), Citrullus lanatus (watermelon, 97103) (Guo et al., 2013), Cucurbita moshata, and Cucurbita maxima (pumpkin) (Sun et al., 2017), Lagenaria siceraria (bottle gourd) (Wu et al., 2017), and C. pepo (squash) (Montero-Pau et al., 2018) in the Cucurbit Genomics Database2. For the cucumber GATA and MAKR proteins, searches in other databases were also used: Phytozome3 (Goodstein et al., 2012), NCBI4 and PlantTFDB v 4.05 (Jin et al., 2017). The search for the GATA1 gene of Momordica charantia (bitter gourd) was conducted in the bitter gourd transcriptome available from NCBI (Urasaki et al., 2017). All alignments were performed using Clustal Omega at default settings6. Phylogenetic trees were constructed in MEGA7.0 (Kumar et al., 2016). The neighbor-joining method (Saitou and Nei, 1987) of phylogenetic reconstruction was used with the Poisson model (Zuckerkandl and Pauling, 1965) with rate uniformity among sites. The maximum likelihood method of phylogenetic reconstruction was used with the Whelan and Goldman + Freq. model (Whelan and Goldman, 2001) with the rate of variation across sites (+G parameter = 3.7181) (Yang, 1994) and with the proportion of invariable sites (+I) (Shoemaker and Fitch, 1989). This model was chosen from the list of models with the lowest Bayesian Information Criterion (BIC) scores. Models with the lowest BIC scores are considered to best describe the substitution pattern. The maximum likelihood tree inference options were used at default settings. Bootstrap tests with 1000 replicates were used.

Fluorescence Protein Reporter Assay

For the localization of eGFP-H2B and mNeonGreen-H2B reporters, 7–10 mm long tips of transgenic hairy roots of squash were vacuum infiltrated with a fixative (McLean and Nakane, 1974) modified by Brian Lin (Tufts University, Boston, MA, United States): 1% paraformaldehyde, 5% DMSO, 0.1 M L-lysine, 0.01 M sodium-m-periodate in 0.02 M phosphate buffer (PB) pH 7.2 for eGFP and pH 8.0 for mNeonGreen, fixed for 1 h at RT and rinsed with 0.02 M PB pH 8.0. The root tips were sectioned with a vibrating-blade microtome as described previously (Ilina et al., 2018). Nuclei were counterstained for 30–50 min with 0.3 μg/ml DAPI. Longitudinal or cross sections (65 μm) of root tips were mounted in consecutive order onto microscope slides in a non-hardening antifade mountant CFMR2 (Citifluor, London, United Kingdom) for eGFP or in PB pH 8.0 supplemented with 0.1 M L-lysine for mNeonGreen under coverslips.

Microscopy

All microscopy procedures, three-dimensional reconstructions, animations, and maximum intensity projections were performed as described previously (Kitaeva et al., 2016; Ilina et al., 2018). Examination and imaging of fluorescent protein patterns were performed under a LSM 780 upright confocal laser scanning microscope (ZEISS, Germany) equipped with a Plan-Apochromat 20×/0.8 numerical aperture DICII objective and a Plan-Apochromat 40×/1.3 numerical aperture DICIII oil immersion objective. Samples were imaged with a 488 nm excitation laser line and an emission spectrum of 490–525 nm for both eGFP or mNeonGreen. For DAPI-stained nuclei, the 405 nm excitation laser line and an emission spectrum of 412–464 nm were used. A multitrack (line by line) scan mode was applied. The ZEN 2.3pro software (ZEISS) was used for image processing. At least 14 roots were used for each reporter assay. The distance from the initial cell to the first cell in file labeled with eGFP or NeonGreen in nuclei was measured in the ZEN software (ZEISS) after acquisition. Statistical analysis and graphical visualization were performed in SigmaPlot 12.5 (Systat Software, United States) using one-way analysis of variance (ANOVA) on ranks (Kruskal–Wallis).



RESULTS

Identification of the Putative Ortholog of Arabidopsis GATA23 in Cucumis sativus and Cucurbita pepo by Phylogenetic Analysis

Using BlastP searches in Phytozome, NCBI, Cucurbit Genomics Database, and PlantTFDB, 26 members of the GATA family of transcription factors were found both in cucumber (C. sativus) and squash (C. pepo). The 26 cucumber GATA transcription factors were named CsGATA1 to CsGATA26, according to their chromosomal positions, as was done for the GATA gene family of apple and soybean (Zhang et al., 2015; Chen et al., 2017), while squash GATAs were named according to their sequence similarity with cucumber GATA proteins (Supplementary Table S5). Phylogenetic analysis of GATA protein DNA-binding domains from cucumber and squash showed that, like in Arabidopsis (Reyes et al., 2004), cucurbit GATA transcription factors can be divided into four classes (Figure 1). The majority of GATA genes from cucumber and squash belong to classes A (11 genes per species) and B (eight genes). From 29 GATA genes in Arabidopsis, 14 and ten belong to the classes A and B, respectively. Two genes from cucumber and squash, respectively, belong to class C, compared to three genes in Arabidopsis. The number of genes from class D is equal both for Arabidopsis and cucurbits (four genes per species).
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FIGURE 1. Neighbor-joining phylogenetic tree of the DNA-binding regions of GATA proteins from Arabidopsis thaliana, Cucumis sativus, and Cucurbita pepo. The phylogenetic tree was constructed based on a Clustal Omega alignment. Evolutionary analyses were carried out in MEGA7 software by the Neighbor-Joining method with 1000 bootstrap replicates using the Poisson model with rate uniformity among sites. All ambiguous positions were removed for each sequence pair. Bootstrap values are indicated by each node (≥50%). The amino acid sequence of the zinc finger domain from AT3G17660 protein was used as outgroup. The four different classes of GATA proteins are represented in different colors. Putative orthologs of AtGATA23 in C. sativus and C. pepo are indicated (underlined bold). Gene ID prefixes: AT, A. thaliana; Cucsa, C. sativus Gy14 gene IDs on Phytozome; Csa, C. sativus Chinese Long v.2 gene IDs on Cucurbit Genomics Database; Cp, C. pepo.



Like their homologs in Arabidopsis (Reyes et al., 2004), all squash and cucumber GATA proteins have only one DNA-binding domain (zinc-finger domain) with the core structure CX2/4CX18/20CX2C (Supplementary Figures S1, S2). Members of class A, B, and C have the structure CX2CX18CX2C (Supplementary Figure S1) with one exception: in cucurbits GATA16 protein (Class B), like in Arabidopsis GATA29 (Class B), the sequence of the zinc-finger domain is CX4CX18CX2C (Supplementary Figure S2). GATA proteins from class D show the domain structure CX2CX20CX2C (Supplementary Figure S1).

Since GATA23 belongs to class B (Behringer and Schwechheimer, 2015), the amino acid sequences of cucurbit GATAs of this class were analyzed in detail. B-GATAs with a HAN-domain and an LLM-domain have been described previously for Arabidopsis (Behringer et al., 2014; Behringer and Schwechheimer, 2015). Class B of cucurbit GATAs was divided into proteins with a HAN-domain and proteins with an LLM-domain (Supplementary Figures S2, S3). It was previously reported that cucumber contains two GATA genes encoding proteins with a complete HAN-domain, named HAN1 and HAN2 (Ding et al., 2015). Squash HAN-domain GATAs were given the same names according to their level of identity to cucumber GATA proteins. Cucurbit GATA16 proteins, like Arabidopsis GATA29, have a degenerate HAN-domain (Supplementary Figure S2).

Cucumber and squash have five GATA proteins with a complete LLM-domain: four of them have short amino acid sequences (GATA9, GATA17, GATA19, and GATA24), while one is a long protein (GATA2) (Supplementary Figure S3). For GATA1, which also belongs to the short proteins, the structure of the LLM-domain differs between cucurbit genera (Supplementary Figure S3). In the genus Cucurbita, it has the complete domain with the leucine-leucine-methionine sequence, as was also described for short Arabidopsis GATAs with a complete LLM-domain (Behringer and Schwechheimer, 2015). However, in C. melo, C. lanatus, L. siceraria, and M. charantia, the first leucine of the LLM-domain is substituted by serine. Interestingly, GATA1 from cucumber shows two substitutions in the LLM-domain: the first leucine is substituted by serine, like in melon, watermelon, calabash and bitter gourd, and methionine by isoleucine. Amino acid substitutions in cucumber GATA1 are similar to the substitutions in Arabidopsis GATA23 with regard to their positions. The degenerate LLM-domain from Arabidopsis GATA23 also contains substitutions of the first leucine and the methionine. However, the amino acid residues in these positions are different from those in cucumber GATA1: in Arabidopsis GATA23, the first leucine in the LLM-domain is substituted by cysteine and the methionine by leucine. Altogether, based on the phylogenetic analysis (Figure 1) and on the alignment of the GATA-domain and LLM-domain sequences in class B GATA proteins (Supplementary Figure S3), GATA1, GATA9, GATA17, GATA19, and GATA24 could represent putative orthologs of Arabidopsis GATA23.

Cucurbit GATA Expression Levels Change in Response to Exogenous Auxin

The expression of Arabidopsis GATA23 is upregulated by the auxin analog NAA at a concentration of 10 μM, leading to a maximal level of expression after 6 h (De Rybel et al., 2010). To identify orthologs of Arabidopsis GATA23, roots of cucumber and squash seedlings were treated with exogenous NAA, which can pass the plant plasma membrane by diffusion, while IAA requires uptake transporters (Marchant et al., 1999; Michniewicz et al., 2007). Expression levels of all members of the GATA family were compared in mock- and NAA-treated roots using reverse transcription – quantitative polymerase chain reaction (RT-qPCR).

In cucumber and squash, the genes GATA2, GATA16, and GATA17 were not expressed in roots, either with or without NAA treatment (Figures 2, 3). Most of the 26 GATA genes of both cucurbits were expressed in roots, but did not show significant changes in their expression levels in roots in response to exogenous NAA. This group included 15 cucumber GATA genes (CsGATA3, CsGATA5, CsGATA6, CsGATA8, CsGATA11, CsGATA12, CsGATA13, CsGATA14, CsGATA15, CsGATA18, CsGATA19, CsGATA21, CsGATA22, CsGATA23, and CsGATA25; Figure 2) and 16 squash genes (CpGATA1, CpGATA3, CpGATA4, CpGATA5, CpGATA6, CpGATA8, CpGATA10, CpGATA11, CpGATA12, CpGATA13, CpGATA14, CpGATA15, CpGATA19, CpGATA21, CpGATA23, and CpGATA25; Figure 3). For seven cucumber GATA genes (CsGATA1, CsGATA4, CsGATA7, CsGATA9, CsGATA10, CsGATA20, and CsGATA26; Figure 2) and six genes from squash (CpGATA7, CpGATA9, CpGATA18, CpGATA20, CpGATA22, and CpGATA26; Figure 3), NAA treatment led to a significant reduction of expression levels in roots. Only three GATA genes could be identified for which the expression levels increased in response to treatment with NAA: two from cucumber (CsGATA14 and CsGATA24; Figure 2) and one from squash (CpGATA24; Figure 3). Expression levels of CsGATA14 increased 2–3 fold. Transcript levels of CsGATA24 were 6–20 fold higher in NAA-treated roots than in mock-treated roots, while relative expression levels of CpGATA24 increased 2–6 fold.
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FIGURE 2. Relative transcript levels of Cucumis sativus GATA genes in response to NAA treatment. Four-day-old C. sativus seedlings were incubated with 10 μM NAA for 6 h. Reverse transcription-qPCR analysis was performed using RNA isolated from the first centimeter of the primary roots. Graphs were drawn using R software default code for boxplot function (Wilcoxon test, ∗p < 0.05, ∗∗p < 0.01). The y axis indicates the relative transcript level (2−ΔΔCT method).
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FIGURE 3. Relative transcript levels of Cucurbita pepo GATA genes in response to NAA treatment. Four-day-old C. pepo seedlings were incubated with 10 μM NAA for 6 h. RT-qPCR was performed using RNA isolated from the first centimeter of the primary roots. Graphs were drawn using R software default code for the boxplot function (Wilcoxon test, ∗p < 0.05, ∗∗p < 0.01). The y axis indicates the relative transcript level (2−ΔΔCT method).



Class B of cucurbit GATA genes consists of nine members (GATA1, GATA2, GATA9, GATA15, GATA16, GATA17, GATA19, GATA21, and GATA24; Figure 1). The expression of only one of these, GATA24, was upregulated in response to NAA in both cucumber and squash. The cucumber GATA14 gene, the expression of which, like that of GATA24, was upregulated in response to NAA, belongs to class A. As mentioned above, cucurbits contain one class B GATA gene encoding a protein with a degenerate LLM domain, GATA1; the expression of this one was downregulated in response to NAA in cucumber, and not regulated in response to NAA in squash.

In summary, Arabidopsis GATA23 belongs to class B, and the corresponding gene is upregulated by auxin. Only one cucurbit GATA shares these features, namely GATA24 (gene ID in Phytozome Cucsa.205230 and in the Cucurbit Genomics Database Cp4.1LG17g07330; Supplementary Table S5). Phylogenetic (Figure 1) as well as expression analysis (Figures 2, 3) indicate that the GATA24 genes of cucumber and squash represent putative functional orthologs of Arabidopsis GATA23.

Identification of the Putative Ortholog of Arabidopsis MAKR4 in Cucumis sativus and Cucurbita pepo by Phylogenetic Analysis

The cucumber proteome contains 13 amino acid sequences of MEMBRANE-ASSOCIATED KINASE REGULATOR-like (MAKR) proteins (Figure 4). Six of these 13 proteins were annotated in Phytozome as members of MAKR family (gene IDs Cucsa.012770, Cucsa.165730, Cucsa.185600, Cucsa.201740, Cucsa.201790, and Cucsa.254170), while two of them were annotated as BKI1, a member of the MAKR protein family (gene IDs Cucsa.123690 and Cucsa.232770). Three truncated MAKR amino acid sequences, including two annotated as MAKRs, were found in Phytozome (gene IDs Cucsa.012770, Cucsa.108280, and Cucsa.254170); therefore, in this study they were replaced by the full-size protein sequences available from the Cucurbit Genomics Database (gene IDs Csa3G363150, Csa3G184590, and Csa3G149330). The watermelon (C. lanatus) genome encodes ten MAKR-like proteins (Figure 4). Two of these proteins were annotated in the Cucurbit Genomics Database as BKI1 (gene IDs Cla020683 and Cla022558), while eight of them were not annotated at all as MAKR-like proteins.
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FIGURE 4. Phylogenetic tree of MAKR proteins from A. thaliana, C. sativus, Citrullus lanatus, and C. pepo. Amino acid sequence of putative ortholog of MAKR4 in C. pepo was used together with all known sequences of MAKR proteins from A. thaliana, C. sativus, and C. lanatus. The phylogenetic tree was constructed based on a Clustal Omega alignment. Evolutionary analyses were carried out in MEGA7 software using the Maximum Likelihood method with 1000 bootstrap replicates based on the gamma distributed (+G) Whelan and Goldman + Freq. model with invariant sites (+I). The amino acid sequence of the BKI1 protein (GRMZM2G135400_T01) from Zea mays was used as outgroup. The putative ortholog of AtMAKR4 in C. pepo is indicated (underlined bold). Scale bar denotes 0.5 amino acid substitutions per site. Gene ID prefixes: AT, A. thaliana; Cucsa, C. sativus Gy14 on Phytozome; Csa, C. sativus Chinese Long v.2 on Cucurbit Genomics Database; Cla, C. lanatus; Cp, C. pepo.



Phylogenetic analysis based on the MAKR protein family from Arabidopsis suggests that there is only one MAKR4 protein in cucurbits. The putative MAKR4 protein from squash (gene ID from the Cucurbit Genomics Database Cp4.1LG01g04380) showed 57% amino acid similarity and 45.3% identity with AtMAKR4 and therefore was assumed to be a putative ortholog (Figure 4). The CpMAKR4 cDNA was cloned, sequenced, and deposited in NCBI GenBank under the accession number KY352352.

CpMAKR4 Expression Levels Differ in Their Response to Different Types of Auxin

To confirm that CpMAKR4 represents a putative functional ortholog of Arabidopsis MAKR4, expression levels of CpMAKR4 were analyzed in squash roots after treatment with different auxins (Figure 5). Arabidopsis MAKR4 expression has been reported to be upregulated in response to IAA and IBA (Xuan et al., 2015). RT-qPCR analysis showed that transcript levels of CpMAKR4 did not change in response to treatment with 0.3, 1, or 5 μM IAA for 6 h. However, expression levels increased 3–4 fold in response to treatment with 5 μM IBA, and 3–5 fold in response to 10 μM NAA.
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FIGURE 5. Relative transcript levels of Cucurbita pepo MAKR4 in response to treatment with exogenous phytohormones. Four-day-old C. pepo seedlings were incubated for 6 h with 0.3, 1, 5 μM IAA, 5 μM IBA, or 10 μM NAA, respectively. RT-qPCR analysis was performed using RNA isolated from the first centimeter of the primary roots. Graphs were drawn using R software default code for the boxplot function (Wilcoxon test, ∗∗∗p < 0.001). The y axis indicates the relative transcript level (2−ΔΔCT method).



CpGATA24 and CpMAKR4 Expression Patterns in Cucurbita pepo Root

Transgenic squash hairy roots harboring promoter fusion constructs CpGATA24::mNeonGreen-H2B or CpMAKR4::eGFP-H2B were used to investigate the expression patterns and involvement in lateral root primordium initiation of the corresponding genes. To visualize gene expression patterns, a series of longitudinal (Figures 6, 8, 9) and cross (Figures 7, 10) root sections were analyzed.
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FIGURE 6. Localization of CpGATA24 expression along the longitudinal axis of Cucurbita pepo root tips. Confocal laser scanning microscopy of longitudinal vibratome sections. Green channel – fluorescence of mNeonGreen-H2B, magenta channel – DNA in nuclei stained with DAPI, gray channel – differential interference contrast. (A) An overview and (B) close-up of the parental root meristem shows the acropetal sequence of GATA24 promoter activity in protoxylem and pericycle. GATA24 expression arises first in the protoxylem at a distance of 275 μm from the initial cells (arrowhead), before the formative T-division (arrow). (C,D) The establishment of GATA24 activity in xylem, pericycle layers and endodermis. Founder cell specification in the outer pericycle (white arrows). Two endodermal cells with local GATA24 activity can be seen in the upper developing primordium. (E,F) Asterisks indicate the position of young lateral root primordia after the first anticlinal and periclinal (black arrow) divisions in the pericycle. GATA24 transcription can be seen in the protoxylem between primordia. (G) Lateral root primordium within the parental root meristem at a distance of 500–600 μm from the QC. (A–D,F) Single optical sections. Maximum intensity projection of z-series: (E) of 26 optical sections, 27 μm in depth; (G) of 47 optical sections, 50 μm in depth. Asterisks indicate developing lateral root primordia; en, endodermis; mx, metaxylem; pI, inner pericycle layer; pII, outer pericycle layer; px, protoxylem; qc, quiescent centre. Scale bars denote 100 μm in (A), and 20 μm in (B–G).
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FIGURE 7. Radial pattern of CpGATA24 expression along the longitudinal axis of Cucurbita pepo root tip. Confocal laser scanning microscopy of vibratome cross-sections. Overlays of single optical sections with differential interference contrast and maximum intensity projections of a z-series of mNeonGreen-H2B fluorescence in the green channel (32 optical sections, 36 μm in depth). Distances from initial cells are shown in the upper right corner of each panel. (A) Expression of GATA24 in the protoxylem (arrow). (B) In both pericycle layers, expression of GATA24 begins in the founder cells (arrows point at protoxylem cells expressing GATA24). (C) Before periclinal divisions in the pericycle (stage I of lateral root primordium formation), expression of GATA24 is induced in 2–3 files of the endodermis, too. (D) Lateral root primordium at a distance of 1200 μm from the initial cells. Protoxylem undergoes terminal differentiation (arrow). Arrows indicate protoxylem; en, endodermis; mx, metaxylem; pI, inner pericycle layer; pII, outer pericycle layer; pp, protophloem. Scale bars denote 20 μm.




[image: image]

FIGURE 8. Localization of CpGATA24 expression in lateral root primordia of Cucurbita pepo root. Confocal laser scanning microscopy of longitudinal vibratome sections. Green channel – fluorescence of mNeonGreen-H2B, magenta channel – DNA in nuclei stained with DAPI, gray channel – differential interference contrast. (A) Lateral root primordium at a distance of 1000 μm from the QC. (B) CpGATA24 expression is remained in metaxylem cells (arrowhead) and lateral root primordia at a distance of 1500 μm from the QC. (C) CpGATA24 expression has disappeared in lateral root primordia at a distance of 2000 μm from the QC. en, endodermis; pI, inner pericycle layer; pII, outer pericycle layer; px, protoxylem. Scale bars denote 50 μm in (A,C), and 100 μm in (B).
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FIGURE 9. Localization of CpMAKR4 expression along the longitudinal axis of Cucurbita pepo root tips. Confocal laser scanning microscopy of longitudinal vibratome sections. Green channel – fluorescence of eGFP-H2B, magenta channel – DNA in cell nuclei stained with DAPI, gray channel – differential interference contrast. (A) An overview and (B,C) close-up of the parental root meristem shows the acropetal sequence of CpMAKR4 promoter activity in protoxylem and pericycle. CpMAKR4 expression arises first in the protoxylem at a distance of 330 μm from the initial cells (arrows). (D) CpMAKR4 expression takes place just before the last formative T-division in the protoxylem. An arrow points at the first cell expressing CpMARK4 in the protoxylem cell file. Two putative founder cells in the inner pericycle layer are labeled with an arrowhead. The first anticlinal division (metaphase) in an inner pericycle cell expressing CpMAKR4 is visible (asterisk). (E) Young lateral root primordia (asterisks) and protoxylem cells between primordia (arrowheads) expressing CpMAKR4. (F) CpMAKR4 expression is remained in protoxylem cells and lateral root primordia at a distance of 1500 μm from the initials. Asterisks indicate developing lateral root primordia; en, endodermis; mx, metaxylem; pI, inner pericycle layer; pII, outer pericycle layer; px, protoxylem; qc, quiescent centre. Scale bars denote 100 μm in (A,E), 20 μm in (B,C), 10 μm in (D), 50 μm in (F).
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FIGURE 10. Radial pattern of CpMAKR4 expression along the longitudinal axis of Cucurbita pepo root tip. Confocal laser scanning microscopy of vibratome cross-sections. Overlays of single optical sections with differential interference contrast and maximum intensity projections of a z-series of eGFP-H2B fluorescence in the green channel (16 optical sections, 15 μm in depth). Distances from initial cells are given in the right upper corner of each panel. (A) Expression of CpMAKR4 in the protoxylem (arrow, cell outlined in red) before the T-division. (B) Two cell files (outlined in red) are formed at a xylem pole. Expression of CpMAKR4 in the protoxylem is visible. (C) Expression of CpMAKR4 is induced in the founder cells of the inner and outer pericycle layer, also in metaxylem cells opposite young lateral root primordia. (D) Lateral root primordia at a distance of 800 μm from the initial cells. Expression of CpMAKR4 takes place in 3–4 files of the endodermis as well. Protoxylem and metaxylem (arrowheads) cells between primordia show CpMAKR4 transcription. Arrows indicate protoxylem; en, endodermis; mx, metaxylem; pI, inner pericycle layer; pII, outer pericycle layer; pp, protophloem. Scale bars denote 20 μm.



Expression of CpGATA24 Is Induced in the Protoxylem Before Founder Cell Specification in the Pericycle

Expression of CpGATA24 began in the protoxylem at an average distance of 265 μm from the initial cell (Figures 6A,B, 7A and Supplementary Figure S4). This event occurred 50–60 μm before the periclinal T-division in a file of protoxylem cells (Figures 6B, 7A). Such a division leads to the formation of two xylem files. The outer file is usually designated as protoxylem, and the inner one as peripheral metaxylem (Figures 6B, 7A). Throughout a file, CpGATA24 expression was maintained in all cells of the protoxylem and peripheral metaxylem (Figures 6, 7, 8) until a point at about a distance of 1500 μm from the initial cells where terminal differentiation of the protoxylem cells commenced. In the pericycle, expression of CpGATA24 began at a distance of approx. 300 μm from the initial cells, before the first anticlinal divisions (Figures 6B–D). This occurred in the cells of the inner pericycle layer approximately opposite to the T-division in the protoxylem. Expression of CpGATA24 in the cells of the inner pericycle layer was triggered simultaneously in several (6–8) cells (Figures 6C,D). In the outer layer of the pericycle, expression was induced a bit later and only in the putative founder cells (Figures 6C,D, 7C). Upon completion of the first anticlinal formative divisions in the pericycle, expression of CpGATA24 was extended to the endodermal cells involved in the formation of the lateral root primordium (Figures 6C,D, 7B,C). When the first periclinal divisions took place in a primordium (Figures 6F,G), CpGATA24 expression was extended also to the files of stelar parenchyma surrounding the peripheral metaxylem (Figures 7B–D). The pattern of CpGATA24 expression in the cells of the inner pericycle layer was also maintained between the developing primordia until a distance of approx. 600 μm from the initial (Figures 6E–G). Cells of 2–3 inner cortical layers opposite the primordium also expressed CpGATA24 (Figures 7D, 8A). At a distance of approx. 1 mm from the initial cells, expression of CpGATA24 was maintained in all primordium cells (Figure 8A). CpGATA24 expression was maintained in all stelar parenchyma cells adjacent to the protoxylem until a distance of 1.5–2 mm from the initial. Then, the number of cells expressing CpGATA24 in primordia decreased gradually (Figure 8B). The last CpGATA24 expressing cells were found in the zone of initial cells of lateral root primordia at a distance of approx. 2–2.5 mm from the root tip (Figure 8C).

Thus, the expression of CpGATA24 is directly correlated to the determination of the site of lateral root initiation at a xylem pole. Protoxylem cells appear to play a crucial role in the positioning of the primordium. CpGATA24 expression extends from the protoxylem file to the founder cells in the pericycle, immediately after the completion of the last periclinal formative division in the protoxylem.

Expression of CpMAKR4 Is Induced in the Protoxylem Before the First Formative Division in Pericycle

CpMAKR4 expression began in the protoxylem at an average distance of 330 μm from the initial cell (Figures 9A–D, 10A and Supplementary Figure S4). This occurred just before the periclinal T-division in the protoxylem, which leads to a split of this cell file to the protoxylem and peripheral metaxylem files (Figures 9B,D, 10A,B). CpMAKR4 expression was maintained in the protoxylem and peripheral metaxylem until a distance of approx. 2–2.5 mm (Figure 9F). In the inner layer of the pericycle, the expression of this gene was triggered a bit later than in protoxylem (Figures 9B–D). In Figure 9D, the site of lateral root primordium initiation is shown with an asterisk: one of the two sister cells of the inner pericycle layer has already divided, and the second (basal) is in the metaphase. All three cells show activity of the CpMAKR4 promoter. The cells of the outer layer of the pericycle, already involved in the initiation of the lateral root primordium, have begun to express CpMAKR4 in pairs of cells immediately before the first formative anticlinal divisions (Figures 9B,C). As the primordium developed, proceeding to involve the endodermis and several layers of the inner cortex, CpMAKR4 expression extended to all cells of the primordium (Figures 9E,F, 10C,D). The decrease in its expression level in primordium cells was complete at a distance of 3 mm from the root tip.

Thus, CpMAKR4 expression begins in the protoxylem, shortly before the first formative divisions in the pericycle, and is likely to be connected with the determination of the site of lateral root initiation at a xylem pole. CpMAKR4 expression is triggered directly before the anticlinal divisions of the pericycle cells, which initiate the formation of a lateral root primordium. The expression of this gene is maintained for the entire subsequent development of the primordium, before it emerges from the parental root.



DISCUSSION

The first problem we sought to address in this study was the identification of orthologs of Arabidopsis GATA23 and MAKR4 in cucurbits. The number of GATA genes identified in cucumber and squash genomes was 26 for each species, which is less than in the Arabidopsis genome (Reyes et al., 2004). Therefore, it could be assumed that some gene family members in Arabidopsis did not have an ortholog in cucumber and/or squash. Using phylogenetic analysis, cucurbit GATA transcription factors were divided into four classes according to their DNA-binding domain structure like in Arabidopsis and rice (Reyes et al., 2004). All squash and cucumber GATA proteins have the CX2/4CX18/20CX2C structure of the zinc-finger domain, which is typical for GATA proteins from the entire plant kingdom (Reyes et al., 2004). Phylogenetic analysis did not allow the unambiguous identification of the ortholog of Arabidopsis GATA23 in cucurbits. Another criterion had to be added, namely that the expression of a putative functional ortholog of Arabidopsis GATA23 had to be upregulated in roots by exogenous application of auxin (De Rybel et al., 2010). Only one gene from cucurbits, GATA24, fulfilled the phylogenetic and transcriptional criteria and was therefore proposed as the putative functional ortholog of Arabidopsis GATA23.

Phylogenetic search for a putative ortholog of Arabidopsis MAKR4 in the squash genome was easy in that there is only one MAKR4 gene in squash despite the whole genome duplication event postulated for the genus Cucurbita (Montero-Pau et al., 2018). Here, cucumber was not included in the search. Transcriptional analyses on the effects of auxin were performed with 10 μM of the synthetic auxin NAA for GATA genes. For MAKR, however, three effects of different auxins – the synthetic NAA and the natural IAA and IBA – were compared, with the result that only NAA and IBA had an effect. Thus, in cucurbits IBA must be converted to IAA in the root cap, as was previously reported for Arabidopsis (De Rybel et al., 2012; Xuan et al., 2015). The lack of induction of CpMAKR4 by the natural auxin IAA in spite of the effect of the synthetic auxin NAA could be explained by the fact that, as was shown for Arabidopsis, while NAA can pass the plasma membrane by diffusion, IAA requires active uptake systems (Marchant et al., 1999; Michniewicz et al., 2007).

Arabidopsis GATA23 and MAKR4 function in a cell-autonomous manner (De Rybel et al., 2010; Xuan et al., 2015); thus, it is very likely that their homologs in Cucurbitaceae also act cell-autonomously. Therefore, the analysis of their promoter activities should indicate the distribution of the corresponding proteins.

The expression pattern of GATA23 in Arabidopsis has been analyzed in a few studies (De Rybel et al., 2010; Xuan et al., 2015; Murphy et al., 2016). The authors concluded that GATA23 expression is induced before the first asymmetric division and synchronous nuclear migration in two pericycle cells, and that this expression is only maintained up to and including stage II. That is, GATA23 expression finishes with the first periclinal divisions (De Rybel et al., 2010). According to Murphy et al. (2016), GATA23 expression is triggered in the pericycle at xylem poles within the elongation zone. Xuan et al. (2015) also convincingly showed the induction of GATA23 expression in two pericycle cells before the asymmetric formative division. In addition, the cellular auxin response maxima (as evidenced by DR5 promoter activity) also appear in two pericycle cells just before the nuclear migration (De Rybel et al., 2010). GATA23 expression is controlled by the activity of the Aux/IAA28-dependent signaling module in the basal part of the apical root meristem (De Rybel et al., 2010), where the priming of founder cells occurs. Altogether, based on the expression pattern of GATA23, it was concluded that specification of founder cells takes place in the pericycle above the elongation zone (De Rybel et al., 2010; Lavenus et al., 2013), and that GATA23 and a small signaling peptide, GLV6, may be involved in the nuclear migration mechanism in polarized founder cells (De Rybel et al., 2010; Fernandez et al., 2015).

During the initiation of lateral root primordia within the elongation zone, nuclear migration is typically observed in two adjacent pericycle cells prior to the asymmetric division (Casero et al., 1993; Demchenko and Demchenko, 1996; Casimiro et al., 2003; De Rybel et al., 2010). The coordinated, synchronous nuclear migration of two neighboring pericycle nuclei in Arabidopsis roots depends on Aux/IAA28 and ARF-dependent signaling and is an absolute prerequisite for primordium initiation (De Rybel et al., 2010). In contrast, in C. pepo roots, where the initiation of lateral root primordia takes place in the parental root meristem, the cells of different pericycle files are short (meristematic) and their nuclei are already positioned near the center of future primordia. In this case, nuclear migration is unnecessary (Ilina et al., 2017, 2018). Most likely, CpGATA24, the putative functional ortholog of GATA23, does not target genes required for coordinated nuclear migration in the pericycle (Bone and Starr, 2016).

In the current study, we show that the pattern of expression of CpGATA24 is much broader than that of GATA23. The onset of CpGATA24 expression is associated with the protoxylem, and only expands to individual pericycle cells (the founder cells) before the anticlinal formative divisions that lead to lateral root initiation (Figures 6, 7). In addition, CpGATA24 expression is maintained in all primordial cells up to and including stage V, gradually decreasing in the later stages (Figure 8). Comparative analysis of cellular auxin response maxima (Ilina et al., 2018) and CpGATA24 expression shows that in C. pepo, unlike in Arabidopsis, they do not coincide. At a distance of approx. 390 μm from the initials, an auxin response maximum is present in all metaxylem files, but CpGATA24 is only expressed in the protoxylem and the peripheral metaxylem. At larger distances from the root tip, the CpGATA24 expression pattern is wider than the cellular auxin response maximum. It is important to note that in the protoxylem as well as in adjacent cell files of the stelar parenchyma, CpGATA24 expression is constant in all cells of a given file up to a distance of approx. 1500 μm from the initials, in contrast with the expression of GATA23 in Arabidopsis which is only induced in pre-branch sites and maintained during lateral root primordia formation (De Rybel et al., 2010). This might indicate the presence of an additional transcriptional activator of CpGATA24 beyond auxin signal transduction. Based on the expression pattern of CpGATA24 in the central cylinder, this putative trigger would likely move through the protoxylem file from the basal parts of the root down to the apical meristem.

In Arabidopsis, MAKR4 converts the prebranch sites into a regular spacing of lateral roots (Xuan et al., 2015). In the sequence of events leading to founder cell specification, induction of MAKR4 expression usually takes place after induction of GATA23 expression. The expression of the squash CpMAKR4 gene, the putative functional ortholog of MAKR4, is activated in the protoxylem a little bit later than that of CpGATA24 (Supplementary Figure S4). Interestingly, both of these events occur before the last periclinal T-division, which leads to the formation of the cell files of proto- and metaxylem (Figures 6A, 9D, 10A,B). In squash, CpMAKR4 and CpGATA24 expression is maintained in all protoxylem cells, while in Arabidopsis roots, MAKR4 is only expressed in the protoxylem of the parental root in the basal part of the lateral root meristem (Xuan et al., 2015).

Above the elongation zone in Arabidopsis, MAKR4 is located at the plasma membrane on the border of two adjacent founder cells in the pericycle prior to the synchronous nuclear migration (Xuan et al., 2015). After completion of the first anticlinal division, it is localized throughout the plasma membrane of sister cells. During further primordium development, AtMAKR4 is expressed in overlaying cell layers of early-stage lateral root primordia. Also, in the pericycle of squash roots, CpMAKR4 expression is induced directly before the first anticlinal division (Figures 9B–D), and this always happens in two adjacent founder cells. Subsequently, CpMAKR4 expression is maintained in primordia up to stage V (Figures 9E,F). This is consistent with a direct involvement of CpMAKR4 in the development of lateral root primordia before the formation of their own initial cells in the quiescent center of the emergent lateral root meristem, and is also consistent with the defect in lateral root emergence observed in a MAKR4 knock-down line (Xuan et al., 2015).

In Arabidopsis, it was proposed that periodic fluctuations in auxin distribution or responsiveness determine the longitudinal spacing of lateral root initiations (De Smet et al., 2007). Because of the failure of exogenously applied IAA to affect the frequency of pulses in the oscillation zone, it was concluded that the pace of oscillation is set by an endogenously regulated clock with a stable, auxin-independent periodicity (Moreno-Risueno et al., 2010; Van Norman et al., 2013), suggesting that the pathway determining prebranch site formation is largely independent of the pathway leading to lateral root formation. In Arabidopsis, the specific induction of expression of GATA23 and MAKR4 in founder cells in the pericycle cell files can only be explained by the oscillation of a trigger. Yet, in squash, lateral root initiation takes place at a distance of 250–300 μm from the initial cells, indicating that prebranch site formation takes place even closer to the root tip. Thus, it is unlikely that in cucurbit roots there is enough space for the formation of such auxin oscillations as were described for Arabidopsis basal meristem. However, the expression of CpGATA24 and CpMAKR4 in cell files of the stelar parenchyma argues for the involvement of a second regulator that on the one hand is independent of auxin, and on the other hand likely moves from the basal part of the root toward the meristem. Since the trigger of CpGATA24 and CpMAKR4 expression always extends centrifugally from the protoxylem, speculation about the movement of auxin as a trigger from dying root cap cells in Arabidopsis (Möller et al., 2017) cannot apply to Cucurbitaceae.

Further identification of the target genes of the transcription factor GATA23 and of its orthologs in other plants, as well as the elucidation of the actual role of MAKR4 in the signaling cascade that leads to prebranch sites formation, will shed light on the mechanisms of formation of local competence for lateral root initiation in pericycle cells. Expansion of our knowledge in this area will also lead to the identification of mechanisms of systemic regulation of branching, which is necessary for the development of targeted breeding strategies in agriculture.
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Branching density (or the reciprocal: inter-branch distance) is an important trait which contributes to defining the number of roots in individual plants. The environmental and local variations in inter-branch distance have often been stressed, and simulations models have been put forward to take them into account within the dynamics of root system architecture (RSA). However, little is known about the interspecific and intra-plant variations of inter-branch distance. In this paper, we present an analysis which draws on 40 samples of plants belonging to 36 species collected in homogeneous soils, to address how the variations in inter-branch distance are structured within individual plants, and how this structure varies from one species to another. Using measurements of inter-branch distance on various roots of the same species and our knowledge of the branching process, we defined a simple and generic model dedicated to the simulation of the observed variations. This model distinguishes between two sub-processes: i) the longitudinal location of potential branching sites and ii) the effective emergence of lateral roots at these sites. Thus, it represents the variations in distance between the potential sites (with two parameters), and the probability of emergence of a lateral root at each site (one parameter). We show the ability of this model to account for the main variations in inter-branch distances with a limited number of parameters, and we estimated them for the different species. These parameters can be considered as promising traits to characterize—in a comprehensive and simple way—the genetic and environmental variations in the whole branching process at plant level. Based on the results, we make recommendations for carrying out comparable measurements of the branching density in developed plants. Moreover, we suggest the integration of this new model as a module in future RSA simulators, to improve their capacity to account for this important and highly variable characteristic of plant species.

Keywords: root branching, branching density, inter-branch distance, model, root system architecture, interspecific diversity, phenotype

Introduction

The linear branching density for a given root can be defined as the number of lateral branches per length unit along this root. It can be characterized by the reciprocal variable, the inter-branch distance (IBD), and is often measured on the branching parts of roots, i.e., excluding the distal end where laterals have not emerged yet (Dubrovsky and Forde, 2012).

It is a very important trait at the root system level, because it largely contributes to defining the total number of roots in the whole plant. Since the root system is usually ramified up to several branching orders, typically between 3 and 5, the effect of inter-branch distance on the total number of roots is potentially raised to the power of the number of branching orders. However, note that some species, among the Amaryllidaceae, for example, have roots which are not branched, but they seem to constitute exceptions.

Several authors have quantified IBD (or branching density) in certain species (e.g., banana: Riopel, 1966; Charlton, 1982; Lecompte and Pagès, 2006; maize: Varney et al., 1991; Pagès and Pellerin, 1994; Wu et al., 2016; pea: Hinchee and Rost, 1992; tomato: Barlow and Adam, 1988) and stressed the importance of this morphological trait to characterize the root system architecture of the studied species. Others have compared several species and shown that IBD varies among species and genotypes within species (Mallory et al., 1970; Kong et al., 2014; Bui et al., 2015; Pagès, 2016; Pagès and Kervella, 2018). For example, in a recent paper based on a large range of species, Pagès (2016) observed considerable variations of IBD, with a 10-fold factor between the extreme average values. Within a given species, the variations among genotypes are usually lower, but they were significant for several Solanaceae species (e.g., Bui et al., 2015). Intra-plant variations have received much less attention. Physiologists usually characterize branching density based on the young radicle (Dubrovsky et al., 2006; Lavenus et al., 2013), whereas ecologists propose global average evaluations on mature plants (Kong et al., 2014). Wu et al. (2016) observed intra-plant structured variations, with a dependence of branching density on the diameter of the parent root in field-grown maize plants.

Beyond all these interspecific and intraspecific constitutive variations, the environmental and local plasticity of inter-branch distance have often been stressed, as a key process to cope with heterogeneous soil and locate numerous roots at favorable sites and fewer at unfavorable sites (Drew, 1975; Robinson, 1994; Malamy, 2005; Hodge, 2009; Orman-Ligeza et al., 2018). Several environmental factors were shown to be able to trigger these root responses, such as nutrient (Drew, 1975; Drew and Saker, 1975) or water availability (Orman-Ligeza et al., 2018). The inter-species variations of these plastic responses have not been studied.

Inter-branch distance is a common input parameter in models that simulate the dynamics of the root system architecture, especially in former models (Diggle, 1988; Pagès and Aries, 1988) in which a fixed average value of inter-branch distance was given to each branching order. In other and more recent models (Dunbabin et al., 2013; Henke et al., 2014), inter-branch distance was assumed to be a function which depends on environmental conditions in the vicinity of the root tip. However, the processes included in these latter models were not precisely evaluated against data, because data are lacking concerning both plant response and diversity of root responses. Additional investigations are required to be able to simulate both the variations in IBD within the root system and the plasticity to local conditions.

To inspire this new generation of simulation models, it is interesting to use the outcome of recent physiological works. The processes leading to the construction of branching density have been thoroughly investigated in recent years, usually along the seminal roots of plantlets, mainly in the Arabidopsis model (e.g., Dubrovsky et al., 2006; Moreno-Risueno et al., 2010; Dubrovsky et al., 2011; Lavenus et al., 2013). From these studies, it appears that the process of lateral root branching can be valuably divided into several sub processes which occur successively: priming and specification of founder cells in the proximal vicinity of the parent root meristem; initiation of a primordium from these founder cells; development of the primordium, leading to the formation of the apical meristem of the lateral root; emergence of the lateral root from the parent root. Defining these steps allows for a better understanding of the clue signals that operate successively throughout the whole process. For example, a given initial step may define the potential location for branching, whereas a further step may confirm (or not) the branching in that particular place.

Another complementary approach to the topic is to take a macroscopic view of the emergent result of these sequences leading to patterns of inter-branch distances, and to quantify expression variations within the whole root system, taking into account several roots from the same plants and looking at variations among species. In this paper, we present such an analysis based on 40 different samples (36 species) observed in homogeneous soils to investigate how inter-branch distance varies within individual plants and from one species to another. Using this analysis and knowledge of mechanisms, we put forward a new generic and quantitative model to depict and simulate the observed variations.

Materials and Methods

Sampling Species

The data used in this paper come from a large data set of plants sampled since spring 2013 either In Natura or in pot cultures (Table 1). The growing environments were described in several preceding papers (Pagès, 2014; Pagès and Picon-Cochard, 2014; Pagès, 2016; Pagès and Kervella, 2018). Plants observed In Natura were obtained in two different French regions that have homogeneous, light, and deep soils. For obtaining these samples, cylindrical soil monoliths (diameter, 25 cm; depth, 30 cm) were extracted around the sampled plants, inserted into a mesh bag, immersed in a large bucket of water, and gently cleaned. Pot-grown plants were cultivated in greenhouses using long PVC tubes (between 50 and 150 cm long, 10 to 15 cm in diameter) filled with either sieved soil or a mixture of sandy soil and sieved compost. Each species was sampled from two to five well-developed plants, usually before flowering. Sampled trees were young, between 2 and 4 years old.





	
Table 1 | List of considered samples, with the name of the species, the family, the site of observation (Thouzon and Nozeyrolles represent two different French regions) and the abbreviation used in Figures 1, 4, and 5.





	
Species


	
Family


	
Site


	
Abbreviation





	
Acanthus mollis


	
Acanthaceae


	
Thouzon


	
AcMoT





	
Agrostis capillaris


	
Poaceae


	
Nozeyrolles


	
AgCaN





	
Agrostis vinealis


	
Poaceae


	
Nozeyrolles


	
AgViN





	
Ajuga reptans


	
Lamiaceae


	
Nozeyrolles


	
AjReN





	
Alliaria petiolata


	
Brassicaceae


	
Nozeyrolles


	
AlPeN





	
Amaranthus retroflexus


	
Amaranthaceae


	
Thouzon


	
AmReT





	
Anthoxanthum odoratum


	
Poaceae


	
Pot Clermont-Ferrand


	
AnOdPC





	
Anthoxanthum odoratum


	
Poaceae


	
Nozeyrolles


	
AnOdN





	
Antirrhinum majus


	
Plantaginaceae


	
Thouzon


	
AnMaT





	
Arabidopsis thaliana


	
Brassicaceae


	
Nozeyrolles


	
ArThN





	
Arrhenatherum elatius


	
Poaceae


	
Pot Clermont-Ferrand


	
ArElPC





	
Cirsium vulgare


	
Asteraceae


	
Thouzon


	
CiVuT





	
Dactylis glomerata


	
Poaceae


	
Nozeyrolles


	
DaGlN





	
Geranium molle


	
Geraniaceae


	
Nozeyrolles


	
GeMoN





	
Lactuca sativa


	
Asteraceae


	
Thouzon


	
LaSaT





	
Lolium perenne


	
Poaceae


	
Thouzon


	
LoPeT





	
Mentha suaveolens


	
Lamiaceae


	
Thouzon


	
MeSuT





	
Mercurialis annua


	
Euphorbiaceae


	
Thouzon


	
MeAnT





	
Misopates orontium


	
Plantaginaceae


	
Nozeyrolles


	
MiOrN





	
Panicum capillare


	
Poaceae


	
Thouzon


	
PaCaT





	
Panicum miliaceum


	
Poaceae


	
Thouzon


	
PaMiT





	
Papaver rhoeas


	
Papaveraceae


	
Nozeyrolles


	
PaRhN





	
Plantago lanceolata


	
Plantaginaceae


	
Nozeyrolles


	
PlLaN





	
Poa pratensis


	
Poaceae


	
Pot Clermont-Ferrand


	
PoPrPC





	
Poa trivialis


	
Poaceae


	
Pot Clermont-Ferrand


	
PoTrPC





	
Poa trivialis


	
Poaceae


	
Thouzon


	
PoTrT





	
Prunus domestica


	
Rosaceae


	
Thouzon


	
PrDoT





	
Pseudotsuga menziesii


	
Pinaceae


	
Nozeyrolles


	
PsMeN





	
Rubus ulmifolius


	
Rosaceae


	
Nozeyrolles


	
RuUlN





	
Rubus ulmifolius


	
Rosaceae


	
Thouzon


	
RuUlT





	
Silene vulgaris


	
Caryophyllaceae


	
Thouzon


	
SiVuT





	
Solanum laciniatum


	
Solanaceae


	
Thouzon


	
SoLaT





	
Sorghum halepense


	
Poaceae


	
Thouzon


	
SoHaT





	
Urtica dioica


	
Urticaceae


	
Thouzon


	
UrDiT





	
Verbascum nigrum


	
Scrophulariaceae


	
Nozeyrolles


	
VeNiN





	
Vinca minor


	
Apocynaceae


	
Nozeyrolles


	
ViMiN





	
Vinca minor


	
Apocynaceae


	
Thouzon


	
ViMiT





	
Viola odorata


	
Violaceae


	
Nozeyrolles


	
ViOdN





	
Vulpia myuros


	
Poaceae


	
Thouzon


	
VuMyT





	
Zea Mays


	
Poaceae


	
Pot Avignon


	
ZeMaPC









From our initial data set, containing more than 200 samples (i.e., a species observed at a given site), we selected only those which had at least 150 branch roots that were measured on parent roots with a sufficient range of diameters to study the effect of this factor. Thus, we kept 40 samples belonging to 36 different species (listed in Table 1) that met these conditions for the present study.

Imaging the Roots

Once the soil had been carefully cleaned, the sampled parts of root systems were spread out in a layer of water contained in a transparent plastic tray. During this operation, lateral roots were carefully spread out on either side of their parent root to facilitate the subsequent measurements. The densest root systems were cut into several pieces to avoid root overlap in the tray. They were then scanned using flatbed scanners equipped with light in the cover (EPSON perfection V700 and V850) at a resolution of 2,400 to 3,200 dots per inch, using the transparent mode. The resolution was adjusted for each species so as to get at least 10 pixels transversally for the finest roots to measure them with sufficient accuracy. Images were stored in jpeg format.

Measuring the Inter-Branch Distance and Diameter of the Parent Root

Measurements were made on the computer screen by mouse clicking on the displayed images using the measuring tools (i.e., length of straight line and segmented line) provided by the ImageJ software (http://rsbweb.nih.gov/ij/). We measured the diameter of the parent root and the distance along the parent root from each lateral to its proximal closest neighbor (from axis to axis). We quantified branching density based on the inter-branch distance (the reciprocal value), because this variable could be measured for each lateral root. Measurements were done in the young branching zone, where laterals had reached at least 2 mm, to discard the very distal zone where emergence was taking place and where lateral roots might be not visible. Let us note that some lateral roots were broken during washing and imaging, but their trace was clearly visible because of the relative transparency of the parent root cortex.

Analyzing Data and Modeling

All calculations, plots, and modeling were done using the R software (R Core team, 2013). We made Student t tests and analyses of variance using linear models (using the “lm” and “anova” functions), as well as analyses of distributions using several functions of the “moments” package of R (functions: skewness, agostino.test, shapiro.test). We represented the distributions of inter-branch distances graphically using boxplots (Figure 1) or using the “density” function that calculates a probability density from the observed or simulated frequencies of inter-branch distances (Figures 2 and 6).


[image: ]

Figure 1 | Box plots presenting the distributions of inter-branch distances for each sample. They are sorted from left to right according to the increasing values of the medians. The abbreviations are given in Table 1.



Then, we wrote a specific R function (given in Supplementary Material) to simulate a model that considers branching as a two-step process. First, potential branching sites are defined along the root, each potential branching site being separated from the previous one (its proximal neighbor) from a distance whose distribution is assumed to be normal. The mean of the distances between potential branching sites is noted ISD (inter-site distance), and its coefficient of variation is CVD. This is the first step that gives a distribution of potential branching sites along the virtual parent root. Second, it is assumed that each potential branching site may actually give rise to an emerged lateral root (i.e., branching success) with a given probability Pem, or it may remain unbranched (branching failure), because one of the following steps could not be accomplished, with a probability of (1-Pem). This is the second step that simulates the positions of the emerged lateral roots along the parent root and allows calculating the distribution of inter-branch distances that can be compared with the observed ones. This simple model does not distinguish between reasons of failure. It could occur during the inception or later development of the primordium or during the emergence as a lateral root. We did not specify the radial angle that defines the orientation of the laterals around the parent root. The proposed model has three parameters: average distance between the potential sites (ISD), coefficient of variation  of this distance (CVD), and probability (Pem) of success of the whole branching process. These parameters, which quantify the two sub-processes, had to be estimated on the whole, using the observed IBD distributions. The calibrations and tests were done on the whole root population for each species first, and then the model was used to analyze the effects of the diameter of the parent root.

Results

Distribution of Inter-Branch Distances

Figure 1 presents box-plots for the empirical distributions of inter-branch distances (IBD) of all species. Large variations are observed, both within and among species. Within species, the coefficients of variation in IBD varied between 0.5 and 0.8. The median values among species also varied in a large range (9-fold factor) between 0.62 mm (Poa trivialis at Thouzon) and 5.63 mm (Acanthus mollis at Thouzon). When several samples exist for the same species (Anthoxanthum odoratum, Poa trivialis, Rubus ulmifolius, Vinca minor), these samples are rather close to each other.

The IBD distributions were neither normal nor symmetrical. The Shapiro–Wilk normality test rejected the normality hypothesis for all species. The values of skewness and the Agostino test also showed a clear asymmetry for almost all species, with a systematic right-hand tail of the distributions, i.e., an excess of high values above the last quartile, as we can see in Figure 1 with outliers for high values of IBD. This skewness is reinforced by the fact that we cannot measure negative values of IBD.

When faced with such distributions, it is common to make a logarithmic transformation (e.g., Pagès, 2014; Landl et al., 2018) to obtain a quasi-normal distribution of the response variable [log(IBD)] and to carry out ANOVA on this transformed variable. Using this transformation, we effectively corrected the initial skewness but we obtained an opposite skewness (left tail) for a number of cases (15 of 40 cases according to the Agostino test; normality is accepted in 23 cases according to the Shapiro–Wilk test). As expected, the ANOVA made on this new response variable confirmed a clear species effect (P < 0.001).

We also explored the effect of the diameter of the parent root on IBD using correlation tests. Among the 40 samples, the correlation between the diameter of the parent root and IBD was not significant in 12 cases, significant and positive in 5 cases, and significant and negative in 23 cases. Thus, for a majority of species, the laterals tend to be more spaced out on the fine parent roots, but the inverse phenomenon also occurs, although less frequently.

Fitting and Evaluation of the Branching Model on All Roots

Since the proposed branching model is a numerical and stochastic simulation model, the fitting is not straightforward. To adjust it to the empirical (measured) distributions of IBD, we used a set of intermediate indicators that we constructed first based on simulated distributions and that met three conditions: i) simplicity to estimate these indicators based on the empirical distributions; ii) tight correlations between these indicators and input parameters (ISD, CVD, Pem); iii) low correlations between these indicators. For the construction, we made 8,000 simulations of distributions with 60,000 laterals for each of them, combining parameter values distributed within the plausible ranges for each parameter (20 regularly spaced values for each of the three parameters), and we calculated a number of common characteristics for each simulated distribution of IBD: mean, standard deviation, mode, quantiles at probability levels of 0.10, 0.20, 0.30, …, 0.90, 1.0. Based on this preliminary work (not shown), we retained three indicators that fulfilled the three conditions relatively well. They are: the mode of the IBD distribution, which was tightly correlated to the parameter ISD; the ratio: quantile 0.10/mode, tightly correlated to CVD; the ratio quantile 0.80/mode, tightly correlated to Pem. Then, we estimated the three model parameters independently using these three indicators via the linear interpolation of the relationships between average parameter values and indicator values that we obtained from preliminary simulations.

We calculated chi square values for each sample to evaluate the quality of the fitting. These values were significant and rejected the hypothesis of identical simulated and empirical distributions in only 3 of the 40 cases (for Lolium perenne, Rubus ulmifolius, and Sorghum Halepense at Thouzon). Figure 2 shows the three best (Figures 2A–C) and three worst (Figures 2D–F) fittings obtained. The model distributions are very close to the empirical ones, and the general shape and skewness are very well rendered. A majority of them, but not all, slightly overestimated the probability density of the modal value.


[image: ]

Figure 2 | Probability density distributions of six samples to illustrate the best model fittings (A, B, C) and the worst (D, E, F), according to the chi square criterion. The solid lines are the observed distributions and the dashed lines are the simulated distributions. The samples are: Poa trivialis in Clermont (A), Solanum laciniatum in Thouzon (B), Vulpia myuros in Thouzon (C), Lolium perenne in Thouzon (D), Rubus ulmifolius in Thouzon (E), and Sorghum halepense in Thouzon (F).



The distributions of parameters are presented in Figure 3. In our population, we obtained very large variations in ISD, between 0.40 and 4.6 mm (12-fold factor), confirming the importance of the species effect on this trait. Other parameters were less variable: CVD varied between 0.28 and 0.69 (2.5-fold factor), and Pem varied between 0.37 and 0.98 (2.6-fold factor). We also obtained positive and significant correlations between estimates of the three parameters, but the R2 values were below 0.3.
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Figure 3 | Distributions of the 40 parameter values, as estimated for each sample, for parameter ISD (A), CVD (B) and Pem (C). The meanings of these parameters are explained in the text.



Analysis of the Effect of Parent Root Diameter

For each sample, we divided the population of lateral roots into two sub-populations: those roots originating from parent roots that are finer than the central value of the diameter [0.5*(minimal diameter + maximal diameter)] and those on parent roots with a diameter above this central value. We calibrated the model separately for each sub-population.

Figure 4 shows the relationship between the ISD parameter values as estimated for the two populations. We observed a highly significant correlation between both sets, and we tested that the regression line was not significantly different from the bisecting line (shown in Figure 4). A Student t test confirmed that there was no global difference between the two sub-populations regarding the ISD parameter. For the two other parameters (CVD and Pem) on the contrary, we did not observe correlations between the two estimates. Again, the Student t test did not reveal differences between the two sub-populations. However, the values of Pem tended to be slightly higher for thick roots in a number of species, confirming a tendency for these species to have a heavier right tail in their IBD distribution for the finer roots.


[image: ]

Figure 4 | Relationship between the values of ISD estimated on thick parent roots versus the values of ISD estimated on fine parent roots. The line is the bisecting line. The abbreviations are given in Table 1.



We also observed that the relative differences of estimated ISD were correlated to the relative differences of Pem, as shown in Figure 5. This highly significant correlation means that when the potential branching sites are more spaced out in one of the two sub-populations, this is compensated by a higher probability of emergence of laterals on these potential branching sites, and vice-versa. Most species are close to the center of this graph, which shows that they have similar branching parameters for thick and fine roots, but several species exhibited the compensation between the spacing of branching sites and the probability of emergence. This was the case for Merculialis annua observed in Thouzon and Pseudotsuga menziesii observed in Nozeyrolles, whose IBD distributions are represented in Figure 6. These species showed extreme behaviors regarding distributions: for Mercurialis annua, the lateral roots on fine roots were more spaced out, whereas Pseudotsuga menziesii showed higher densities on its fine roots.


[image: ]

Figure 5 | Relationship for the relative difference between the estimates of ISD and Pem, when estimated on thick parent roots and fine parent roots separately. The dotted line is the regression line. The abbreviations are given in Table 1.
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Figure 6 | Probability density distributions of two species that exhibited large and opposite differences between the branching patterns of thick parent roots (solid line) and fine parent roots (dashed line).



Discussion

Main Characteristics of the Distributions of IBD

In this study, we confirm that IBD exhibits large variations in each of the 40 species samples, both within the species and between species, as reported for example by Mallory et al., (1970); Kong et al., (2014); Bui et al., (2015); Landl et al., (2018), or Pagès and Kervella (2018). In most works, however, intra-species variations were not studied and were dismissed as noise. These variations are often smoothed over using other measure variables, such as branching density, evaluated by various counting protocols relying on root segments, whole roots, or even whole root systems. The problem is that such estimates of branching density are hardly comparable from one study to another because the obtained values are more or less buffered, and they depend on the developmental stage of the root or root system. The point was thoroughly discussed by Dubrovsky and Forde (2012). Following their main recommendations, we measured this IBD trait in young, although fully branched, parts of individual roots, because such measurements are more suitable to reflect the underlying developmental process of acropetal branching, even though highly variable measurements are obtained when following this method. The point is even more important when the objective of the study is to link the branching process to local environmental variables, such as water and nutrient availability. In our study, we did not consider the radial pattern of emergence that is usually influenced by the internal vascular structure. It would have been difficult because the number of vascular poles varies from one root to the other, and it may even vary along the roots (personal observations).

Despite the large intra-plant variations of IBD, the inter-species variability was so high (nine-fold factor in our study) that the species effect was significant. Because of the large intra-plant and intra-root variations, testing a species or genotype effect requires a sufficient number of measurements for each one of them as well as measurements made in very comparable situations for all. In this study, we had at least 150 measurements per sample combined with 40 different samples. The species effect was not specifically the subject of the present study, but it was demonstrated earlier by Pagès and Kervella (2018) using a dedicated sampling design for the purpose. Our large sampling numbers were also justified because in addition, we intended to evaluate the intra-sample variations associated to the diameter of the parent roots.

Interest of Modeling

This model is the first attempt to simultaneously represent several aspects of the longitudinal branch distribution that have been observed by a number of authors, but on a very limited number of species, using either detailed morphological descriptions (e.g., Riopel, 1966; Riopel, 1969; Charlton, 1975; Charlton, 1982; Charlton, 1983; Varney et al., 1991; Hinchee and Rost, 1992; Newson et al., 1993; Charlton, 1996; Draye, 2002; Landl et al., 2018) or physiologically oriented studies (Dubrovsky et al., 2006; Moreno-Risueno et al., 2010; De Smet, 2012). The main aspects that were reported by several of these authors are that regular longitudinal spacing between laterals tends to be maintained along the parent roots, and that the distributions of IBD are usually skewed with a tail toward the large values (Pagès, 2014; Landl et al., 2018). Using our simple model with three input parameters, these aspects, as well as the general shape of the IBD distributions, can be rendered and quantified in a comprehensive and parsimonious way. This study, which relies on a large number of species, is a way of validating the model and asserting its robustness. Thus, the modeling approach opens the possibility of linking highly focused studies that investigate underlying mechanisms with global and macroscopic observations that aim at simply characterizing the emergent branching pattern, because of its important functional significance. This link helps quantify simply and separately several sub-processes: the creation of the archetypal distance (model parameter ISD), its variations (model parameter CVD), and the probability of accomplishing the whole branching process until lateral emergence takes place on each branching site (summarized by the Pem parameter). These different sub-processes are worth separating because they occur successively, involve various molecular mechanisms, and respond to different environmental stimuli (Dubrovsky et al., 2006; De Smet, 2012).

This model can be integrated as a component (or module) in larger models of the root system architecture (Dunbabin et al., 2013). Branching density is a central process in such models, having the prime role in defining the number of roots and eventually the total root length of the whole root system. Several models of the root system architecture use an average IBD input parameter calibrated for each category of roots, defined by their branching order or other typology. Our results suggest that there are differences between roots regarding their branching distribution, but they are not independent, since the ISD parameter estimates were significantly correlated for fine and thick roots. Therefore, we suggest using a common ISD parameter for all roots and adapting the other important parameter (Pem) to the parent root diameter and possibly to the root position in the surrounding soil. This method would lead to a reduced number of parameters with a more clear and biological meaning.

Use in a Phenotyping Perspective

The parameters of the present model may also be used as interesting traits for root phenotyping approaches. Among the three parameters, we can guess that ISD is rather genetically controlled, whereas Pem may be more sensitive to local conditions and would reflect plasticity. These speculations based on the present results are worth verifying using suitable experimental designs that cross genotypes and environmental conditions. We have seen that ISD can easily be estimated based on the mode of the empirical distribution of IBD, which represents the most frequent inter-branch distance. This value seems relatively easy to obtain, and could be estimated on a reduced number of lateral roots, several tens for instance. The probability parameter Pem has a very different impact on distribution. Its value modifies the right tail of the distribution, so that it can be conveniently estimated via the high-probability quantiles of the distribution. We used the 0.8 level in the present study. According to our model, a Gaussian distribution is obtained as the limit distribution when Pem = 1, i.e., when all branching sites give rise to an emerged lateral root. The importance of the right tail increases with decreasing values of Pem. Therefore, ISD would summarize a genetic potential for the plant regarding branching density, and Pem would summarize the accomplishment of this branching density in the given environmental conditions. The impact of the third parameter (CVD) on the global distribution is lower, and its estimation is more difficult. Thus, its interest from a phenotyping perspective is much lower.

Exploration of Intra-Plant Variations

Thanks to our original data set which relies on many different species and well-developed and highly branched root systems, we could study the inter-branch distance on main roots as well as lateral roots, and chose to study the effects of the diameter of the parent root. We showed that in most species, the ISD values were not impacted by the parent root diameter. Thus, for all these species, the fineness of roots did not modify this archetypal distance. On the other hand, the diameter of the parent root had a higher -although unpredictable- impact on the probability of accomplishing the branching process (Pem parameter). For a majority of species, this probability decreases with decreasing diameters, but it is not a generally observed phenomenon. We also observed opposite cases, where it seems that failure is more probable for thick roots than fine roots.

Since the differences observed for the values of ISD and Pem in the sub-populations of parent roots (thick versus fine) were not independent, we can suspect that it might reflect different plant strategies regarding the positioning of their laterals. Some species had higher densities on their main thick roots, whereas others favored higher densities on their fine roots. Both strategies can make sense and participate in the development of a diversity of branching patterns, in coordination with other developmental processes, as described by Pagès (2014) and Pagès (2016).

It would be very interesting to use this diversity to further explore the molecular mechanisms explaining that laterals have a higher chance to emerge on thick or fine roots within the same genotype.

Conclusion

Therefore, studying simultaneously intra-plant and inter-species variations and using well-developed root systems is an interesting means of raising new questions regarding both the diversity in the foraging strategies of plants and regarding the physiological mechanisms underlying this diversity. The construction and use of such a simple and generic model is a prime way of allowing the quantitative exploration of this diversity.
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Zone Groups PPCL LRD %FC [T RCP

A 0.00 NAA 264.3 +22.8a 188+ 29a 6.5+0.5a 36.0 £ 5.0a 78+1.3a
A 0.01 NAA 279.0 + 18.1a 25.5+2.8b 104 +£1.2b 509 £5.2b 6.9+ 1.6a
A 0.05 NAA 268.8 + 12.5a 25.9 +2.5b 9.6+ 1.0b 45.2 + 4.4b 7.7+£0.5a
A 0.10 NAA 2772+ 32.4a 24.8 +2.6b 9.1+1.6b 50.2 £7.3b 78+ 1.4a
B 0.00 NAA 265.8 + 12.8a 176+ 1.8a 6.1+09 339+4.7a 9.6 +0.4a
B 0.01 NAA 248.1 £40.7a 249 +1.4b 82+12b 41.6 +4.8b 72+1.7b
B 0.05 NAA 139.4 +£23.2b 21.5+33c 4.3+ 0.6c 21.4+£1.8c 6.2+ 0.7b
B 0.10 NAA 110.1 £ 17.4b 10.6 £ 2.6d 1.7+£0.3d 7.5+ 1.4d 6.1+0.9b

The data correspond to zones A and B of the primary root formed, respectively, before or after different NAA treatments (groups). Phioem pericycle cell length in um
(PPCL), mean number of lateral roots per cm of parent root (LRD), percentage of founder cells (%FC), index of lateral root initiation (iLry) as defined by Dubrovsky et al.
(2009), and root production rate per cell file per hour for phioem pericycle cells (RCP) are presented. The figures correspond to mean values + SD. Different letters
indicate statistically significant mean differences within each column and zone (one-way ANOVA, Tukey's test, P < 0.05). Values for pericycle cell length correspond to
five roots, measuring at least 15 cells per root. The LRD was calculated from 10 roots. The percentage of FCs was calculated based on known values of LRD and PPCL,
and assuming that the maize root has 15 poles of phioem, each of them with two columns of pericycle cells, and that each LR is initiated from four PPCLs.





OPS/images/fpls-10-00237/fpls-10-00237-t001.jpg
Nutrient

Crop species

Reference

Nitrogen

Phosphorus

Potassium

Rice

Sweetpotato
Rice

Potato

Sweetpotato
Rice

Obara et al., 2010; Ji et al., 2012; Ogawa
et al., 2014; Ju et al., 2015; Kim et al.,
2015; Selvaraj et al., 2017

Villordon et al., 2013, 2014

Shimizu et al., 2008; Fang et al., 2009; Li
et al., 2009; Dai et al., 2012; Gamuyao

et al., 2012; Shen et al., 2013; Takehisa
et al., 2013; Topp et al., 2013; Vejchasarn
etal., 2016

Balemi and Schenk, 2009; Wang et al.,
2015; Krell et al., 2018; White et al., 2018

Villordon et al., 2018
Jia et al., 2008; Ma et al., 2012






OPS/images/fpls-10-00021/cross.jpg
3,

i





OPS/images/fpls-10-00237/fpls-10-00237-t002.jpg
Species

Rice

Maize

Rice

Maize

Bean

Nutrient
deficiency

N

N

Root traits

Deeper roots

Low lateral root (LR)
branching density, longer
LRs

Deeper roots

Low crown root number
Early root growth

High LR branching density,
shorter LRs

Decreased root metabolic
cost, higher root hair length
and density

Reference

Ogawa et al., 2014; Ju
etal., 2015

Postma et al., 2014; Yu
et al., 2015a; Zhan and
Lynch, 2015

Lynch and Wojciechowski,
2015; Yu et al., 2015b

Saengwilai et al., 2014
Gamuyao et al., 2012
Postma et al., 2014

Strock et al., 2018





OPS/images/fpls-10-00011/fpls-10-00011-g004.jpg





OPS/images/fpls-10-00311/cross.jpg
3,

i





OPS/images/fpls-10-00011/fpls-10-00011-t001.jpg
Zone Groups Root elongation (mm/48 h) ECL (m) CCL (um)

A 0.00 NAA 129.3 9.1 (100)a 152.8 + 6.3 (100)a 191.9 + 14.1 (100)a,b
A 0.01 NAA - 144.4 £17.5(95)a 182.7 + 9.5 (95)ab
A 0,05 NAA - 150.6 + 18.9 (99)a 168.6 = 11.0 88)b
A 0.10 NAA - 151.6 +21.3 (99)a 204.4 + 155 (107)a
B 0.00 NAA 128.4 + 17.3 (100)a 154.8 + 20.5 (100)a 195.6 + 13.1 (100)a
] 0.01 NAA 97.4 £ 17.0 (76)0 121.2 105 (78)p 167.0 + 16.0 (85)b
B 0.05 NAA 50.7 4 9.3 (39)c 60.6 % 11.4 (3%)c 91.8 £ 105 (47)c
B 0.10NAA 31.8+35 (25)d 485 £25(31)c 65.2 + 11.3(33)d

The mean cell length of the epidermis (ECL) and cortex (CCL) in zones A and B under different experimental conditions are indicated. Different letters indicate significant
differences compared to control roots (ANOVA, P < 0.05). Cell length values are the mean + SD of at least five roots (measuring 12 cells per root). The sample size
for the root elongation rate was 18 roots. Values in parentheses indicate the percentage compared to untreated roots in the same zone. Zone A developed before NAA
treatment, and zone B after NAA treatment.
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