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            Abstract
Auxin influences plant development through several distinct concentration-dependent effects1. In the Arabidopsis root tip, polar auxin transport by PIN-FORMED (PIN) proteins creates a local auxin accumulation that is required for the maintenance of the stem-cell niche2,3,4. Proximally, stem-cell daughter cells divide repeatedly before they eventually differentiate. This developmental gradient is accompanied by a gradual decrease in auxin levels as cells divide, and subsequently by a gradual increase as the cells differentiate5,6. However, the timing of differentiation is not uniform across cell files. For instance, developing protophloem sieve elements (PPSEs) differentiate as neighbouring cells still divide. Here we show that PPSE differentiation involves local steepening of the post-meristematic auxin gradient. BREVIS RADIX (BRX) and PROTEIN KINASE ASSOCIATED WITH BRX (PAX) are interacting plasma-membrane-associated, polarly localized proteins that co-localize with PIN proteins at the rootward end of developing PPSEs. Both brx and pax mutants display impaired PPSE differentiation. Similar to other AGC-family kinases, PAX activates PIN-mediated auxin efflux, whereas BRX strongly dampens this stimulation. Efficient BRX plasma-membrane localization depends on PAX, but auxin negatively regulates BRX plasma-membrane association and promotes PAX activity. Thus, our data support a model in which BRX and PAX are elements of a molecular rheostat that modulates auxin flux through developing PPSEs, thereby timing PPSE differentiation.
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                    Fig. 1: Phenotypic characterization of pax mutants.[image: ]


Fig. 2: Expression analysis of PAX protein.[image: ]


Fig. 3: PAX-dependence of efficient BRX plasma-membrane association.[image: ]


Fig. 4: Regulatory input of auxin on PAX and BRX activity.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Overview of protophloem development.
a, Illustration of protophloem development from the stem cell to the mature sieve element in the Arabidopsis root meristem. b, Illustration of a cross section through the stele of an Arabidopsis root meristem, highlighting the arrangement of the two sieve element strands and the xylem axis.


Extended Data Fig. 2 Auxin activity in developing PPSEs.
a, Confocal microscopy of the inverse auxin activity reporter DII-VENUS and its negative control mDII-VENUS (yellow fluorescence) in the root meristem (PI staining, red) of wild-type Col-0 plants. Asterisks indicate sieve element cell files. b, Confocal microscopy of constitutively expressed DII-VENUS in developing PPSEs and neighbouring cell files. Left, PI cell-wall staining (red); middle, DII-VENUS fluorescence (yellow; PPSE nuclei marked with red circles, nuclei in neighbouring cell files with blue circles); right, overlay. c, As in b, for mDII-VENUS. d, Relative intensity of the DII-VENUS reporter and its mDII-VENUS control in the nuclei of Col-0 PPSEs as compared to the nuclei of directly neighbouring cells. The statistically significant difference between DII-VENUS and mDII-VENUS in the PPSE/neighbours group is indicated (two-sided Studentâ€™s t-test; a, PÂ =Â 5.86Â Ã—Â 10âˆ’11). e, Cumulative average cell length in different root cell files, starting from the respective first stem-cell daughters (cell #1) (nÂ =Â 11 wild-type Col-0 roots). f, Number of developing PPSEs from the first stem-cell daughter up to the first transition zone PPSE (protophloem length) in seven-day-old Col-0 seedlings, and transgenic seedlings expressing a constitutively active derivative of the auxin response factor MONOPTEROS (MPâˆ†) under control of the PPSE-specific CVP2 promoter. a, PÂ =Â 3.16Â Ã—Â 10âˆ’6; two-sided Studentâ€™s t-test. g, Cumulative average cell length in the developing protophloem, starting from the first stem-cell daughter (cell #1) (nÂ =Â 23 each). Elongation occurs prematurely in CVP2::MPâˆ† plants. h, Confocal microscopy of a brx root meristem, focused on one of the sieve element strands (asterisk). Arrowheads point out gap cells, which fail to build up the characteristic PPSE cell wall owing to a failure to differentiate. i, Relative intensity of the DII-VENUS reporter and its mDII-VENUS control in the nuclei of Col-0 and brx PPSEs as compared to nuclei of cells in directly neighbouring files. Statistically significant differences between PPSE/neighbours and neighbour/neighbour in the Col-0 and brx DII-VENUS groups are indicated (two-sided Studentâ€™s t-test; a, PÂ =Â 2.49Â Ã—Â 10âˆ’7; b, PÂ =Â 0.026). j, Coefficient of variance for fluorescence traces of the DII-VENUS reporter and its mDII-VENUS control (left) and PI staining (right) along protophloem cell files. The statistically significant difference in VENUS fluorescence in the brx group is indicated (two-sided Studentâ€™s t-test; a, PÂ =Â 2.30Â Ã—Â 10âˆ’7). k, Quantification of PPSE strands with gaps in roots of indicated genotypes. l, Root length in seven-day-old seedlings for indicated genotypes. The statistically significant differences between CVP2::MPÎ” in brx and brx alone (PÂ =Â 0.0017) and between CVP2::MPÎ” in brx and CLE45::MPÎ” in brx (PÂ =Â 0.0052) are indicated by the character a. m, Distribution of gap size in protophloem strands of seven-day-old seedlings with gaps of indicated genotypes. The statistically significant differences between CVP2::MPÎ” in brx and brx alone (PÂ =Â 0.0008) and between CVP2::MPÎ” in brx and CLE45::MPÎ” in brx (PÂ =Â 0.0051) are indicated by the character a (two-sided Ï‡2 test). n, Expression of fluorescent NLSâ€“VENUS reporter in PPSEs of brx mutants, driven by either CVP2 or CLE45 promoter. Arrowheads indicate gap cells. o, p, Expression of CVP2::NLSâ€“VENUS reporter (green fluorescence) in PPSE cell files (asterisks) of six-day-old Col-0 root meristems (PI staining, white) grown in the presence of (o), or transferred for 48Â h onto (p), increasing amounts of the auxin biosynthesis inhibitor l-kynurenine (l-kyn). On the higher concentration, PPSE cell files (magnified) were barely distinguishable. q, Confocal microscopy of seven-day-old root meristems (PI staining, red). Asterisks indicate sieve element cell files (magnified, barely distinguishable in aux1 brx).


Extended Data Fig. 3 Identification of BRX interactors.
a, Induction of BRX expression in cotyledons in the VISUAL transdifferentiation assay, as indicated by a BRX::GUS reporter gene. b, Visualization of successful tracheary element differentiation using polarized light microscopy. c, Western analysis of BRXâ€“CITRINE fusion protein after immunoprecipitation. d, List of the top BRX interactors, indicating the number of peptides isolated as compared to controls.


Extended Data Fig. 4 Phenotypic analysis of pax-related mutants and transgenic lines.
a, Root length in seven-day-old seedlings for indicated mutants and parallel Col-0 controls. Statistically significant differences between Col-0 and mutants are indicated (Studentâ€™s t-test, two-sided; a, PÂ <Â 0.02). b, Quantification of gap-cell frequency in protophloem strands of six-day-old seedlings. Statistically significant differences are indicated (two-sided Fisherâ€™s exact test; a, pax versus Col-0; b, others versus pax; all P valuesÂ <Â 0.001). c, Root length in seven-day-old seedlings for Col-0, pax and transgenic lines in the pax mutant background that expressed PAX under the control of its native promoter or the BRX promoter. The statistically significant difference between pax and Col-0 is indicated (two-sided Studentâ€™s t-test; a, PÂ =Â 0.00016). d, Quantification of gap-cell frequency in protophloem strands of six-day-old seedlings. Statistically significant differences are indicated (two-sided Fisherâ€™s exact test; a, pax versus Col-0; b, others versus pax; all P valuesÂ <Â 0.001). e, Phloem-mediated translocation of carboxyfluorescein diacetate succinimidyl ester (CFDA) dye (green fluorescence) into the phloem-unloading zone of the root tip 45Â min after CFDA application to the cotyledons of four-day-old seedlings, and corresponding classification of CFDA signal at the end of the experiment. f, Quantification of gap-cell frequency in protophloem strands of six-day-old seedlings. Statistically significant differences are indicated (two-sided Fisherâ€™s exact test; a, others versus Col-0; b, Col-0 and pax versus brx; all P valuesÂ <Â 0.01). g, Quantification of gap-cell frequency in protophloem strands of six-day-old seedlings. Statistically significant differences are indicated (two-sided Fisherâ€™s exact test; a, others versus Col-0, all P valuesÂ <Â 0.001). h, Auxin transport assays performed in X. laevis oocytes expressing the indicated heterologous plant proteins (nÂ =Â 10 oocytes per time point; error bars, s.e.m.). i, BFA control experiments. Accumulation of PIN1â€“GFP fusion protein in BFA compartments (left), and comparative BFA insensitivity of OPSâ€“GFP fusion protein (right). j, Dissociation of PAXâ€“CITRINE and BRXâ€“CITRINE fusion proteins from the plasma membrane in response to 5Â Î¼M BFA treatment. k, Quantification of PAXâ€“CITRINE and BRXâ€“CITRINE fluorescence signal at the plasma membrane in response to 5Â Î¼M BFA treatment, normalized to allow direct comparison (means of approximately ten cells per root). l, Confocal microscopy of six-day-old PI-stained root meristems grown on mock or low BFA concentration as indicated. Asterisks indicate PPSE cell files and arrowheads indicate gap cells. m, Quantification of gap-cell frequency in PPSE strands of roots shown in (l). Statistically significant differences are indicated (two-sided Fisherâ€™s exact test; a, others versus mock, PÂ <Â 0.0001). n, Expression of PAXâ€“CITRINE fusion protein under its native promoter, in pax single or brx pax double mutants. o, Transient expression of the indicated fusion proteins, alone or in combination, in Arabidopsis protoplasts. The PAXK/R>A variant carries point mutations in a polybasic stretch that is required for plasma membrane interaction24. The average number of patches per protoplast is indicated.


Extended Data Fig. 5 PIN activity in the root protophloem.
a, Confocal microscopy of indicated reporter genes (green fluorescence) in the root meristem (PI staining, red) of Col-0 wild-type plants (top), and magnification without PI background (bottom). Asterisks indicate sieve element cell files. b, Immunolocalization of nuclear localized NLSâ€“VENUS (green) expressed under control of PPSE-specific CVP2 promoter, and PIN1 (red) by antibody staining. Asterisks indicate PPSE cell files. c, Simultaneous immunolocalization of CVP2-driven NLSâ€“VENUS (green) with different anti-PIN1 antibodies that specifically detect phosphorylated PIN1 residues S231 (J231) or S271 (J271). d, Quantification of the J231 phosphosite signal intensity (means from approximately ten cells per root, arbitrary units). The statistically significant difference is indicated (two-sided Studentâ€™s t-test; a, PÂ =Â 1.2Â Ã—Â 10âˆ’9). e, Quantification of the J271 phosphosite signal intensity (means from approximately ten cells per root, arbitrary units). f, Immuno-localization of PIN1, and the J231 and J271 PIN1 phosphosites (red) in brx (left) or ops (right) by antibody staining, with an OPS::BRXâ€“CITRINE or CVP2::NLSâ€“VENUS reporter in the background for the identification of PPSE cell files (asterisks). g, Quantification of gap-cell frequency in protophloem strands of six-day-old seedlings for the indicated genotypes. Statistically significant differences are indicated (two-sided Fisherâ€™s exact test; a, Col-0 and pin1 versus others, PÂ <Â 0.0001; b, brx or pax single mutant versus brx pin1 or pax pin1 double mutants, PÂ <Â 0.02). h, Confocal microscopy of representative six-day-old Col-0, pin1, and brx root meristems (PI staining, white). Asterisks indicate PPSE cell files. i, Different phenotypic classes occurring in brx pin1 double mutant root meristems (PI staining, white). PPSE cell files were frequently barely distinguishable or missing. j, Auxin transport assays performed in X. laevis oocytes expressing the indicated heterologous plant proteins (nÂ =Â 10 oocytes per time point; error bars, s.e.m.). k, Western blot analysis of the oocytes used in j, demonstrating that BRX expression does not interfere with D6PK or PIN1 expression or stabilityÂ (detection of YFPâ€“D6PK and PIN1 with anti-GFP and anti-PIN1 antibodies, respectively).


Extended Data Fig. 6 BRX auxin response and PAX specificity.
a, b, Response of BRXâ€“CITRINE fusion protein to treatment with 1Â Î¼M or 10Â Î¼M auxin (NAA), time course experiment (b) with quantification (a, means from approximately ten cells per root, arbitrary units). Statistically significant differences are indicated (two-sided Studentâ€™s t-test; a, mock versus others, PÂ <Â 0.0094; b, 1Â Î¼M versus 10Â Î¼M auxin, PÂ <Â 0.0028). c, Phosphoproteomics of auxin-treated seedlings, showing normalized abundance of a conserved phosphosite in PAX, D6PK, D6PKL1-3, and AGC1-6, with subfragments indicated in different colours. d, Same as c, for a PIN1 phosphosite. e, Radioactive in vitro kinase assays with GST fusion proteins of D6PK, PAX, or PAX(S596A) and PAX(S596D) point mutants, with BRX or the PIN1 cytosolic loop as substrate (top) and corresponding loading controls (bottom). f, Auxin transport assays performed in X. laevis oocytes expressing the indicated heterologous plant proteins (nÂ =Â 10 oocytes per time point; error bars, s.e.m.). g, Polar localization of the YFPâ€“PAX(S596D) variant in developing PPSEs of a pax mutant. h, Quantification of gap-cell frequency in protophloem strands of seven-day-old pax mutant seedlings that express a D6PKâ€“CITRINE fusion protein under the control of the PAX promoter. The statistically significant difference is indicated (two-sided Fisherâ€™s exact test; a, Col-0 versus pax and transgenic lines, PÂ <Â 0.0001). i, Polar localization of D6PKâ€“CITRINE fusion protein in developing PPSEs of a pax mutant. j, k, Auxin induction of BRX transcription in developing PPSE cell files (asterisks) visualized using an NLSâ€“3Ã—VENUS reporter gene (j), with corresponding quantification of nuclear fluorescence signal (k). Statistically significant differences are indicated (one-sided Studentâ€™s t-test; a, versus preceding time point, PÂ <Â 0.0153).


Extended Data Fig. 7 Molecular rheostat model for PAXâ€“BRX action in the regulation of auxin efflux.
Proposed model for the cellular action of PAX and BRX as elements of a molecular rheostat. BRX interacts with PAX at the plasma membrane, where it inhibits PIN-mediated auxin efflux at lower auxin levels. Because of reduced PIN-mediated auxin efflux, cellular auxin levels increase so that, eventually, BRX becomes displaced from the plasma membrane. Concomitantly, PAX becomes activated and increasingly stimulates auxin efflux. Reinforced through auxin-induced BRX transcription and decreasing cellular auxin levels, BRX can return to the plasma membrane and again inhibit auxin efflux. This interplay would lead to a dynamic steady-state equilibrium that fine-tunes auxin levels along a cell file.


Extended Data Table 1 List of oligonucelotides used in this studyFull size table
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