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Photosynthate Regulation of the Root System Architecture Mediated by the Heterotrimeric G Protein Complex in Arabidopsis
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Assimilate partitioning to the root system is a desirable developmental trait to control but little is known of the signaling pathway underlying partitioning. A null mutation in the gene encoding the Gβ subunit of the heterotrimeric G protein complex, a nexus for a variety of signaling pathways, confers altered sugar partitioning in roots. While fixed carbon rapidly reached the roots of wild type and agb1-2 mutant seedlings, agb1 roots had more of this fixed carbon in the form of glucose, fructose, and sucrose which manifested as a higher lateral root density. Upon glucose treatment, the agb1-2 mutant had abnormal gene expression in the root tip validated by transcriptome analysis. In addition, PIN2 membrane localization was altered in the agb1-2 mutant. The heterotrimeric G protein complex integrates photosynthesis-derived sugar signaling incorporating both membrane-and transcriptional-based mechanisms. The time constants for these signaling mechanisms are in the same range as photosynthate delivery to the root, raising the possibility that root cells are able to use changes in carbon fixation in real time to adjust growth behavior.
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INTRODUCTION

An intrinsic characteristic of any plant species is its root system architecture (RSA). Although RSA is plastic in development, the features that constitute the RSA, such as lateral root density and lateral root primordial position, remain constant over different root mass volumes (Figures 1A,B) (Dubrovsky et al., 2006; Moreno-Risueno et al., 2010; Dubrovsky et al., 2011; Szymanowska-Pulka, 2013). Environmental variables for RSA are light, water, and nutrients. Given that roots are subterranean, the light effect is most likely due to the amount of sugar in the form of fixed carbon (photosynthate) that roots receive (Kircher and Schopfer, 2012; Colaneri and Jones, 2014; Gupta et al., 2015). Sucrose is produced in the cytosol of photosynthesizing cells and is the predominant sugar to be transported through phloem to the carbon sink tissues where this disaccharide sucrose is converted back to the monosaccharides, glucose and fructose, by cell wall invertases (Ruan, 2014).
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FIGURE 1. Conserved architecture of plant root growth in nature and the lab. (A) Diagrammatic representation of roots of different size showing constant lateral root density and lateral root primordial position grown under sub-optimal, optimal and supra-optimal nutrient conditions. (B) Primary root length (mm), number of lateral roots (per root) and lateral root density (roots per mm) in Col-0 in the presence of different concentrations of glucose. Values represent the mean of 3 independent experiments (n = 10 each); bars represent the standard error.



Recently, an accumulating body of evidence suggests that sugars also function as signaling molecules on RSA (Hanson and Smeekens, 2009; Smeekens et al., 2010; Kircher and Schopfer, 2012; Moghaddam and den Ende, 2013). Under laboratory conditions, exogenous application of sugars (D-glucose and sucrose) at a low concentration stimulates primary root elongation and lateral root development (Freixes et al., 2002; Lee-Ho et al., 2007; Booker et al., 2010; Roycewicz and Malamy, 2012; Gupta et al., 2015).

An increase in the available photosynthate stimulates root development (Rogers et al., 2006; Hachiya et al., 2014). Specifically, elevated CO2 levels increase lateral root formation (Crookshanks et al., 1998; Smith et al., 2013). Reciprocally, nutrient deficiencies that increase the root-to-shoot ratio and alter RSA are associated with an accumulation of sugars (Liu et al., 2009; Giehl et al., 2014). While it is clear that photosynthetic rates in above-ground tissues are associated with the extent and pattern of growth in roots (Kircher and Schopfer, 2012), how at the cellular level this growth is coordinated remains unknown.

It was suggested that putative crosstalk between sugar and hormones, mainly auxin homeostasis/signaling triggers changes in RSA (Gupta et al., 2009, 2015; Mishra et al., 2009; Booker et al., 2010; Lilley et al., 2012; Sairanen et al., 2012). Auxin and sugar act in concert and the availability of free sugars regulate the biosynthesis and degradation of auxin (Lilley et al., 2012; Sairanen et al., 2012). The physiological role of this concerted auxin-sugar action is control of cell division and elongation (Wang and Ruan, 2013).

Plants have at least two glucose sensing pathways; one is metabolism based, mediated by HEXOKINASE1 (HXK1); (Cho et al., 2006, 2007) and the other is based on extracellular sugar mediated by the receptor-like protein called AtRGS1. In Arabidopsis, AtRGS1-mediated sugar sensing is coupled by the heterotrimeric G protein complex comprised of a Gα subunit (GPA1) and a Gβγ dimer (AGB1 and AGG, respectively) (Chen and Jones, 2004; Grigston et al., 2008; Phan et al., 2012; Urano et al., 2012a,b; Bradford et al., 2013). We previously established that loss-of-function alleles for AGB1 alter RSA by increased root mass and altered auxin signaling (Ullah et al., 2003). Synergism between auxin and glucose on root growth and lateral root formation is altered in agb1 mutants indicating G protein action in RSA maintenance (Booker et al., 2010).

The present work provides data suggesting a G protein mediated signaling mechanism for photosynthate partitioning to roots. The heterotrimeric G protein mediates sensing of nutritional state/sugar levels that integrate sink carbohydrate levels to maintain root architecture. The G protein complex lies apically in the sugar pathway controlling photosynthate partitioning in lateral roots. More importantly, this study provides substantial support for G protein functioning as a sensor that integrates sink carbohydrate levels to maintain root growth, in which sugar acts as a signal to regulate transcriptional changes.

MATERIALS AND METHODS

Accession Number Details of the Genes Used in the Study

HXK1, At4G29130; RGS1, At3G26090; AGB1, At4G34460. All RNA-seq libraries produced in this study can be accessed at the NCBI Sequence Read Archive under accession number SRP059460 or at the link http://www.ncbi.nlm.nih.gov/sra/?term=SRP059460.

Plant Material and Growth Conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was used in this study unless otherwise indicated. The G protein mutants and transgenic lines were previously described (Ullah et al., 2003; Chen et al., 2006; Trusov et al., 2007). The hxk1-3 is a Columbia null allele (Huang et al., 2015). Seeds were germinated after stratification at 22°C under short-day conditions (8-h light/16-h dark, light intensity 200 μmol m-2s-1) or in the dark. The PIN2 reporter lines were described by Wisniewska et al. (2006). The agb1-2 null allele was introgressed by genetic crossing.

11CO2 Pulse Chase Experiment and Measurements of Sugars

The 11CO2 fixation experiment used 14 days-old Col-0 and agb2-1 seedlings grown on MS plates under constant light. 11C, a short-lived radioisotope (t1/2= 20.4 min) was used to study the allocation and partitioning of [11C]-photosynthate. The high specific activity of 11C, allows a short 5–10 s pulse rather than a continuous stream of 1–2 h needed when using 14C. Given the high rate of transport of photosynthate observed for Arabidopsis, 11C provides greater temporal (for analyte) and spatial (for PET imaging) than 14C. 11C was made by irradiating a nitrogen gas (N2) target with 17-MeV protons from the TR-19 cyclotron (Ebco Industries) at Brookhaven National Laboratory to induce the 14N(p,α)11C nuclear transformation (Ferrieri and Wolf, 1983). Carbon dioxide labeled with 11C was captured on a molecular sieve (4 Å), desorbed, and quickly released into an air stream at 200 ml min-1 as a discrete pulse to the targeted seedling fixed inside a 5 × 10-cm airtight cell maintained at 21°C and fitted with red/blue light-emitting diodes (120 μmol m-2s-1) to ensure a steady level of fixation. In general, plants were pulsed with 20–30 mCi (740-1110 GBq) of 11CO2 as a 30-s pulse in a continuous stream of air. After pulsing, the seedlings were chased with normal air for 60 min. Roots and shoots were harvested at 20 and 60 min and placed into separate scintillation vials and radiation quantitated using a γ counter (Picker). For positron emission tomography imaging (PET), 3-week-old plants were transferred to the PET camera 10 min after pulsing. All radioactivity measurements were decay corrected to a standard zero time of each study to quantify allocation of 11C-photosynthate to the roots. After radioactivity measurements, 11C-labeled sugars and total sugars (12C) were analyzed by high performance thin layer chromatography followed by autoradiography as described by Babst et al. (2013). The sugar and the radioactivity data was normalized by the fresh weight of the tissue.

Positron Electron Tomography (PET) Imaging

For PET imaging, a 30-s pulse of 11CO2 was administered to the youngest fully expanded leaf of a sorghum plant at grain filling stage. After 90 min incubation, the sorghum plant was scanned in a PET camera (HR+, SEMENS). The data was acquired over 30 min. The image was reconstructed and analyzed using an AMIDE medical image data examiner1. Validation of this method is described by Karve et al. (2015).

Glucose Assays

To observe the effect of sugar on plant development, 4-day-old seedlings germinated on ½X MS media without sugar were transferred to plates containing various amount of sugars and grown vertically for 7 days. Primary root length and number of lateral roots were quantified using 10 seedlings per replicate and each experiment was repeated three times.

Microscopy Imaging and Analysis

Arabidopsis PIN2-GFP in the Col-0 and agb1-2 backgrounds were imaged using a Zeiss LSM710 confocal laser scanning microscope equipped with an Apochromat40 (NA 1.2) water-immersion objective excited by a Multiline Argon laser (458/488/514 nm) excitation 488 nm and emission 520–560 nm. Fluorescence intensity measurements were performed with ImageJ (Albrechtova et al., 2014) and data was graphed with GraphPad Prizm (La Jolla, CA, USA).

Auxin Analysis

Root tissue from the 7-day old seedlings was harvested below the root shoot junction, flash frozen in liquid nitrogen stored in 0.5 ml tubes in -80°C. Lyophilized samples were overnight shipped to the Department of Horticulture at the University of Minnesota where analysis for total and free auxin was performed exactly as described by Liu et al. (2012). The experiment was performed in triplicate. Each sample (treatment by genotype) had approximately 70–80 roots, roughly 25 mg of fresh weight.

RNA Sample Preparation and Next-Generation Sequencing

Wild type and agb1-2 seedlings were grown vertically on ½ X MS, and 0.75% Phyto agar, 22° C, in the dark for 5 days followed by treatment with 2% glucose (gluc) in ½ X liquid MS for 4h in dark. The latter was achieved by pouring the liquid solution onto the plates which were then kept still for the 4 h duration. Control seedlings were treated with ½ X liquid MS. After treatment, the apical 1 mm region of roots, primarily the RAM, was harvested under a microscope using ultra sharp razor blades and snap-frozen in liquid nitrogen followed by RNA isolation using the RNeasy Plant Mini Kit (Qiagen) following the manufacturer’s protocol. Approximately 150 root tips were harvested per treatment by genotype.

mRNA-seq libraries were prepared with the Illumina TruSeq Stranded RNA library prep kit (RS-122-2201) as per the manufacturer’s protocol. One hundred nano-grams of total mRNA per sample were used in each preparation. Size selection (250–450 bp) was performed in each cDNA libraries using a 0.6X-0.8Xfd dual- Solid Phase Reversible Immobilization (SPRI) procedure provided by the manufacturer (SPRIselect reagent kit, item B23317, Beckman Coulter). A total of 12 libraries were prepared (two conditions, two genotypes, three replicates per genotype/condition) using different barcoded adaptors to allow the pooling of the libraries prior to sequencing. Quality control indicated that all libraries except one had >98% mapped sequence. The one library (agb1-2, control) that did not meet this condition was excluded, thus only two replicates were used for this condition.

Gene Expression Analysis

The Illumina HiSeq2000 sequencer was used to generate an average of 55 million single-end reads (50 bp) for each of the libraries. The resulting RNA-seq reads were then aligned against the Arabidopsis genome (TAIR10) using TopHat (Trapnell et al., 2009). A maximum of two mismatches were allowed in the alignment and reads mapping to multiple positions in the reference were discarded. Reads mapping to each Arabidopsis gene were then counted by the HTSeq software (Anders et al., 2014) using default parameters. Differentially expressed genes between conditions were identified using the edgeR package (Robinson et al., 2010) with a false discovery rate (FDR) threshold of 0.05. A subset of 978 genes differentially expressed by the glucose treatment in at least one of the genotypes was submitted to hierarchical clustering based on the Euclidean distance of their z-score normalized expression values. Sets of genes belonging to sub-clusters in this analysis were submitted to Gene Ontology (GO – biological process) enrichment analyses using the PlantGSEA database (Yi et al., 2013) and the Bingo plugin for Cytoscape (Maere et al., 2005).

RESULTS AND DISCUSSION

Sugar Control of Lateral Root Density Mediated by AGB1

Adding glucose or sucrose to media for optimal Arabidopsis seedling growth is standard lab practice but paradoxically it is not clear why 1–2% sugar in the agar medium is optimal since this amount does not occur in soils. The fact that there is an optimum concentration for root growth (Figure 1A) suggests that sugar is acting on RSA as a signal and not as a growth-limiting metabolite. Figure 1B shows that glucose both promoted and inhibited primary root growth and lateral root formation depending on the glucose concentration, but the overall architecture was not affected in wild type seedlings. That is primarily because while root length and lateral root number co-vary depending on glucose concentration, lateral root density remains constant for wild type (Figure 1B). We tested Gα (gpa1-4), Gβ (agb1-2) and Gαβ subunit double mutants (agb1-2gpa1-4) of the heterotrimeric G protein complex to discern any involvement of G protein subunits (Figure 2). We found that the developmental property of “fixed root density,” while developmentally plastic, is genetically encoded because loss of the Gβ caused lateral root density to increase with increased glucose amount (Figure 2, P = <0.005). To determine if this behavior is due to osmotic pressure, we tested root growth in the presence of various concentrations of the osmoticant mannitol and found that agb1-2 behaved like wild type (Supplementary Figure S1, P ≥ 0.1).
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FIGURE 2. Role of G protein subunits in sensing sugar in RSA maintenance. (A) Primary root length of 11-day-old seedlings of Gα, Gβ and Gαβ double subunit mutants (indicated genotypes) were grown on ½ X MS, and 0.75% agar, 22°C, 8:16 light: dark cycle for 4 days followed by 7 days of vertical growth on different concentrations of glucose. (B) Lateral root number (C) Lateral root density. All experiments were repeated 3 times with 10–15 seedlings of each genotype per trial. Error bars represent standard error Student’s t-test results are based on difference between the wild type and indicated genotype shown as asterisks:∗P < 0.05.



Effects of Glucose on RSA of Sugar-Sensing Mutants

Glucose modulation of the RSA (Figure 1) suggests the existence of a glucose-sensing mechanism that refines root development according to the amount of the translocated sucrose as the major form of assimilated carbon from source (leaves) to the sink tissue (roots). Phloem translocated sucrose is metabolized to glucose and fructose in the roots by invertases which determine sink strength. Both HXK1-dependent and -independent mechanisms contribute to glucose sensing in plants (Rolland et al., 2006; Hanson and Smeekens, 2009). Therefore, we performed phenotypic analysis on an HXK1 null mutant (hxk1-3) and AtRGS1 (rgs1-2). Compared to its wild type Col-0, the hxk1-3 mutant displayed attenuated glucose effects, reduced primary root length and lateral root number (P ≤ 0.005) and showed insensitivity to glucose compared to the control (Figure 3). Root density of hxk1-3 was at the wild type level for all the tested glucose concentrations, however, this was because hxk1 roots were not responsive to glucose with regard to both lateral root number and root length. Overall, the root system is poorly developed therefore it is difficult to conclude whether HXK1 plays a glucose signaling role or solely a metabolic role in roots (Figures 3A–C). Loss of AtRGS1 conferred an increase in primary root length (P ≤ 0.005), insensitivity to exogenous glucose at the lower range (Figure 3A), and sugar-induced lateral root number compared to wild type (Figure 3B). Lateral root density of the rgs1-2 mutant was slightly lower over the entire tested range compared to hxk1-3 and Col-0 (P ≤ 0.005, Figure 3C). Therefore, we speculate that both HXK1 and RGS1 are involved in this glucose response but function differently.
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FIGURE 3. The sugar sensing mechanism in RSA maintenance may involve both HEXOKINASE 1(HXK1) and REGULATOR of G SIGNALING 1 (RGS1). Effect of glucose on RSA in terms of primary root length (A), number of lateral roots (B) and lateral root density (C) was compared for wild type, agb1-2, hxk1-3 and rgs1-2 mutant. All experiments were repeated three times with 10–15 seedlings used for each genotype in each trial. Error bars represent standard error Student’s t-test results are based on difference between the wild type and indicated genotype shown as asterisks: ∗P < 0.05.



Dynamics of the Allocation of Leaf-Fixed Carbon to Roots

As discussed above, the evidence supports the conclusion that the source of sugars affecting RSA is from fixed carbon but it is unclear if the rate at which these sugars are produced is distributed to roots within a time scale over which G signaling operates (Fu et al., 2014). As discussed above, sugar strongly affected primary root growth and lateral root formation, but the overall RSA was not affected in wild type seedlings; i.e., the lateral root density was constant over a range of sugar concentration. Possible explanations are that AGB1 negatively regulates the amount of sugars fixed or affects the amount and/or gradients of auxin or both.

To test the first possibility, we quantitated the photosynthesis-derived sugar flux to the roots in agb1-2 and wild type Col-0 seedlings by γ counting (Figure 4). Roots may sense photosynthetic activity by the amount, duration and frequency of the sugar present. For this to operate, sugars from fixed CO2 must reach roots quickly enough (minutes) for root cells to be able to sense the dynamics of carbon fixation. Photosynthesis-derived sugar flux to the roots in agb1-2 and wild type Col-0 seedlings was determined using 14-d-old seedlings treated with a pulse of the short-lived radiotracer 11CO2 and chased with 12CO2 (Figure 4A). Quantitation in harvested tissue was made by counting radioactive γ that are formed as a product of positron annihilation. After 20 min, approximately 2% of the radiolabeled photosynthate had already reached the roots in both Col-0 and agb2-1 seedlings (Figure 4A, photoassimilate allocation). The rate of movement was estimated to be 0.5–0.8 cm min-1. By 60 min, the absolute amount increased approximately 5–6 fold, suggesting the time scale for a linear response is minutes.
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FIGURE 4. Positron electron tomography imaging of allocation and partitioning of photoassimilate. (A) Top panel. Total allocation of [11C] CO2 in the roots of Col (solid bars) and agb1-2 (open bars) at the indicated times. Middle panel. Partitioning of newly fixed 11CO2 to soluble sugars (glucose, fructose and sucrose) in the roots of Col (solid bars) and agb1-2 (open bars) at the indicated times. (Inset) Total non-radioactive [12C] sugars (glucose, fructose and sucrose) in the roots of Col (solid bars) and agb1-2 (open bars) at the indicated times. Non-radioactive [12C] sugars were extracted and analyzed by thin layer chromatography as described previously (Babst et al., 2013). Numbers represent the average of 3 independent experiments (n = 10 each) and error bars represent SE. Lower panel. Partitioning of newly fixed 11CO2 to glucose in the roots. Percentage values were calculated as radioactivity in the roots relative to the total seedling activity. Radioactivity (MBq/g FW) represent the mean of 3 independent experiments (n = 10 each) and error bars represent the standard error. (B) Fixed carbon is rapidly distributed to tissue sinks. (Left panel) The image shows the distribution of 11C-labeled photoassimilate in different parts of in an intact sorghum plant shown in the right panel imaged 2 h after 11CO2 administration to the load leaf at the position indicated. Heat scale represents activity/pixel. Load leaf = site of 11CO2 administration. Velocity was 1.25 cm min-1. A distance of 25 cm is indicated by the bracket. Student’s t-test results are based on difference between the means. Asterisks indicate P < 0.001.



The allocation of the newly fixed carbon to roots partitioned into at least three soluble sugars (glucose, fructose and sucrose). The total amount of [11C] photosynthate partitioned to the roots did not differ between the two genotypes at the tested time points, indicating comparable photoassimilate allocation in the absence of AGB1 (Figure 4A). However, after 60 min, almost twice as much [11C] glucose, [11C] fructose, and [11C] sucrose in the agb1-2 roots was found compared to Col-0 (Figure 4A, photosynthate to sugars = 3 hexoses combined, P < 0.001). However, total sugars (i.e., not immediately fixed 11C) were not statistically different between genotypes (Figure 4A, photosynthate to sugars inset) indicating that over time the difference in the fixed sugars reached a new equilibrium. Most of the difference in the fixed [11C] sugars was due to an increased amount of [11C] glucose (Figure 4A, photosynthate to glucose, P < 0.001).

Attempts to visualize allocated carbon in Arabidopsis by positron emission tomography (PET) did not yield sufficient resolution due to the small plant size. Irrespective of the size of the plant, phloem sap flow velocity varies only slightly between diverse plant species (Windt et al., 2006). Therefore, to visualize and quantitate this rapid carbon allocation, we used sorghum because of its larger size, in particular the greater distance between the leaf and sink tissues. The first fully expanded mature leaf of sorghum during a grain filling stage was pulsed with 11CO2 for 30 sec. PET images were taken 90 min after 11CO2 exposure. High levels of radiation were detected in the stem, particularly high at nodes, and in the grain head. Remarkably 11CO2 was observed ∼100 cm away from the loading site traveling at a rate of at least 1.25 cm min-1. Photoassimilate was observed in the roots within minutes (Figure 4B).

Feedback Loop Controlling Glucose Economy

There are three possible explanations why the agb1 mutant root had higher levels of sugar: (1) less sugar is secreted from the agb1-2 root compared to the wild type. Root exudation plays a major role in maintaining root-soil contact by modifying biochemical and physical properties of the rhizosphere. Compounds such as amino acids and, to a much lesser degree, sugars are secreted by plants roots in order to promote microbial and fungal growth (Chaparro et al., 2014). (2) It is possible that the flux of glucose, fructose and sucrose to the roots is higher in the agb1-2 mutant. If this were true, we would expect to see a higher total of fixed 11CO2 in the root yet this did not occur (Figure 4A). (3) It is possible that sugar metabolism is altered in the agb1-2 mutant. We favor this last which is consistent with our observation that 22% of the interacting partners to the G protein core described in the G protein interactome are annotated as “metabolic processes” (Klopﬄeisch et al., 2011). This includes half of the enzymes in glycolysis, two enzymes in the Krebs cycle, and one cytosolic enzyme in the glucose shunt (Colaneri and Jones, 2014). Our previous study using promoter-AGB1::GUS lines showed that AGB1 transcript levels are sugar inducible in the root tip indicating involvement of feedback loops (Mudgil et al., 2009).

Sugar Effect on Auxin Levels in AGB1 Mutant Roots

There exists a complex interplay between glucose and auxin in the regulation of root (Mishra et al., 2009; Booker et al., 2010) and shoot development (Mishra et al., 2009; Booker et al., 2010; Barbier et al., 2015). In addition, both sugar and auxin increase lateral root number (Boerjan et al., 1995; Mishra et al., 2009; Kircher and Schopfer, 2012; Roycewicz and Malamy, 2012). Glucose induces the expression of a subset of genes involved in auxin biosynthesis pathways, and auxin biosynthesis and metabolism rates corresponds to endogenous hexose levels (Sairanen et al., 2012).

The G protein complex may mediate a sugar-induced increase in auxin level by increased auxin synthesis overall and/or increased auxin maxima patterning by altering auxin transport. Genetic ablation of AGB1 confers enhanced basipetal auxin transport (Mudgil et al., 2009) and sugar increases basipetal auxin transport associated with increased auxin levels (Mishra et al., 2009; Sairanen et al., 2012). Moreover, local auxin gradients generated by directional transport of auxin coincide with the site of organogenesis (Benková et al., 2003; Dubrovsky et al., 2008). Based on these findings, we hypothesized that AGB1 plays an important role in setting up local auxin gradients in response to glucose and therefore modulate expression of auxin-responsive genes. To test this hypothesis, we used the auxin reporter DR5::GUS that measures overall transcriptional output of auxin signaling (Friml et al., 2003; Sauer and Friml, 2011). To examine the effect of sugar on local auxin gradients/signaling, 5-day-old wild type and agb1-2 seedlings were treated with D-glucose (2%) for 4 h in the dark. In wild type roots, glucose stimulates DR5::GUS staining in different regions of the root (RAM, initiating primordia and emerged roots) (Figures 5A–C), whereas in the absence of AGB1, DR5::GUS expression was undetectable in the RAM (cf. Figures 5A,D, red arrows), and absent in the early stages of lateral root primordia development whether or not treated with sugar (cf. Figures 5B,C with Figures 5E,F center panels), whereas the RAM of the emergent lateral roots showed glucose-induced DR5::GUS expression (Figures 5E,F, top panels). These results indicate that AGB1 is necessary to attain sugar-induced, local auxin maxima/signaling at the site of cell division in the primary RAM and in the early stages of lateral root initiation. The absence of DR5::GUS staining in seedlings lacking AGB1 indicates either reduced auxin at the meristem or attenuated auxin signaling.
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FIGURE 5. Glucose-induced auxin maxima in agb1-2 mutant roots. DR5::GUS is a synthetic, auxin-inducible gene promoter reporter used to detect auxin maxima or auxin signaling. (A–C) Wild type and agb1-2 (D–F) seedlings were treated with 2% glucose (gluc) for 4 h (A,C,D,F) and compared to the untreated controls (B,E). Arrows point to the root tip. Compared to wild type, glucose did not increase DR5-driven expression of GUS in the agb1-2 root tips (cf. B,C; lower panels to E,F; lower panels) and lateral root primordial (cf. B,C; middle panels to E,F; middle panels), although DR5::GUS expression occurred in emergent lateral roots (cf. B,C; upper panels to E,F; upper panels).



To distinguish between these two possibilities, we measured total endogenous auxin level in 5-day-old roots (Supplementary Figure S2). No significant difference in auxin level was found between agb1-2 and wild type roots or between control and glucose-treated roots (P > 0.05). This indicates that total auxin per se is not important for altering RSA and that auxin distribution and/or auxin signaling is glucose and AGB1 dependent.

AGB1 Mediated Glucose Sensing Converge on PIN2 Protein Localization

The polarity of the auxin transport facilitator PIN2 is regulated by auxin, ethylene, cytokinin, strigolactone, and light (Habets and Offringa, 2014; Koltai, 2014; Luschnig and Vert, 2014). These signals regulates PIN action in the root (Wisniewska et al., 2006; Ruzicka et al., 2007; Laxmi et al., 2008; Ruzicka et al., 2009; Ding et al., 2011; Shinohara et al., 2013). We previously reported that sugar signaling shows dose and duration reciprocity (Fu et al., 2014). We tested if changes in sugar levels affect polar auxin transport via G proteins by controlling PIN2-GFP protein level/localization expressed under the control of the native PIN2 promoter (Figure 6). Glucose (3%) caused little or no detectable change in PIN2-GFP localization (P > 0.05) in the wild type root (cf. Figures 6B,D, quantitation in Figure 6A). In the agb1-2 roots, the internal PIN2-GFP level was higher compared to Col-0 (cf. Figures 6B,C), consistent with our previously reported increase in basipetal auxin transport in agb1-2 (Mudgil et al., 2009). In contrast to the lack of an effect in wild type, the 3% glucose treatment in the agb1-2 mutant further increased the amount of internalized PIN2-GFP which appeared as a punctate pattern in these cells (P < 0.05) (cf. Figures 6C,E) indicating AGB1 attenuates sugar-mediated PIN2-GFP localization/ recycling.
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FIGURE 6. Altered subcellular localization of PIN2-GFP in the agb1-2 mutant. (A) Quantitation of PIN2-GFP subcellular localization in Col-0 and agb1-2 root tip cells grown with or without supplemental 3% glucose. Fluorescence intensities in multiple seedlings were measured using ImageJ software and compared using Student’s t-test, shown as asterisks:∗P < 0.05; ∗∗∗P < 0.0005. PIN2-GFP localization in Col-0 root tip cells (B,D) grown without (-) or with (+) supplemental 3% glucose, respectively. (C,E) Amount of PIN2-GFP internalized in agb1-2 root tip cells grown without (-) or with (+) supplemental 3% glucose, respectively. Scale bars represent 5 μm. In order to compare directly these genotypes, PIN2-GFP/agb1-2 lines were obtained by crossing agb1-2 plants into the PIN2-GFP line shown in panels B and D. This experiment was repeated three times and reproducible PIN2-GFP localization pattern was observed upon glucose treatment.



Sugar-Mediated Auxin Signaling in the AGB1 Mutant

We previously showed that a set of auxin-regulated genes are misregulated in the agb1-2 mutant, including genes known to be important for lateral root development (Ullah et al., 2003). Therefore, RNA-Seq was used to test the hypothesis that AGB1 mediates glucose regulation of gene expression in the 1-mm apical root tip. Triplicate libraries of each control and glucose treated roots were prepared, bar-coded and subjected to sequencing resulting in at least 40 million and as high as 65 million reads for each library. Such high coverage enabled us to have confidence in low expressed genes while maintaining a stringent FDR setting of 5% (FDR = 0.05). There were 978 unique elements (Figure 7A). Glucose-repressed genes were similar in the two genotypes. There were 264 genes repressed by glucose in Col-0 and 314 in agb1-2. The genotypes shared 122 of these genes and the remaining are exclusive of each genotype (i.e., 142 in Col-0 and 192 in agb1-2). A greater difference between genotypes was observed for glucose-induced genes. There were 401 genes that increased expression upon glucose treatment in wild type. There were 208 up-regulated by glucose in agb1-2 with only 87 of them shared by Col-0 and the remaining 121 were statistically significant in agb1-2 only. This analysis indicated that AGB1 plays a direct or indirect role in glucose-regulated gene expression.
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FIGURE 7. Glucose-induced gene expression in the 1-mm root tips of wild type and agb1-2 mutant. Five-day old, etiolated seedlings were treated with glucose for 4 h and the apical 1-mm of roots was harvested for RNA profiling as described in Materials and Methods. (A) Venn diagram quantitating genes that were differentially expressed in the two genotypes. The table inset summarizes the number of genes scored as up or down regulated in each genotype. (B) Cluster analysis of the genes that have altered expression displayed as a heat map. Ten distinct clusters were formed. Clusters 2 and 5 had too few genes to label. (C) The expression profile of each cluster is shown as a box plot. The top of the rectangle indicates the third quartile, the horizontal line indicates the median, and the bottom of the rectangle indicates the first quartile. The vertical line from the top indicates the maximum value, and the other vertical line extending from the bottom indicates the minimum value.



Gene Ontology analysis revealed that genes repressed by glucose independently of G signaling are related to metabolism of several types, including sucrose, organic acids, and amino acids (Supplementary Table S1). Genes with increased expression by glucose independently of G signaling are primarily related to cell wall processes. Genes for which AGB1 is required for proper expression are related to responses to stress. Genes with expression that was repressed compared to wild type were predominantly related to stress responsiveness. The GO analysis indicated that AGB1 is positively regulating genes that are involved in biotic stress, both innate immunity and effector-induced defense (Supplementary Table S1, underlined annotations, 23 of 37 genes with P < 0.003). This is consistent with the hyper susceptibility of the agb1 mutants to Pseudomonas, necrotrophic and hemibiotrophic fungi, and oomycetes (Urano et al., 2013). AGB1 negatively regulates genes involved in photon capture (Supplementary Table S1, underlined annotations, 8 of 24 genes with P < 0.002) and genes related to biotic stress (10 of the remaining 16, P < 0.002). While it is known that agb1 mutants have altered sensitivity to several abiotic stresses (Urano et al., 2013), a role for AGB1 in photosynthesis has not previously been reported. AGB1 control of photosynthesis genes seems relevant but it is surprising for these genes to be altered in the root tip.

Annotations provide a generalized view of pathway function; therefore we used “genotype by treatment” cluster analysis of individual gene responses and presented it as a heat map (Figure 7B). We organized the 978 differentially expressed genes in our experiment into 10 clusters, with one cluster having only 2 genes (Cluster #2). The distribution of expression level for the individual cluster is compared across treatment and genotype. The PlantGSEA (Yi et al., 2013) server returned informative function information for the gene cluster confirming the analysis performed on the 978 unique elements (Figure 7A). Clusters 4 and 6 share overlap with gene sets involved in plant defense, cluster #1 overlaps with genes involved in sugar signaling and metabolism, cluster #3 with plant hormone pathways, cluster #7 with protein folding, and cluster #10 with light and ROS responses.

The hypothesis is that glucose acts on auxin signaling output through apical auxin signaling, therefore the Aux/IAA gene family was inspected closely for differences in glucose regulation between Col-0 and the agb1-2 mutant (Supplementary Figure S3). Among the IAA genes, some were regulated by glucose and all of these in the agb1 mutant were comparable in expression to wild type. While IAA4, IAA5, IAA6 appear to be different from wild type, the differences were not supported statistically. Although one possible difference between genotypes may be with IAA34. In the control condition, IAA34 was ∼3 fold repressed in agb1-2 relative to Col-0. While the FDR is not significant (FDR = 1), the p-value is 0.054991, supporting a possible trend, albeit weak. IAA34 is one of two IAA genes encoding IAA proteins lacking the destruction box, DII. No functional information on IAA34 is available at this time to enable speculation on whether or not it could be a component of glucose-induced, AGB1-affected lateral root formation. On the other hand, IAA19, which is known to play a role in lateral root development and shown here to be glucose induced does not require AGB1. Therefore, we conclude that glucose induction of the IAA gene family members is not a prominent part of the AGB1 mechanism.

Because members of the recently described central regulator PHYTOCHROME-INTERACTING FACTOR (PIF) sense changes in sugar levels and regulate the RSA (Salisbury et al., 2007; Kircher and Schopfer, 2012; Lilley et al., 2012), we examined the expression of the 7 PIF genes but found these all to be poorly expressed in root tips (RPKM < 1.0) and there were no differences between wild type and agb1-2.

At least 12 well-expressed genes with profound difference in glucose responsiveness in the agb1-2 mutant relative to wild type were identified (Figure 8). Many other genes were noted but did not meet the threshold of expression (RPKM >1.0). Two genes that were completely repressed in the agb1-2 mutant are at loci At1g53480 and At3g01345 (Figure 8). At3g01345 encodes a putative O-glycosyl hydrolase. This is interesting because AGB1 is required for the expression of the 0-glycosyl transferase, TBL26 (Grigston et al., 2008), although the significance of glycosyl modification in AGB1-modulated lateral root formation is not presently obvious. At1g53480 encodes MRD1 (MTO1 responding down). This gene is down-regulated in the mto1-1 mutant that over-accumulates soluble methionine. AGB1 interacts with ARD1 in the methionine salvage pathway in Arabidopsis (Friedman et al., 2011), but again, the significance of this connection is not obvious. Among the other profoundly misregulated genes (Figure 8), At1g66160 physically interacts with AGB1 (Kobayashi et al., 2012). This gene encodes a U-box ligase. Both AGB1 and this E3 ligase play roles in innate immunity (González-Lamothe et al., 2006; Gilroy et al., 2011; Yaeno et al., 2011; Liu et al., 2013; Lorek et al., 2013; Torres et al., 2013), suggesting convergence between root development and defense.
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FIGURE 8. Glucose regulation of genes that differ between wild type and agb1-2 root tips. Genes that are differentially expressed (FDR ≤ 0.05) between the two genotypes in at least one of the conditions (control and glucose treatment) are shown. Normalized gene expression is shown as reads per kb per million reads (RPKM).



Summary

While it is accepted that the root system is a sink for photosynthesis-fixed sugars (Freixes et al., 2002; Macgregor et al., 2008), it was not known if these sugars act as signaling elements to control the architecture of the root. We showed that RSA is genetically encoded and that one of these genes points to signaling mediated by the heterotrimeric G protein pathway. We established that G proteins sense the dose of the sugar signal/carbon nutrient status in roots (which operates under dose and duration constraints) and positively affect RSA (Figures 1 and 2).

We found higher levels of glucose, fructose, and sucrose in the absence of the G protein beta subunit, the agb1 mutant root. It is possible that sugar metabolism is altered in the agb1-2 mutant. Considering the velocity at which sugars arrive from the mesophyll to the root system (Figure 4), it is plausible that roots monitor photosynthesis with a resolution of minutes to hours. This is certainly the case for the shoot although monitoring occurs with a much longer time scale (Mason et al., 2014). Mason and coworkers showed that sugars are directly responsible for release of axillary bud dormancy. Because AGB1 acts like a negative regulator of lateral root density, G proteins may dampen the fluctuation of sugars and in that sense is part of a fluctuation sensor.

We established that G proteins mediate the glucose effect on RSA (Figure 2), through auxin patterning and transcriptional control (Figure 6, 7, and 8). Both HXK1 and RGS1 are involved in this glucose response but function differently (Figure 3). AGB1 plays an important role as a sensor component of glucose or carbon nutrient status in roots and modulates root growth. The steady-state levels of soluble sugar are higher in the absence of AGB1, indicating positive regulation within this pathway. Because glucose affects the posttranslational stability of N-MYC DOWN REGULATED LIKE 1 (NDL1) protein (Mudgil et al., 2009, 2013) in an AGB1-dependent manner, NDL1 stability may be part of this proposed feedback mechanism.

This work raises the possibility that fixed sugars derived through photosynthesis act as signals that regulate the RSA and we speculate that the roots may also signal back. This feedback from roots to shoots already has been proposed in a different signaling pathway in which AGB1 is also involved. Applied methyl jasmonate (MeJA) increased the allocation of 11C-labeled photosynthate to sink leaves and roots (Ferrieri et al., 2013). Because chilling the roots to 5°C inhibited the MeJA-induced increase allocation to sink leaves, feedback signaling from the roots was proposed. While AGB1 was not shown to be directly involved in this particular MeJA pathway, it was shown that AGB1 is essential for MeJA signaling in fungal resistance (Llorente et al., 2005; Trusov et al., 2007, 2009).
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FIGURE S1 | G protein sensing glucose levels is specific and not shown by osmotic control mannitol (A) Primary root length (B) Lateral root number (C) Lateral root density of the various G protein mutants genotypes used in Figure 2. Glucose was replaced with the corresponding concentrations of mannitol. Experiments were performed three times with10–15 seedlings used for each genotype. MIXED ANOVA analysis followed by box cox test (Box and Cox, 1964) indicated that there was no significant difference between genotypes on different concentrations of mannitol (P > 0.1).

FIGURE S2 | Auxin measurements in the whole root of agb1-2 and Col-0 in the presence and absence of 2% D-glucose. Physical quantitation was performed by mass spectrometry as described in the Materials and Methods. Total free IAA is displayed as ng per g fresh weight of root tissue in whisker plots. Horizontal lines = means, bars represent STD. Symbols are the individual measurements. ANOVA analysis indicated that all values are not statistically different (P < 0.05).

FIGURE S3 | IAA genes expression in wild type and agb1-2 mutant without (control) or with glucose treatment in 1/2 MS liquid without sugar. Expression profile of 28 out of 29 analyzed IAA genes showed no difference in expression upon glucose treatment in agb1 mutant background compared to wild type. Minor visible differences were not supported statistically. Only one IAA, IAA34 showed ∼3 fold repression in agb1-2 compared to Col-0 upon glucose treatment. While the FDR is not significant (FDR = 1), the P-value is 0.054991.

TABLE S1 | Gene Ontology (GO) Analysis Genotype by treatment.
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1 http://amide.sourceforge.net/

REFERENCES

Albrechtova, J., Kubinova, Z., Soukup, A., and Janacek, J. (2014). Image analysis: basic procedures for description of plant structures. Methods Mol. Biol. 1080, 67–76. doi: 10.1007/978-1-62703-643-6_5

Anders, S., Pyl, P., and Huber, W. (2014). HTSeq-A Python framework to work with high-throughput sequencing data. Bioinformatics 31, 166–169. doi: 10.1093/bioinformatics/btu638

Babst, B. A., Karve, A. A., and Judt, T. (2013). Radio-metabolite analysis of carbon-11 biochemical partitioning to non-structural carbohydrates for integrated metabolism and transport studies. Plant Cell Physiol. 54, 1016–1025. doi: 10.1093/pcp/pct045

Barbier, F. F., Lunn, J. E., and Beveridge, C. A. (2015). Ready, steady, go! A sugar hit starts the race to shoot branching. Curr. Opin. Plant Biol. 25, 39–45. doi: 10.1016/j.pbi.2015.04.004

Benková, E., Michniewicz, M., Sauer, M., Teichmann, T., Seifertová, D., Jürgens, G., et al. (2003). Local, eﬄux-dependent auxin gradients as a common module for plant organ formation. Cell 115, 591–602. doi: 10.1016/S0092-8674(03)00924-3

Boerjan, W., Cervera, M. T., Delarue, M., Beeckman, T., Dewitte, W., Bellini, C., et al. (1995). Superroot, a recessive mutation in Arabidopsis, confers auxin overproduction. Plant Cell 7, 1405–1419. doi: 10.2307/3870131

Booker, K. S., Schwarz, J., Garrett, M. B., and Jones, A. M. (2010). Glucose attenuation of auxin-mediated bimodality in lateral root formation is partly coupled by the heterotrimeric G protein complex. PLoS ONE 5:e12833. doi: 10.1371/journal.pone.0012833

Box, G., and Cox, D. (1964). An analysis of transformations. J. R. Stat. Soc. Series B 26, 211–252.

Bradford, W., Buckholz, A., Morton, J., Price, C., Jones, A. M., and Urano, D. (2013). Eukaryotic G protein signaling evolved to require G protein-coupled receptors for activation. Sci. Signal. 6:ra37. doi: 10.1126/scisignal.2003768

Chaparro, J. M., Badri, D. V., and Vivanco, J. M. (2014). Rhizosphere microbiome assemblage is affected by plant development. ISME J. 8, 790–803. doi: 10.1038/ismej.2013.196

Chen, J. G., Gao, Y., and Jones, A. M. (2006). Differential roles of Arabidopsis heterotrimeric G-protein subunits in modulating cell division in roots. Plant Physiol. 141, 887–897. doi: 10.1104/pp.106.079202

Chen, J. G., and Jones, A. M. (2004). AtRGS1 function in Arabidopsis thaliana. Methods Enzymol. 389, 338–350. doi: 10.1016/S0076-6879(04)89020-7

Cho, Y. H., Yoo, S. D., and Sheen, J. (2006). Regulatory functions of nuclear hexokinase1 complex in glucose signaling. Cell 127, 579–589. doi: 10.1016/j.cell.2006.09.028

Cho, Y. H., Yoo, S. D., and Sheen, J. (2007). Glucose signaling through nuclear hexokinase1 complex in Arabidopsis. Plant Signal. Behav. 2, 123–124. doi: 10.4161/psb.2.2.3894

Colaneri, A. C., and Jones, A. M. (2014). The wiring diagram for plant G signaling. Curr. Opin. Plant Biol. 22, 56–64. doi: 10.1016/j.pbi.2014.09.004

Crookshanks, M., Taylor, G., and Dolan, L. (1998). A model system to study the effects of elevated CO2 on the developmental physiology of roots: the use of Arabidopsis thaliana. J. Exp. Bot. 49, 593–597. doi: 10.1093/jxb/49.320.593

Ding, Z., Galvan-Ampudia, C. S., Demarsy, E., Langowski, L., Kleine-Vehn, J., Fan, Y., et al. (2011). Light-mediated polarization of the PIN3 auxin transporter for the phototropic response in Arabidopsis. Nat. Cell Biol. 13, 447–452. doi: 10.1038/ncb2208

Dubrovsky, J. G., Gambetta, G. A., Hernandez-Barrera, A., Shishkova, S., and Gonzalez, I. (2006). Lateral root initiation in Arabidopsis: developmental window, spatial patterning, density and predictability. Ann. Bot. 97, 903–915. doi: 10.1093/aob/mcj604

Dubrovsky, J. G., Napsucialy-Mendivil, S., Duclercq, J., Cheng, Y., Shishkova, S., Ivanchenko, M. G., et al. (2011). Auxin minimum defines a developmental window for lateral root initiation. New Phytol. 191, 970–983. doi: 10.1111/j.1469-8137.2011.03757.x

Dubrovsky, J. G., Sauer, M., Napsucialy-Mendivil, S., Ivanchenko, M. G., Friml, J., Shishkova, S., et al. (2008). Auxin acts as a local morphogenetic trigger to specify lateral root founder cells. Proc. Natl. Acad. Sci. U.S.A. 105, 8790–8794. doi: 10.1073/pnas.0712307105

Ferrieri, A. P., Agtuca, B., Appel, H. M., Ferrieri, R. A., and Schultz, J. C. (2013). Temporal changes in allocation and partitioning of new carbon as 11C elicited by simulated herbivory suggest that roots shape aboveground responses in Arabidopsis. Plant Physiol. 161, 692–704. doi: 10.1104/pp.112.208868

Ferrieri, R. A., and Wolf, A. P. (1983). The chemistry of positron emitting nucleogenic atoms with regard to preparation of labeled compounds of practical utility. Radiochim. Acta 344, 69–83.

Freixes, S., Thibaud, M. C., Tardieu, F., and Muller, B. (2002). Root elongation and branching is related to local hexose concentration in Arabidopsis thaliana seedlings. Plant Cell Environ. 25, 1357–1366. doi: 10.1046/j.1365-3040.2002.00912.x

Friedman, E. J., Wang, H. X., Perovic, I., Deshpande, A., Pochapsky, T. C., Temple, B. R. S., et al. (2011). ACI-REDUCTONE DIOXYGENASE 1 (ARD1) is an effector of the heterotrimeric G protein beta subunit in Arabidopsis. J. Biol. Chem. 286, 30107–30118. doi: 10.1074/jbc.M111.227256

Friml, J., Vieten, A., Sauer, M., Weijers, D., Schwarz, H., Hamann, T., et al. (2003). Eﬄux-dependent auxin gradients establish the apical-basal axis of Arabidopsis. Nature 426, 147–153. doi: 10.1038/nature02085

Fu, Y., Lim, S., Urano, D., Tunc-Ozdemir, M., Phan, N., Elston, T., et al. (2014). Reciprocal encoding of signal intensity and duration in a glucose-sensing circuit. Cell 156, 1084–1096. doi: 10.1016/j.cell.2014.01.013

Giehl, R. F. H., Gruber, B. D., and von Wirén, N. (2014). It’s time to make changes: modulation of root system architecture by nutrient signals. J. Exp. Bot. 65, 769–778. doi: 10.1093/jxb/ert421

Gilroy, E. M., Taylor, R. M., Hein, I., Boevink, P., Sadanandom, A., and Birch, P. R. J. (2011). CMPG1-dependent cell death follows perception of diverse pathogen elicitors at the host plasma membrane and is suppressed by Phytophthora infestans RXLR effector AVR3a. New Phytol. 190, 653–666. doi: 10.1111/j.1469-8137.2011.03643.x

González-Lamothe, R., Tsitsigiannis, D. I., Ludwig, A. A., Panicot, M., Shirasu, K., and Jones, J. D. G. (2006). The U-Box protein CMPG1 is required for efficient activation of defense mechanisms triggered by multiple resistance genes in tobacco and tomato. Plant Cell 18, 1067–1083. doi: 10.1105/tpc.106.040998

Grigston, J. C., Osuna, D., Scheible, W. R., Liu, C., Stitt, M., and Jones, A. M. (2008). D-Glucose sensing by a plasma membrane regulator of G signaling protein, AtRGS1. FEBS Lett. 582, 3577–3584. doi: 10.1016/j.febslet.2008.08.038

Gupta, A., Singh, M., and Laxmi, A. (2015). Interaction between Glucose and Brassinosteroid during regulation of lateral root development in Arabidopsis. Plant Physiol. 168, 307–320. doi: 10.1104/pp.114.256313

Gupta, A., Singh, M., Mishra, B. S., Kushwah, S., and Laxmi, A. (2009). Role of glucose in spatial distribution of auxin regulated genes. Plant Signal. Behav. 4, 862–863. doi: 10.4161/psb.4.9.9421

Habets, M. E. J., and Offringa, R. (2014). PIN-driven polar auxin transport in plant developmental plasticity: a key target for environmental and endogenous signals. New Phytol. 203, 362–377. doi: 10.1111/nph.12831

Hachiya, T., Sugiura, D., Kojima, M., Sato, S., Yanagisawa, S., Sakakibara, H., et al. (2014). High CO2 triggers preferential root growth of Arabidopsis thaliana via two distinct systems under low pH and low N stresses. Plant Cell Physiol. 55, 269–280. doi: 10.1093/pcp/pcu001

Hanson, J., and Smeekens, S. (2009). Sugar perception and signaling–an update. Curr. Opin. Plant Biol. 12, 562–567. doi: 10.1016/j.pbi.2009.07.014

Huang, J. P., Tunc-Ozdemir, M., Chang, Y., and Jones, A. M. (2015). Cooperative control between AtRGS1 and AtHXK1 in a WD40-repeat protein pathway in Arabidopsis thaliana. Front. Plant Sci. 6:851. doi: 10.3389/fpls.2015.00851

Karve, A. A., Alexoff, D. A., Kim, D., Schuller, M. J., Ferrieri, R. A., and Babst, B. A. (2015). In vivo quantitative imaging of photoassimilate transport dynamics and allocation in large plants using a commercial positron emission tomography (PET) scanner. BMC Plant Biol. 15:273. doi: 10.1186/s12870-015-0658-3

Kircher, S., and Schopfer, P. (2012). Photosynthetic sucrose acts as cotyledon-derived long-distance signal to control root growth during early seedling development in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 109, 11217–11221. doi: 10.1073/pnas.1203746109

Klopﬄeisch, K., Phan, N., Augustin, K., Bayne, R. S., Booker, K. S., Botella, J. R., et al. (2011). Arabidopsis G-protein interactome reveals connections to cell wall carbohydrates and morphogenesis. Mol. Syst. Biol. 7:532. doi: 10.1038/msb.2011.66

Kobayashi, S., Tsugama, D., Liu, S., and Takano, T. (2012). A U-Box E3 ubiquitin ligase, PUB20, interacts with the Arabidopsis G-Protein β subunit, AGB1. PLoS ONE 7:e49207. doi: 10.1371/journal.pone.0049207

Koltai, H. (2014). Receptors, repressors, PINs: a playground for strigolactone signaling. Trends Plant Sci. 19, 727–733. doi: 10.1016/j.tplants.2014.06.008

Laxmi, A., Pan, J., Morsy, M., and Chen, R. (2008). Light plays an essential role in intracellular distribution of auxin eﬄux carrier PIN2 in Arabidopsis thaliana. PLoS ONE 3:e1510. doi: 10.1371/journal.pone.0001510

Lee-Ho, E., Walton, L. J., Reid, D. M., Yeung, E. C., and Kurepin, L. V. (2007). Effects of elevated carbon dioxide and sucrose concentrations on Arabidopsis thaliana root architecture and anatomy. Can. J. Bot. 85, 324–330. doi: 10.1139/b07-009

Lilley, J. L., Gee, C. W., Sairanen, I., Ljung, K., and Nemhauser, J. L. (2012). An endogenous carbon-sensing pathway triggers increased auxin flux and hypocotyl elongation. Plant Physiol. 160, 2261–2270. doi: 10.1104/pp.112.205575

Liu, J., Ding, P., Sun, T., Nitta, Y., Dong, O., Huang, X., et al. (2013). Heterotrimeric G proteins serve as a converging point in plant defense signaling activated by multiple receptor-like kinases. Plant Physiol. 161, 2146–2158. doi: 10.1104/pp.112.212431

Liu, T. Y., Chang, C. Y., and Chiou, T. J. (2009). The long-distance signaling of mineral macronutrients. Curr. Opin. Plant Biol. 12, 312–319. doi: 10.1016/j.pbi.2009.04.004

Liu, X., Hegeman, A., Gardner, G., and Cohen, J. (2012). Protocol: high-throughput and quantitative assays of auxin and auxin precursors from minute tissue samples. Plant Methods 8:31. doi: 10.1186/1746-4811-8-31

Llorente, F., Alonso-Blanco, C., Sanchez-Rodriguez, C., Jorda, L., and Molina, A. (2005). ERECTA receptor-like kinase and heterotrimeric G protein from Arabidopsis are required for resistance to the necrotrophic fungus Plectosphaerella cucumerina. Plant J. 43, 165–180. doi: 10.1111/j.1365-313X.2005.02440.x

Lorek, J., Griebel, T., Jones, A., Kuhn, H., and Panstruga, R. (2013). The role of Arabidopsis heterotrimeric G-protein subunits in MLO2 function and MAMP-triggered immunity. Mol. Plant Microbe Interact. 26, 991–1003. doi: 10.1094/MPMI-03-13-0077-R

Luschnig, C., and Vert, G. (2014). The dynamics of plant plasma membrane proteins: PINs and beyond. Development 141, 2924–2938. doi: 10.1242/dev.103424

Macgregor, D. R., Deak, K. I., Ingram, P. A., and Malamy, J. E. (2008). Root system architecture in Arabidopsis grown in culture is regulated by sucrose uptake in the aerial tissues. Plant Cell 20, 2643–2660. doi: 10.1105/tpc.107.055475

Maere, S., Heymans, K., and Kuiper, M. (2005). BiNGO: a Cytoscape plugin to assess overrepresentation of gene ontology categories in biological networks. Bioinformatics 21, 3448–3449. doi: 10.1093/bioinformatics/bti551

Mason, M. G., Ross, J. J., Babst, B. A., Wienclaw, B. N., and Beveridge, C. A. (2014). Sugar demand, not auxin, is the initial regulator of apical dominance. Proc. Natl. Acad. Sci. U.S.A. 111, 6092–6097. doi: 10.1073/pnas.1322045111

Mishra, B. S., Singh, M., Aggrawal, P., and Laxmi, A. (2009). Glucose and auxin signaling interaction in controlling Arabidopsis thaliana seedlings root growth and development. PLoS ONE 4:e4502. doi: 10.1371/journal.pone.0004502

Moghaddam, M. R., and den Ende, W. V. (2013). Sugars, the clock and transition to flowering. Front. Plant Sci. 4:22. doi: 10.3389/fpls.2013.00022

Moreno-Risueno, M. A., Van Norman, J. M., Moreno, A., Zhang, J., Ahnert, S. E., and Benfey, P. N. (2010). Oscillating gene expression determines competence for periodic Arabidopsis root branching. Science 329, 1306–1311. doi: 10.1126/science.1191937

Mudgil, Y., Ghawana, S., and Jones, A. M. (2013). N-MYC down-regulated-like proteins regulate meristem initiation by modulating auxin transport and MAX2 expression. PLoS ONE 8:e77863. doi: 10.1371/journal.pone.0077863

Mudgil, Y., Uhrig, J. F., Zhou, J., Temple, B., Jiang, K., and Jones, A. M. (2009). Arabidopsis N-MYC DOWNREGULATED-LIKE1, a positive regulator of auxin transport in a G protein-mediated pathway. Plant Cell 21, 3591–3609. doi: 10.1105/tpc.109.065557

Phan, N., Urano, D., Srba, M., Fischer, L., and Jones, A. (2012). Sugar-induced endocytosis of plant 7TM-RGS proteins. Plant Signal. Behav. 8, e22814. doi: 10.4161/psb.22814

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 26, 139–140. doi: 10.1093/bioinformatics/btp616

Rogers, H. H., Peterson, C. M., McCrimmon, J. N., and Cure, J. D. (2006). Response of plant roots to elevated atmospheric carbon dioxide. Plant Cell Environ. 15, 749–752. doi: 10.1111/j.1365-3040.1992.tb01018.x

Rolland, F., Baena-Gonzalez, E., and Sheen, J. (2006). Sugar sensing and signaling in plants: conserved and novel mechanisms. Annu. Rev. Plant Biol. 57, 675–709. doi: 10.1146/annurev.arplant.57.032905.105441

Roycewicz, P., and Malamy, J. E. (2012). Dissecting the effects of nitrate, sucrose and osmotic potential on Arabidopsis root and shoot system growth in laboratory assays. Philos. Trans. R. Soc. Lond. B Biol. Sci. 367, 1489–1500. doi: 10.1098/rstb.2011.0230

Ruan, Y. L. (2014). Sucrose metabolism: gateway to diverse carbon use and sugar signaling. Annu. Rev. Plant Biol. 65, 33–67. doi: 10.1146/annurev-arplant-050213-040251

Ruzicka, K., Ljung, K., Vanneste, S., Podhorska, R., Beeckman, T., Friml, J., et al. (2007). Ethylene regulates root growth through effects on auxin biosynthesis and transport-dependent auxin distribution. Plant Cell 19, 2197–2212. doi: 10.1105/tpc.107.052126

Ruzicka, K., Simaskova, M., Duclercq, J., Petrasek, J., Zazimalova, E., Simon, S., et al. (2009). Cytokinin regulates root meristem activity via modulation of the polar auxin transport. Proc. Natl. Acad. Sci. U.S.A. 106, 4284–4289. doi: 10.1073/pnas.0900060106

Sairanen, I., Novak, O., Pencik, A., Ikeda, Y., Jones, B., Sandberg, G., et al. (2012). Soluble carbohydrates regulate auxin biosynthesis via PIF proteins in Arabidopsis. Plant Cell 24, 4907–4916. doi: 10.1105/tpc.112.104794

Salisbury, F. J., Hall, A., Grierson, C. S., and Halliday, K. J. (2007). Phytochrome coordinates Arabidopsis shoot and root development. Plant J. 50, 429–438. doi: 10.1111/j.1365-313X.2007.03059.x

Sauer, M., and Friml, J. (2011). Fleeting hormone cues get stabilized for plant organogenesis. Mol. Syst. Biol. 7, 507–507. doi: 10.1038/msb.2011.45

Shinohara, N., Taylor, C., and Leyser, O. (2013). Strigolactone can promote or inhibit shoot branching by triggering rapid depletion of the auxin eﬄux protein PIN1 from the plasma membrane. PLoS Biol. 11:e1001474. doi: 10.1371/journal.pbio.1001474

Smeekens, S., Ma, J., Hanson, J., and Rolland, F. (2010). Sugar signals and molecular networks controlling plant growth. Curr. Opin. Plant Biol. 13, 274–279. doi: 10.1016/j.pbi.2009.12.002

Smith, A. R., Lukac, M., Bambrick, M., Miglietta, F., and Godbold, D. L. (2013). Tree species diversity interacts with elevated CO2 to induce a greater root system response. Glob. Chang. Biol. 19, 217–228. doi: 10.1111/gcb.12039

Szymanowska-Pulka, J. (2013). Form matters: morphological aspects of lateral root development. Ann. Bot. 112, 1643–1654. doi: 10.1093/aob/mct231

Torres, M. A., Morales, J., Sánchez-Rodríguez, C., Molina, A., and Dangl, J. L. (2013). Functional interplay between Arabidopsis NADPH oxidases and heterotrimeric G protein. Mol. Plant Microbe Interact. 26, 686–694. doi: 10.1094/mpmi-10-12-0236-r

Trapnell, C., Pachter, L., and Salzberg, S. (2009). TopHat: discovering splice junctions with RNA-Seq. Bioinformatics 25, 1105–1111. doi: 10.1093/bioinformatics/btp120

Trusov, Y., Rookes, J. E., Tilbrook, K., Chakravorty, D., Mason, M. G., Anderson, D., et al. (2007). Heterotrimeric G protein gamma subunits provide functional selectivity in Gbetagamma dimer signaling in Arabidopsis. Plant Cell 19, 1235–1250. doi: 10.1105/tpc.107.050096

Trusov, Y., Sewelam, N., Rookes, J. E., Kunkel, M., Nowak, E., Schenk, P. M., et al. (2009). Heterotrimeric G proteins-mediated resistance to necrotrophic pathogens includes mechanisms independent of salicylic acid-, jasmonic acid/ethylene- and abscisic acid-mediated defense signaling. Plant J. 58, 69–81. doi: 10.1111/j.1365-313X.2008.03755.x

Ullah, H., Chen, J. G., Temple, B., Boyes, D. C., Alonso, J. M., Davis, K. R., et al. (2003). The beta-subunit of the Arabidopsis G protein negatively regulates auxin-induced cell division and affects multiple developmental processes. Plant Cell 15, 393–409. doi: 10.1105/tpc.006148

Urano, D., Chen, J.-G., Botella, J. R., and Jones, A. M. (2013). Heterotrimeric G protein signalling in the plant kingdom. Open Biol. 3:120186. doi: 10.1098/rsob.120186

Urano, D., Jones, J. C., Wang, H., Matthews, M., Bradford, W., Bennetzen, J. L., et al. (2012a). G protein activation without a GEF in the plant kingdom. PLoS Genetics 8:e1002756. doi: 10.1371/journal.pgen.1002756

Urano, D., Phan, N., Jones, J. C., Yang, J., Huang, J., Grigston, J., et al. (2012b). Endocytosis of the seven-transmembrane RGS1 protein activates G-protein-coupled signalling in Arabidopsis. Nat. Cell Biol. 14, 1079–1088. doi: 10.1038/ncb2568

Wang, L., and Ruan, Y.-L. (2013). Regulation of cell division and expansion by sugar and auxin signaling. Front. Plant Sci. 4:163. doi: 10.3389/fpls.2013.00163

Windt, C. W., Vergeldt, F. J., de Jager, P. A., and van As, H. (2006). MRI of long-distance water transport: a comparison of the phloem and xylem flow characteristics and dynamics in poplar, castor bean, tomato and tobacco. Plant Cell Environ. 29, 1715–1729. doi: 10.1111/j.1365-3040.2006.01544.x

Wisniewska, J., Xu, J., Seifertova, D., Brewer, P. B., Ruzicka, K., Blilou, I., et al. (2006). Polar PIN localization directs auxin flow in plants. Science 312:883. doi: 10.1126/science.1121356

Yaeno, T., Li, H., Chaparro-Garcia, A., Schornack, S., Koshiba, S., Watanabe, S., et al. (2011). Phosphatidylinositol monophosphate-binding interface in the oomycete RXLR effector AVR3a is required for its stability in host cells to modulate plant immunity. Proc. Natl. Acad. Sci. U.S.A. 108, 14682–14687. doi: 10.1073/pnas.1106002108

Yi, X., Du, Z., and Su, Z. (2013). PlantGSEA: a gene set enrichment analysis toolkit for plant community. Nucleic Acids Res. 41, W98–W103. doi: 10.1093/nar/gkt281

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Mudgil, Karve, Teixeira, Jiang, Tunc-Ozdemir and Jones. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-07-01255-g006.jpg
3% D-Glu

0% D-Glu

I Col-0
[ agb1-2

O 1 O 1N O 1 O 1 O 1 o
544332211

< (1ejolL Jo % ) d49-2NId leusaju





OPS/images/fpls-07-01255-g005.jpg
DR5::GUS

2% gluc

)

0% gluc 2% gluc

~N
<
Q
&
by
%]
3
Q
&
&
Q

2% gluc 0% gluc 2% gluc





OPS/images/fpls-07-01255-g008.jpg
(W) vossesdxa sus)





OPS/images/fpls-07-01255-g007.jpg
=0 =

LIS,
o

0207

o
5 ‘f}“‘f o

&

¢l

&





OPS/images/fpls-07-01255-g002.jpg
& T &

(o) BB 100 ALY s100t csorem o soquinn

wo/ Kysusg ooy esore]

1 2 3

Glucose concentration (%, wiv)

o





OPS/images/fpls-07-01255-g001.jpg
hotosynthate

sugar/p ]

sub-optimal 7o) supra-optimal
optimal

LR density
P S

1T 2 3 4 5 6
Glucose conc (% wiv)






OPS/images/fpls-07-01255-g004.jpg
Allocaton to the Rools (%)

¢ Sugars (WBQ/ gFH)

£
g
g
]
i

G Photosynthate Allocatl

Photosynihate to Sugars

iﬁj_l_[(

Photosynthats 1o Glucoss,

{

=5






OPS/images/fpls-07-01255-g003.jpg
Root Length (cm)

| - coro
2F 5 agorz

oz
R

imary
¢

20, -

Number of Lateral Roots  py

Lateral Root Density /cm

0 1 2 3
Glucose concentration (%, wiv)





OPS/images/cross.jpg
®

o fark





OPS/images/cover.jpg
, frontiers

in Plant Science

Photosynthate Regulation of the
Root System Architecture
Mediated by the Heterotrimeric
G Protein Complex in Arabidopsis





OPS/images/logo.jpg
’ frontiers
in Plant Science





