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Benzyl Cyanide Leads to Auxin-Like Effects Through the Action of Nitrilases in Arabidopsis thaliana
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Plants within the Brassicales order generate glucosinolate hydrolysis products that can exert different biological effects on several organisms. Here, we evaluated the physiological effects of one of these compounds, benzyl cyanide (phenylacetonitrile), when exogenously applied on Arabidopsis thaliana. Treatment with benzyl cyanide led to a dose-dependent reduction of primary root length and total biomass. Further morphological changes like elongated hypocotyls, epinastic cotyledons, and increased formation of adventitious roots resembled a severe auxin-overproducer phenotype. The elevated auxin response was confirmed by histochemical staining and gene expression analysis of auxin-responsive genes. Nitriles are converted by specific enzymes, nitrilases (NIT1-3), to their corresponding carboxylic acids. The nitrilase mutants nit1 and nit2 tolerated benzyl cyanide treatments better than the wild type, with nit2 being less resistant than nit1. A NIT2RNAi line suppressing several nitrilases was resistant to all tested benzyl cyanide concentrations. When exposed to phenylacetic acid (PAA) – the corresponding carboxylic acid of benzyl cyanide – wild type and mutant seedlings were, however, equally susceptible and showed a more severe auxin phenotype than upon cyanide treatment. Here, we demonstrate that the auxin-like effects triggered by benzyl cyanide on Arabidopsis are due to its nitrilase-mediated conversion to the natural auxin PAA.
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INTRODUCTION

Glucosinolates (GSLs) are nitrogen- and sulfur-containing secondary metabolites of plants belonging to the Brassicales order. GSLs are biologically inactive but many biological effects have been documented for their degradation products generated by the activity of β-thioglucosidases called myrosinases (Bones and Rossiter, 1996). As substrates and enzymes are spatially separated in intact tissue this hydrolysis usually happens when plant tissue is ruptured by mechanical damage or herbivory (Kissen et al., 2009). About 130 natural GSLs have been identified (Agerbirk and Olsen, 2012) and this complexity is exacerbated by the fact that their hydrolysis can result in one or more products such as isothiocyanates (ITCs), thiocyanates, epithionitriles, and nitriles (Bones and Rossiter, 2006).

Benzylglucosinolate, also known as glucotropaeolin, is a phenylalanine-derived GSL that can for example be found in nasturtium (Tropaeolum majus), garden cress (Lepidium sativum), white mustard (Sinapis alba), and papaya (Carica papaya; Cole, 1976; Lykkesfeldt and Møller, 1993; Bennett et al., 1997; Agerbirk et al., 2008). The hydrolysis of benzylglucosinolate can lead to benzyl-ITC, benzyl thiocyanate, or phenylacetonitrile (also called benzyl cyanide; Virtanen, 1965; Cole, 1976; Gil and Macleod, 1980a,b). Which of these products are formed depends on the plant species, the organ and the developmental stage of the plant, the presence of nitrile-specifier proteins (NSPs) or thiocyanate-forming protein (TFP), as well as cofactors and the reaction conditions (e.g., pH, iron ions; Burow et al., 2007; Wittstock and Burow, 2010; Kuchernig et al., 2012).

In addition to damage-induced hydrolysis of GSLs, their turnover in intact tissue has been postulated based on changes in GSL composition during the plant life cycle (Clossais-Besnard and Larher, 1991; Brown et al., 2003). A turnover of GSLs by myrosinases, generating nitriles that are further converted into carboxylic acids by nitrilases (NITs) was suggested (James and Rossiter, 1991; Bestwick et al., 1993). Nitrilases (EC 3.5.5.X) catalyze the hydrolytic cleavage of organic cyanides (nitriles) into carboxylic acids, with the release of ammonia (Pace and Brenner, 2001; Brenner, 2002). The first nitrilase was prepared from barley leaves (Thimann and Mahadevan, 1964; O’Reilly and Turner, 2003) and since then nitrilases have been identified in many plant species and microorganisms (Piotrowski, 2008). Arabidopsis possesses four nitrilase genes. NIT1 (At3g44310), NIT2 (At3g44300), and NIT3 (At3g44320) encode enzymes with activity on GSL-derived nitriles when expressed in vitro (Bartling et al., 1992; Vorwerk et al., 2001; Osswald et al., 2002; Schreiner et al., 2010). NIT4 (At5g22300) encodes an enzyme with a strong substrate specificity for β-cyano-L-alanine, an intermediate in cyanide detoxification (Piotrowski et al., 2001). NIT1–NIT3 homologs seem to be restricted to Brassicaceae whereas NIT4 homologs are found in all plant species (Janowitz et al., 2009).

Glucosinolate-derived nitriles are believed to be biologically less active than their corresponding ITCs (Wittstock et al., 2003). Production of nitriles instead of ITCs seems indeed to make plants more susceptible to generalist herbivores (Lambrix et al., 2001). But some nitriles have been shown to be attractive to insect pests and/or their parasitoids (Bartlet et al., 1997; Smart and Blight, 1997; Mumm et al., 2008; Pope et al., 2008; Kugimiya et al., 2010) and higher levels of indole-3-acetonitrile (IAN) deterred oviposition of the specialist Pieris rapae (de Vos et al., 2008). Also, benzyl cyanide (Bz-CN) was more toxic than the corresponding ITC when used as fumigant on the house fly (Musca domestica) and the lesser grain borer (Rhyzopertha dominica; Peterson et al., 1998).

The major biosynthetic pathway of auxin (indole-3-acetic acid or IAA) consists of the formation of indole-3-pyruvic acid (IPA) from tryptophan followed by the oxidative decarboxylation to IAA (Mashiguchi et al., 2011; Stepanova et al., 2011; Won et al., 2011). Other tryptophan-dependent biosynthetic pathways may contribute to IAA production (for review: Korasick et al., 2013; Kasahara, 2015). One of these pathways proceeds from tryptophan via indole-3-acetaldoxime to IAN which is converted to IAA by nitrilases (Zhao et al., 2002; Sugawara et al., 2009). In another pathway, tryptophan leads to the formation of indole-3-acetamide which is further converted to IAA (Pollmann et al., 2003, 2009). Tryptophan-independent pathways for the biosynthesis of IAA have also been proposed (for review: Korasick et al., 2013; Kasahara, 2015).

Phenylacetic acid (PAA) has long been known to exert an auxin-like effect on plants when applied exogenously (Haagen-Smit and Went, 1935; Zimmerman and Wilcoxon, 1935; Koepfli et al., 1938; Muir et al., 1967; Wheeler, 1977; Leuba and Letourneau, 1990). In addition, PAA is one of the few naturally occurring auxins and has been detected in several plant species, including Arabidopsis (Wightman and Lighty, 1982; Sauer et al., 2013; Sánchez-Parra et al., 2014; Sugawara et al., 2015). It was recently shown that PAA can be produced in vitro from phenyl pyruvate (PPA) by the activity of plant YUCCA (YUC) proteins and that the overexpression of YUCs led to increased PAA levels in Arabidopsis (Dai et al., 2013; Sugawara et al., 2015). Bz-CN was also shown to trigger auxin-like effects such as stimulating the elongation of oat coleoptiles, wheat coleoptiles, and L. sativum hypocotyls and stimulating adventitious root formation of L. sativum hypocotyls (Steiner, 1948; Wheeler, 1977). Although Steiner (1948) left open the possibility that Bz-CN was the active compound, he hypothesized that the hydrolysis of Bz-CN, probably inside the plant, generated the active PAA (Steiner, 1948). As mentioned before, recombinant nitrilases of the NIT1-NIT3 subgroup accept various aliphatic and aromatic nitriles, including Bz-CN, as substrate in vitro (Bartling et al., 1992; Vorwerk et al., 2001; Osswald et al., 2002; Ishikawa et al., 2007; Schreiner et al., 2010). It was previously hypothesized that PAA might be produced from benzylglucosinolate via myrosinase and nitrilase activity (Ludwig-Müller and Cohen, 2002) but experimental data on in planta conversion of Bz-CN to PAA by nitrilases have to the best of our knowledge not yet been reported.

Here we describe the auxin-like effect of exogenously applied Bz-CN on Arabidopsis growth. Bz-CN treatment inhibited primary root growth, promoted adventitious root formation, and induced the expression of the DR5::GUS reporter and of auxin-responsive genes. Our results point to a nitrilase-catalyzed conversion of Bz-CN to PAA. Exogenously applied PAA phenocopied the auxin-like effects of Bz-CN, and nitrilase mutants of Arabidopsis showed reduced sensitivity to Bz-CN but not to PAA treatment. Mutant lines were used to test the involvement of known auxin response actors in the Bz-CN-triggered auxin response.

MATERIALS AND METHODS

Chemicals

Benzyl cyanide (phenylacetonitrile; CAS 140-29-4; purity 98%; catalog number B19401), PAA (CAS 103-82-2; purity ≥ 98%; catalog number P6061), and other chemicals were purchased from Sigma-Aldrich unless stated otherwise.

Plant Material and Growth Conditions

Mutant seeds for NIT1 (nit1-3, N3738), NIT2 (SAIL_681H09, N862966), and NIT4 (SALK_016289, N516289) were obtained from the European Arabidopsis Stock Centre (NASC, Nottingham, United Kingdom). The EMS mutant nit1-3 has been previously characterized (Normanly et al., 1997), and was verified by sequencing a PCR amplicon with the primers indicated in Table 1. The T-DNA insertion mutants for NIT2 and NIT4 were verified by PCR using T-DNA and gene specific primer combinations (Table 1). The NIT2RNAi knockdown line was described recently (Lehmann et al., 2017). The auxin reporter lines DR5::GUS (Ulmasov et al., 1997), DII-VENUS, and mDII-VENUS (Brunoud et al., 2012) have been described previously.

TABLE 1. Primers used for genotyping nitrilase mutants.
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The following auxin mutants were obtained from the European Arabidopsis Stock Centre (NASC, Nottingham, United Kingdom): afb5-5 (N610643) (Prigge et al., 2016), axr1-3 (N3075) and axr1-12 (N3076) (Leyser et al., 1993), tir1-1 (N3798) (Ruegger et al., 1998), axr2-1 (N3077) (Nagpal et al., 2000), and axr3-1 (N57504) (Leyser et al., 1996).

All lines were propagated in plant growth rooms under a 16 h light (75 μmol m−2 s−1) / 8 h dark photoperiod at 22/18°C.

Treatments of Seedlings With Benzyl Cyanide and Phenylacetic Acid in vitro

Seeds were surface sterilized with chlorine gas (Clough and Bent, 1998) for 3 h and stratified for 3 days at 4°C in water. Seeds were subsequently sown on square plates (120 mm × 120 mm × 17 mm, Greiner Bio One) containing 75 mL solid half strength Murashige and Skoog medium [2.15 g L−1 MS basal salt mixture (Sigma-Aldrich, M5524); 20 g L−1 sucrose; pH 5.7; 10 g L−1 2:1 mix of phyto agar (Duchefa Biochemie, P1003): bacteriological agar (VWR, 84609)]. Plates were sealed (3M Micropore Surgical Tape 1530-1) and placed in a vertical position into a controlled growth chamber (VB1514, Vötsch Industrietechnik) under a 16 h light (75 μmol m−2 s−1) / 8 h dark regime at 22/18°C for 10 days.

Seedlings were grown in parallel on half strength MS medium (control) and on half strength MS medium supplemented with either Bz-CN or PAA. For the evaluation of growth parameters and gene expression, several replicate plates (see text for specific details) were prepared for each of the treatments. Bz-CN and PAA were added to the final concentration(s) of 25, 50, and 100 μM (unless indicated otherwise in the text) to the medium immediately before pouring the plates. Seedling growth was monitored by taking pictures of the plates at the different time points indicated in the text and primary root length and hypocotyl length was measured using the ImageJ software (Schneider et al., 2012). In addition, total biomass of the seedlings was determined at day 10. The statistical difference between control and treatment groups was assessed by using SigmaPlot (version 13.0, Systat Software) software and for the details of the statistical tests see the corresponding figure legends.

RNA Extraction and cDNA Synthesis

Root tissue (25–50 mg) from seedlings grown on control medium, medium supplemented with Bz-CN (25, 50, and 100 μM), or medium supplemented with PAA (25, 50, and 100 μM) was harvested on day 10 and flash frozen in liquid nitrogen. For each treatment, three replicate plates were harvested by pooling the root tissue from seedlings grown on the same plate. Frozen plant tissue was submitted to two disruption cycles with a TissueLyser II (Qiagen) for 2 min at 25 Hz. Total RNA was extracted with the Spectrum Plant Total RNA kit (Sigma-Aldrich) as described by the supplier, but with lysis solution being added to the plant tissue between the two disruption cycles. An on-column DNase digestion was performed using the RNase-Free DNase Set (Qiagen) to eliminate genomic DNA. Total RNA was quantified with a NanoDrop ND-1000. RNA was stored at −80°C until further processing.

cDNA synthesis was performed on 1 μg total RNA using the QuantiTect Reverse Transcription Kit (Qiagen) following the supplier’s instructions. After cDNA synthesis, reactions were diluted five times in ddH2O before being used in quantitative real-time PCR.

Quantitative Real-Time PCR

Quantitative real-time PCR (qPCR) was performed on the three replicate cDNAs for each treatment on a LightCycler 480 using the LightCycler 480 SYBR Green I Master kit (Roche Applied Science). PCR parameters were as follows: pre-incubation at 95°C for 5 min, 45 amplification cycles with a 10 s incubation at 95°C, a 10 s incubation at 58°C, and a 10 s incubation at 72°C. Primers used to amplify target genes are given in Table 2. TIP41-like (At4g34270), PP2A subunit A3 (At1g13320), and Actin 2 (At3g18780) were used as reference genes (Czechowski et al., 2005) and their stability was assessed using geNorm implemented in the qbase+ (Biogazelle) software (Vandesompele et al., 2002). Cq values for each amplification curve and PCR efficiencies for each pair of primers were calculated using the LinRegPCR software version 2012.3 (Ramakers et al., 2003; Ruijter et al., 2009). The statistical significance of differences in gene expression levels between treated and control seedlings was determined by the qbase+ software version 2.6 (Hellemans et al., 2007). To verify the identity of amplicons, qPCR reactions were run on an agarose gel (1.5%) following standard procedures, amplicons were purified from the gel using the Wizard SV Gel and PCR Clean-Up System (Promega), sequencing reactions were prepared with the BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems), and sequencing was performed at the DNA Sequencing Core Facility of the University Hospital North-Norway (Tromsø, Norway).

TABLE 2. Primers used for qPCR analysis.
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GUS Staining

The β-glucuronidase (GUS) staining was performed as previously described (Scarpella et al., 2004), with minor modifications. Briefly, 10-days-old DR5::GUS seedlings were incubated in 90% (v/v) pre-chilled acetone at −20°C for 1 h and washed twice for 5 min with 100 mM sodium phosphate buffer (pH 7.8). GUS reaction buffer (100 mM sodium phosphate buffer, pH 7.8; 10 mM EDTA; 1 mM potassium ferrocyanide; 1 mM potassium ferricyanide; 1% Triton X-100) supplemented with 1 mM X-GlcA cyclohexylammonium salt (Duchefa Biochemie, X1405) was added and the samples were vacuum infiltrated for 3 min. After an overnight incubation in the dark at 37°C, the staining solution was replaced with a mixture of ethanol and acetic acid (3:1) and samples were incubated at room temperature overnight. Samples were then transferred to 70 % (v/v) ethanol and kept at 4°C prior to imaging with a Zeiss Axio Zoom.V16 fluorescence stereo zoom microscope equipped with a Plan-Neofluar Z 1.0x/0.25 (FWD 56 mm) objective using the ZEN 2012 (blue edition, ZEISS) software.

Confocal Laser Scanning Microscopy of Benzyl Cyanide-Treated Seedlings

Col-0 WT, DII-VENUS, and mDII-VENUS seeds were sown on normal growth medium (control) and grown for seven days under controlled conditions as described above. On day 7, approximately half of the seedlings were transferred either to fresh growth medium (control) or to medium supplemented with Bz-CN at different concentrations (for details, see the text). Plates were sealed and transferred back into the growth chamber. Treated and non-treated seedlings were subjected to confocal laser scanning microscopy (CLSM) analysis after 24 and 48 h. Prior to imaging, seedlings were rinsed in ddH2O then stained with the cell viability marker, propidium iodide (PI, Molecular Probes P3566), at 500 nM final concentration (50 μM stock solution in ddH2O) for 1 min. Subsequently seedlings were rinsed again in ddH2O then mounted onto microscope glass slides. The yellow fluorescent protein (YFP) variant, VENUS, was detected by a Leica (DMI 6000 CS Bino inverted microscope with Adaptive Focus Control) True Confocal Scanner (TCS) SP8 system. HCX IRAPO L 25x/0.95 water immersion objective (WD 2.4 mm) was used with 1 airy unit (AU) pinhole size. Samples were excited with the white light laser (WLL, 470–670 nm) at 514 nm and fluorescence emission was detected in the 524–540 nm range using Leica HyD hybrid detector. PI was excited at 561 nm and the fluorescence was recorded between 571 and 715 nm. Images were processed using the Leica Application Suite X (LAS X 2.0).

RESULTS

Exogenous Application of Benzyl Cyanide Leads to Auxin-Like Effects on Arabidopsis Seedlings in vitro

Growing Arabidopsis Col-0 on solid in vitro medium supplemented with Bz-CN at concentrations ranging from 25 to 100 μM for 10 days led to a dose-dependent decrease in primary root length (Figure 1A) and total biomass (Figure 1B). Already at 25 μM Bz-CN, the primary root length was approximately half (53%) of that of non-treated seedlings, whereas at the two highest concentrations, these values were 34% and 6%, respectively. The reduction in total biomass was less severe (Figure 1B). A concentration of 25 μM Bz-CN led to a doubling of hypocotyl length (Figure 1C). The hypocotyl length of seedlings exposed to Bz-CN was longer at all doses tested but a gradual decrease could be observed toward elevating concentrations. In addition to a shortening of the primary root and longer hypocotyl, seedlings grown on Bz-CN presented epinastic cotyledons, had longer root hairs and developed numerous adventitious roots (Figure 2 and Supplementary Figure S1). These phenotypes that were triggered by the exposure of Arabidopsis Col-0 seedlings to Bz-CN reminded of an auxin-like effect.
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FIGURE 1. Effect of benzyl cyanide on Arabidopsis growth parameters. Col-0 seedlings were grown on solid in vitro medium supplemented with Bz-CN at the indicated concentrations and the length of the main root (A), the total biomass (B), and the length of the hypocotyl (C) were assessed on day 10. Values for root length are the average (±SD) of 60 seedlings (15 per replicate plate). Values for biomass are the average fresh weight (±SD) of 15 pooled seedlings from four replicate plates (n = 4). Values for hypocotyl length are the average (±SD) of 200 seedlings (50 per replicate plate). Stars indicate a statistically significant difference to the control treatment. (One-way ANOVA with a post hoc Holm–Sidak test; ∗P < 0.001. On the occasion when the sample groups did not pass the normality and/or equal variance test, Kruskal–Wallis one-way ANOVA on ranks with a post hoc Dunn’s test was used).
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FIGURE 2. Benzyl cyanide treatment led to auxin-like effects in Arabidopsis. Pictures of representative Col-0 seedlings after 10 days on solid in vitro medium supplemented with Bz-CN at the indicated concentrations. Scale bars as shown.



Benzyl Cyanide Induces the Expression of Auxin-Responsive Genes

In order to confirm that Bz-CN exposure leads to an auxin response, auxin reporter lines were grown for 10 days on medium supplemented with Bz-CN. As expected, auxin reporter lines did not differ in phenotype from the wild type under the same growth conditions (Figures 2, 3). Roots of DR5::GUS seedlings grown on medium supplemented with Bz-CN showed an increase in GUS staining compared to the control treatment, indicating an elevated auxin response. GUS staining was also observed in root primordia originating from the hypocotyl at 50 and 100 μM Bz-CN (Figure 3A). At 100 μM Bz-CN, the GUS staining extended to the hypocotyl and the cotyledons. An auxin response upon exposure to Bz-CN was also confirmed by using the DII-VENUS reporter line. In this line, the fusion of the auxin-interaction domain DII to the YFP VENUS leads to the degradation of the fusion protein in response to auxin and thereby allows to visualize dynamic changes of auxin levels by relative fluorescence levels (Brunoud et al., 2012). In our assays, lower fluorescence was detected in DII-VENUS seedlings exposed to Bz-CN for 24 and 48 h than in seedlings grown on control medium. As expected, the fluorescence in the control line mDII-VENUS, where a mutated auxin insensitive variant of DII no longer leads to auxin-triggered degradation of VENUS, was not affected by the Bz-CN treatment (Figure 3B).
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FIGURE 3. Response of auxin reporter lines when exposed to benzyl cyanide. Representative pictures of auxin reporter lines after GUS staining of DR5::GUS seedlings grown for 10 days on Bz-CN (A) and by fluorescence detection in DII-VENUS seedlings exposed to Bz-CN for 24 and 48 h (B). Scale bars as indicated for images of GUS-stained seedlings, and 100 μm for CLSM pictures of roots.



In addition, we assessed the expression of several auxin-responsive genes in seedlings grown for 10 days on Bz-CN-supplemented medium by qPCR (Figure 4). The genes were selected based on their responsiveness to several auxin treatments (Paponov et al., 2008; Sugawara et al., 2015). Exposure to 50 and 100 μM Bz-CN induced the expression of IAA5 (INDOLE-3-ACETIC ACID INDUCIBLE 5; At1g15580) by 8- and 30-fold, respectively, compared to the control treatment. IAA19 (At3g15540) and IAA29 (At4g32280) were also upregulated but to a lesser extent than IAA5, and IAA12 (At1g04550) was hardly affected. The expression of the two auxin-responsive genes LBD16 (LATERAL ORGAN BOUNDARIES-DOMAIN 16; At2g42430) and LBD29 (At3g58190), encoding proteins involved in lateral root formation (Feng et al., 2012), was induced by all three Bz-CN concentrations (Figure 4).
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FIGURE 4. Transcriptional response of Arabidopsis to benzyl cyanide treatments. The expression of several auxin-induced genes and of the four genes encoding nitrilases was assessed by qPCR in seedlings grown for 10 days on Bz-CN-supplemented medium. Values represent fold changes of gene expression by Bz-CN treatment compared to control. Only statistically significant values (one-way ANOVA followed by Tukey’s post hoc test; P < 0.05) are highlighted.



Exogenous Application of Phenylacetic Acid to Arabidopsis Phenocopies the Effects of Benzyl Cyanide

As it was previously postulated that Bz-CN might be converted into the auxin PAA (Steiner, 1948; Ludwig-Müller and Cohen, 2002), morphology and growth parameters were assessed for Arabidopsis Col-0 when exposed to PAA. The effect on root length and biomass was more pronounced for PAA than for Bz-CN at equal doses (Figures 1, 5). Primary root length was decreased by 87% already at 25 μM PAA compared to the control condition, and the inhibition on the two higher doses was even more severe (Figure 5A). Similar to what was observed for Bz-CN, the total biomass was less affected by the PAA treatment than the root length (Figure 5B). While Bz-CN promoted hypocotyl growth (Figure 1C), all tested PAA concentrations had an inhibitory effect (Figure 5C). Like Bz-CN, PAA led to epinastic cotyledons, longer root hairs, and the formation of adventitious roots (Figure 6A), again with a more pronounced effect for PAA than for Bz-CN at lower concentrations. In addition, PAA exposure triggered an auxin response at the transcriptional level which was confirmed by increased GUS staining in DR5::GUS seedlings (Figure 6B) and by qPCR analysis of auxin-responsive genes (Supplementary Figure S2).
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FIGURE 5. Effect of phenylacetic acid on Arabidopsis growth parameters. Col-0 seedlings were grown on solid in vitro medium supplemented with PAA at the indicated concentrations and the length of the main root (A), the biomass (B), and the length of the hypocotyl (C) were assessed on day 10. Values for root length are the average (±SD) of 60 seedlings (15 per replicate plate). Values for biomass are the average fresh weight (±SD) of 15 pooled seedlings from four replicate plates (n = 4). Values for hypocotyl length are the average (±SD) of 200 seedlings (50 per replicate plate). Stars indicate a statistically significant difference to the control treatment. (One-way ANOVA with a post hoc Holm–Sidak test; ∗P < 0.001. On the occasion when the sample groups did not pass the normality and/or equal variance test, Kruskal–Wallis one-way ANOVA on ranks with a post hoc Dunn’s test was run).
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FIGURE 6. Auxin response in Arabidopsis triggered by phenylacetic acid. (A) Pictures of representative Col-0 seedlings after 10 days on solid in vitro medium supplemented with PAA at the indicated concentrations. (B) GUS-stained DR5::GUS seedlings grown for 10 days on medium containing various doses of PAA. Scale bars as shown.



Mutants Impaired in Auxin Signaling Are More Resistant to Benzyl Cyanide Exposure

To further characterize the auxin response triggered by Bz-CN, mutants affected in auxin signaling were grown on Bz-CN-supplemented medium. Mutants affected in either TIR1 or AFB5, two of the six F-box proteins that participate in auxin signaling (Parry et al., 2009), did not differ in their response to Bz-CN from that of wild type seedlings (Supplementary Figures S3, S4). The two auxin resistant mutants axr1-3 and axr1-12 which are deficient in auxin signaling (Lincoln et al., 1990; Dharmasiri et al., 2007) were on the other hand less inhibited in their root growth than wild type when exposed to Bz-CN (Figure 7). At the highest Bz-CN concentration (i.e., 100 μM), no difference in root length was, however, observed between axr1 mutant and wild type seedlings. While treatment with Bz-CN resulted in longer hypocotyls and epinastic cotyledons in wild type seedlings, these morphological features could not be observed in the axr1 mutants (Figures 7B–D). Due to their inherent mutation, the two additional mutants axr2-1 and axr3-1 exhibited characteristic phenotypes already on the control medium (Figure 7A), but they were not resistant to Bz-CN. However, the two mutants had aberrant growth morphology especially at the hypocotyl and/or hypocotyl–root junction resembling an expansion/aggregation of cells in those regions (Figures 7B–D).


[image: image]

FIGURE 7. Response of mutants affected in auxin signaling to benzyl cyanide and phenylacetic acid exposure. Pictures of representative Col-0 wild type and auxin mutants after 10 days on solid in vitro control medium (A) and medium supplemented with Bz-CN (B–D) or PAA (E–G) at the indicated concentrations. In case of WT seedlings, red arrowheads mark the elongated hypocotyls, whereas the white ones point to the epinastic cotyledons. Scale bars denote 1 cm.



When the axr mutants were exposed to PAA, the exhibited phenotype was more severe than seen for Bz-CN treatment (Figures 7E–G). The axr1-3 and axr1-12 lines had longer roots at all doses tested compared to the wild type. The strange growth features observed for axr2-1 and axr3-1 on Bz-CN were even more visible on PAA.

Nitrilase Mutants Show Insensitivity to Benzyl Cyanide but Not to Phenylacetic Acid

Next, we wanted to test whether the auxin-like effects seen after Bz-CN treatment were due to the conversion of Bz-CN to PAA in planta by Arabidopsis nitrilases. Therefore, the effects of Bz-CN and PAA were assessed on mutants affected in the expression of Arabidopsis nitrilases. Mutations in NIT1 and NIT2 and reduced nitrilase expression in the NIT2RNAi line inhibited the Bz-CN-triggered phenotypes to a large extent but these three lines differed in their response to Bz-CN (Figures 8, 9).
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FIGURE 8. Effect of benzyl cyanide or phenylacetic acid on root length and biomass of the nit1-3 and nit2 mutants, and the NIT2RNAi knockdown line. Col-0, nit1-3, nit2, and NIT2RNAi seedlings were grown on solid in vitro medium supplemented with Bz-CN or PAA at the indicated concentrations and the length of the main root (A,C,E) and the total biomass (B,D,F) were assessed on day 10. Values for root length are the average (±SD) of 60 seedlings (15 per replicate plate). Values for biomass are the average fresh weight (±SD) of 15 pooled seedlings from four replicate plates (n = 4). Stars indicate a statistically significant difference to the wild type. (One-way ANOVA with a post hoc Holm–Sidak test; ∗P < 0.001. On the occasion when the sample groups did not pass the normality and/or equal variance test, Kruskal–Wallis one-way ANOVA on ranks with a post hoc Dunn’s test was used).
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FIGURE 9. Effect of knocking out nitrilases on Arabidopsis growth when exposed to benzyl cyanide or phenylacetic acid. Pictures of representative wild type, nit1-3, nit2, and NIT2RNAi seedlings after 10 days grown on control medium (A) or on medium supplemented with Bz-CN (B–D) or PAA (E,F) at the given doses. In case of Bz-CN-treated WT and nit2 seedlings, red arrowheads denote elongated hypocotyls, whereas the white ones mark epinastic cotyledons. Scale bars indicate 1 cm.



The nit1-3 mutant seedlings showed significantly longer roots and higher biomass on Bz-CN than wild type seedlings (Figures 8A,B). In addition, the nit1-3 mutant showed less adventitious root formation than the wild type (Figures 9A–D). The hypocotyl of nit1-3 mutant seedlings was not elongated and the cotyledons did not exhibit the characteristic epinastic growth following Bz-CN treatment (Figures 9A–D). While the nit2 mutant also showed a reduced sensitivity to Bz-CN-triggered root inhibition compared to wild type (Figure 8C), the effect was less pronounced than for nit1-3. The nit2 mutant had also significantly higher biomass than wild type under Bz-CN treatment (Figure 8D). Interestingly, in opposition to what was observed for nit1-3, the hypocotyls of nit2 were elongated under Bz-CN treatment (Figures 9A–D). The NIT2RNAi knockdown line capable of suppressing several nitrilases (Lehmann et al., 2017) showed the highest insensitivity to Bz-CN as its root growth and biomass production was not inhibited by the tested concentrations (Figures 8E,F, 9). In contrast, the effects of Bz-CN on the nit4 mutant were similar to those on wild type (Supplementary Figure S5).

To see if exposure to Bz-CN affects the expression of the four nitrilase genes, qPCR analysis was performed on Col-0 seedlings. Only NIT1 showed a clear induction by Bz-CN, with a maximum of 2.5-fold on 100 μM (Figure 4). In contrast, PAA led to a higher expression of NIT4 but only slightly induced NIT1 at the 100 μM concentration, and even repressed the expression of NIT3 (Supplementary Figure S2).

In addition to the effect of Bz-CN, we tested the effect of PAA on nitrilase mutants (Figures 9E,F). All showed a strong auxin-like phenotype with epinastic cotyledons, a short primary root and adventitious root formation already at 10 μM PAA. There was no clear macroscopic distinction in the phenotype observed for wild type and any of the nitrilase mutants on the tested PAA concentrations (Figure 9). The nit2 mutant was chosen as representative line to quantitatively assess the effect of PAA on Bz-CN insensitive nitrilase mutants. PAA affected the total biomass of nit2 to a similar extent than that of wild type seedlings (Figure 8D).

DISCUSSION

We have shown here that Bz-CN and PAA exerted auxin-like effects on Arabidopsis Col-0 seedlings by affecting primary root length, total biomass, hypocotyl length, and adventitious root formation (Figures 1, 2). PAA inhibited root elongation at 25 μM (Figures 5A, 6A), which is consistent with earlier reports on Arabidopsis (Sánchez-Parra et al., 2014; Sugawara et al., 2015). Bz-CN also led to reduced primary root length but the response was less severe than for PAA at equal concentrations (Figures 1, 5). Also, while all tested PAA concentrations had an inhibitory effect on Arabidopsis hypocotyls, the same concentrations of Bz-CN promoted hypocotyl elongation. Interestingly, Bz-CN was previously reported to be less toxic than PAA at higher doses and more effective than PAA at lower doses in promoting the elongation of L. sativum hypocotyl sections and adventitious root formation (Wheeler, 1977).

The auxin reporter lines DR5::GUS and DII-VENUS (Figure 3) as well as qPCR analysis of the expression of auxin-responsive genes (Figure 4) confirmed that the Bz-CN treatment triggered an auxin response. The genes assessed by qPCR showed significantly higher expression under at least one of the Bz-CN concentrations (Figure 4). Among these genes, the expressions of IAA5 and LBD29 were most highly induced by Bz-CN, which is consistent with previous reports on gene expression changes under different IAA treatments (Paponov et al., 2008). As expected, PAA also induced GUS expression in the DR5::GUS marker line (Figure 6B) and affected the expression of auxin-responsive genes such as IAA5 and LBD29 (Supplementary Figure S2), corroborating results from an earlier report (Sugawara et al., 2015).

As recombinant Arabidopsis nitrilases are capable of using Bz-CN as substrate in vitro (Vorwerk et al., 2001), we hypothesized that in planta conversion of Bz-CN to PAA by nitrilases was responsible for its auxin-like effect. The nit1-3 and nit2 mutants showed a reduced sensitivity to the Bz-CN treatment but not to PAA in comparison with wild type and nit4, which provides genetic evidence that nitrilases of the NIT1-NIT3 subgroup restricted to Brassicaceae are able to catalyze this reaction in vivo. This situation is similar to a reduced sensitivity that the nit1-3 mutant exhibits toward IAN but not toward IAA (Normanly et al., 1997). Also, tobacco plants expressing Arabidopsis NIT2 have previously been shown to be able to convert exogenously supplied IAN to IAA and to exhibit an auxin-overproducing phenotype when grown on IAN (Schmidt et al., 1996; Dohmoto et al., 2000). The two nitrilase mutants, nit1-3 and nit2, showed interesting quantitative and qualitative differences in their response to Bz-CN (Figures 8, 9). This might be due to different in vivo preferences of the nitrilases for Bz-CN, like in vitro where NIT2 showed a slightly higher nitrilase activity than NIT1 on Bz-CN (Vorwerk et al., 2001). Differences in protein levels, intracellular localisations, or expression pattern between nitrilases (Bartel and Fink, 1994; Bartling et al., 1994; Kutz et al., 2002) might also have contributed to these phenotypic differences. The strong Bz-CN resistant phenotype of nit1-3 in addition to the fact that NIT1 expression was induced by the Bz-CN treatment, while none of the other nitrilases responded to the treatment, suggests that NIT1 is the major nitrilase converting Bz-CN to PAA in Arabidopsis.

As single nit1-3 and nit2 mutants were clearly distinguishable from wild type plants, despite overlapping expression patterns of NIT1 and NIT2 in Arabidopsis (Bartel and Fink, 1994) and similar substrate preferences for the recombinant nitrilases in vitro (Vorwerk et al., 2001), these nitrilases do not seem to be simply redundant in vivo. Each of these single nitrilase mutants is, to some extent, insensitive to Bz-CN, which might indicate that NIT heterocomplexes are required for optimal nitrilase activity in Arabidopsis. Brassica napus and B. rapa ssp. pekinensis nitrilases exist as multimers (Bestwick et al., 1993; Grsic et al., 1999), recombinant Arabidopsis NIT1 forms homomeric complexes in vitro (Osswald et al., 2002), and Arabidopsis NIT1 has been found in complexes with NIT2 in planta (Doskocilova et al., 2013). NIT4 homologs in Poaceae are known to form heterocomplexes to exert β-cyano-L-alanine hydrolyzing activity (Jenrich et al., 2007; Janowitz et al., 2009) and some fungal and bacterial nitrilases have been reported to form complexes (O’Reilly and Turner, 2003). It should, however, be noted that individual recombinant Arabidopsis nitrilases show activity in vitro (Bartling et al., 1992; Vorwerk et al., 2001; Osswald et al., 2002). To what extent the (sub)cellular localization of different nitrilases allows for heterocomplex formation in planta also merits further investigation.

The mutant affected in the NIT4 nitrilase gene of Arabidopsis showed a similar response towards Bz-CN than the wild type (Supplementary Figure S5). This was expected as NIT4 has a strong substrate specificity for β-cyano-L-alanine (Piotrowski et al., 2001), an intermediate in the detoxification of cyanide produced during ethylene biosynthesis. NIT4 does not convert IAN to IAA in vitro (Vorwerk et al., 2001) and is therefore unlikely to play a major role in the conversion of Bz-CN to PAA in vivo. This also indicates that the in planta conversion of Bz-CN to PAA leading to the phenotypic effects seen in our assays is of an enzymatic nature and mediated by nitrilases of the NIT1-NIT3 subgroup. The fact that the Arabidopsis mutant affected in NIT4 did not exhibit reduced sensitivity to Bz-CN is also consistent with the absence or delay of auxin effects triggered by Bz-CN on sugar beet hypocotyl and pea epicotyl sections (Wheeler, 1977). As nit1-3 and nit2 were less sensitive than wild type to Bz-CN but indistinguishable on PAA, a non-enzymatic conversion of Bz-CN to PAA prior to uptake by the plant did not contribute substantially to the auxin-like effect of Bz-CN. This is further strengthened by the fact that the NIT2RNAi seedlings knocked down in functional nitrilases of the NIT1-NIT3 subgroup were not affected at all upon Bz-CN treatment, but they were indistinguishable from that of single mutants and wild type when exposed to PAA (Figures 8, 9).

We postulate that the auxin effects seen in our experiments were due to a direct effect of free PAA but cannot exclude an indirect effect such as PAA affecting IAA synthesis or transport (Johnson and Morris, 1987; Morris and Johnson, 1987). Degradation products of PAA or conjugated PAA that might be formed inside the plant could also contribute to the effect (Morris and Johnson, 1987). PAA conjugates have been detected in T. majus and Arabidopsis, although the full range of PAA conjugates is not yet known (Jentschel et al., 2007; Sugawara et al., 2015; Staswick et al., 2017). Members of the GH3 auxin-amino acid conjugate synthases of rice and Arabidopsis have been reported to use PAA as a substrate in vitro (Staswick et al., 2005; Chen et al., 2010; Westfall et al., 2016). Several GH3-encoding genes were highly upregulated upon PAA treatment of Arabidopsis (Sugawara et al., 2015) and modifying the levels of certain GH3s (by overexpression or knockout mutants) affects the levels of free and conjugated PAA (Sugawara et al., 2015; Westfall et al., 2016; Staswick et al., 2017). Differentially localized processing of PAA in various seedling parts, as was described for IAA (Ludwig-Müller, 2011; Pencik et al., 2013; Zheng et al., 2016), might also explain why Bz-CN leads to different effects in roots and shoots of the nit1-3 and nit2 mutants (Figure 9).

To further characterize the Bz-CN-triggered auxin response, the behavior of some auxin mutants was tested upon exposure to Bz-CN (Figure 7). IAA is perceived by the SCFTIR1/AFBs-Aux/IAA (SKP1-CULLIN1-F-BOX, TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX-AUXIN /INDOLE-3-ACETIC ACID INDUCIBLE) co-receptors. Binding of IAA to TIR1/AFBs, which are part of the SCF E3 ligase complex, increases their interaction with members of the Aux/IAA family leading to the polyubiquitination and subsequent degradation of the latter proteins (for review: Salehin et al., 2015).

The mutants axr1-3 and axr1-12, which are resistant to auxin as they are affected in RUB (RELATED TO UBIQUITIN)-mediated modification of CUL1 (CULLIN 1; Dharmasiri et al., 2007), were also more resistant to Bz-CN (Figure 7), indicating that PAA has a similar effect than other natural and synthetic auxins on axr1 mutants and acts through similar mechanisms of auxin signaling. PAA has been shown to act through the TIR/AFB auxin-perception pathway (Sugawara et al., 2015), but we did not observe a difference in the growth response of the two auxin signaling mutants tir1-1 and afb5-5 to Bz-CN (Supplementary Figures S3, S4). As the TIR/AFB family consists of six members (Dharmasiri et al., 2005; Calderón Villalobos et al., 2012) higher order mutants might be necessary in order to see a difference in response to Bz-CN (Parry et al., 2009; Chapman et al., 2012; Sugawara et al., 2015). On the other hand, tir1-1 and afb5-5 single mutants have been shown to be more resistant than wild type plants, respectively, to the synthetic auxins 2,4-dichlorophenoxyacetic acid and picloram (Walsh et al., 2006; Parry et al., 2009; Prigge et al., 2016). In contrast to the axr1 lines, the axr2-1 and axr3-1 mutants – deficient, respectively, in IAA7 and IAA17 which act as repressors of auxin-inducible gene expression (Leyser et al., 1996; Nagpal et al., 2000) – were neither resistant to Bz-CN nor to PAA (Figure 7). PAA had stronger effects on these mutants at lower doses than Bz-CN, but treatment with the latter compound did not induce the characteristic growth features such as hypocotyl elongation or epinastic cotyledons as observed for the wild type and nit2. Instead, aberrant cell expansion was noticed in certain regions of the seedlings that might be explained by the mutation itself exacerbated by additional alteration in auxin homeostasis due to the nitrilase-mediated conversion of Bz-CN to PAA. While the axr1 lines are interrupted in the perception of IAA – and presumably PAA too – at an early step of auxin signaling, the defects in AXR2 or AXR3 are located downstream of auxin perception; thus, it might serve as potential explanation for the enhanced resistance of axr1 mutants toward Bz-CN/PAA but it needs to be further investigated.

CONCLUSION

We have shown here that exogenous application of Bz-CN leads to auxin-like effects in Arabidopsis. Genetic evidence indicates that these effects are due to Bz-CN conversion into PAA in planta by nitrilase(s) of the NIT1-NIT3 subgroup restricted to Brassicaceae (Figure 10). PAA, a natural auxin, then triggers a response that includes the induction of auxin-responsive genes and morphological changes that are characteristic of auxin overexpression mutants, such as reduced primary root growth, lateral root formation, hypocotyl elongation, and epinastic cotyledons. While recent evidence argues against nitrilases playing a major role in auxin biosynthesis, it remains to be determined whether Bz-CN is an intermediate in the synthesis of physiologically relevant PAA levels in benzylglucosinolate-producing plants. The Bz-CN/nitrilase system can thus be helpful in investigating the mechanisms underlying PAA effects in plants.


[image: image]

FIGURE 10. Model on how exogenous application of Bz-CN leads to auxin-like effects.



AUTHOR CONTRIBUTIONS

JU and RK conceived and designed the research and analyzed the data. JU carried out the experiments. RK drafted the manuscript. JU and AB revised the manuscript. All authors read and approved the manuscript.

FUNDING

This work was supported by the Research Council of Norway (Project 214329).

ACKNOWLEDGMENTS

We thank Professor Stephan Pollmann for kindly providing the NIT2RNAi line.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2018.01240/full#supplementary-material

REFERENCES

Agerbirk, N., and Olsen, C. E. (2012). Glucosinolate structures in evolution. Phytochemistry 77, 16–45. doi: 10.1016/j.phytochem.2012.02.005

Agerbirk, N., Warwick, S. I., Hansen, P. R., and Olsen, C. E. (2008). Sinapis phylogeny and evolution of glucosinolates and specific nitrile degrading enzymes. Phytochemistry 69, 2937–2949. doi: 10.1016/j.phytochem.2008.08.014

Bartel, B., and Fink, G. R. (1994). Differential regulation of an auxin-producing nitrilase gene family in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A. 91, 6649–6653. doi: 10.1073/pnas.91.14.6649

Bartlet, E., Blight, M. M., Lane, P., and Williams, I. H. (1997). The responses of the cabbage seed weevil Ceutorhynchus assimilis to volatile compounds from oilseed rape in a linear track olfactometer. Entomol. Exp. Appl. 85, 257–262. doi: 10.1046/j.1570-7458.1997.00256.x

Bartling, D., Seedorf, M., Mithofer, A., and Weiler, E. W. (1992). Cloning and expression of an Arabidopsis nitrilase which can convert indole-3-acetonitrile to the plant hormone, indole-3-acetic acid. Eur. J. Biochem. 205, 417–424. doi: 10.1111/j.1432-1033.1992.tb16795.x

Bartling, D., Seedorf, M., Schmidt, R. C., and Weiler, E. W. (1994). Molecular characterization of two cloned nitrilases from Arabidopsis thaliana: key enzymes in biosynthesis of the plant hormone indole-3-acetic acid. Proc. Natl. Acad. Sci. U.S.A. 91, 6021–6025. doi: 10.1073/pnas.91.13.6021

Bennett, R. N., Kiddle, G., and Wallsgrove, R. M. (1997). Biosynthesis of benzylglucosinolate, cyanogenic glucosides and phenylpropanoids in Carica papaya. Phytochemistry 45, 59–66. doi: 10.1016/S0031-9422(96)00787-X

Bestwick, L. A., Gronning, L. M., James, D. C., Bones, A., and Rossiter, J. T. (1993). Purification and characterization of a nitrilase from Brassica napus. Physiol. Plant. 89, 811–816. doi: 10.1111/j.1399-3054.1993.tb05289.x

Bones, A. M., and Rossiter, J. T. (1996). The myrosinase-glucosinolate system, its organisation and biochemistry. Physiol. Plant. 97, 194–208. doi: 10.1111/j.1399-3054.1996.tb00497.x

Bones, A. M., and Rossiter, J. T. (2006). The enzymic and chemically induced decomposition of glucosinolates. Phytochemistry 67, 1053–1067. doi: 10.1016/j.phytochem.2006.02.024

Brenner, C. (2002). Catalysis in the nitrilase superfamily. Curr. Opin. Struct. Biol. 12, 775–782. doi: 10.1016/S0959-440X(02)00387-1

Brown, P. D., Tokuhisa, J. G., Reichelt, M., and Gershenzon, J. (2003). Variation of glucosinolate accumulation among different organs and developmental stages of Arabidopsis thaliana. Phytochemistry 62, 471–481. doi: 10.1016/S0031-9422(02)00549-6

Brunoud, G., Wells, D. M., Oliva, M., Larrieu, A., Mirabet, V., Burrow, A. H., et al. (2012). A novel sensor to map auxin response and distribution at high spatio-temporal resolution. Nature 482, 103–106. doi: 10.1038/nature10791

Burow, M., Bergner, A., Gershenzon, J., and Wittstock, U. (2007). Glucosinolate hydrolysis in Lepidium sativum – Identification of the thiocyanate-forming protein. Plant Mol. Biol. 63, 49–61. doi: 10.1007/s11103-006-9071-5

Calderón Villalobos, L. I., Lee, S., De Oliveira, C., Ivetac, A., Brandt, W., Armitage, L., et al. (2012). A combinatorial TIR1/AFB-Aux/IAA co-receptor system for differential sensing of auxin. Nat. Chem. Biol. 8, 477–485. doi: 10.1038/nchembio.926

Chapman, E. J., Greenham, K., Castillejo, C., Sartor, R., Bialy, A., Sun, T.-P., et al. (2012). Hypocotyl transcriptome reveals auxin regulation of growth-promoting genes through GA-dependent and -independent pathways. PLoS One 7:e36210. doi: 10.1371/journal.pone.0036210

Chen, Q., Westfall, C. S., Hicks, L. M., Wang, S., and Jez, J. M. (2010). Kinetic basis for the conjugation of auxin by a GH3 family indole-acetic acid-amido synthetase. J. Biol. Chem. 285, 29780–29786. doi: 10.1074/jbc.M110.146431

Clossais-Besnard, N., and Larher, F. (1991). Physiological role of glucosinolates in Brassica napus. Concentration and distribution pattern of glucosinolates among plant organs during a complete life cycle. J. Sci. Food Agric. 56, 25–38. doi: 10.1002/jsfa.2740560104

Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16, 735–743. doi: 10.1046/j.1365-313x.1998.00343.x

Cole, R. A. (1976). Isothiocyanates, nitriles and thiocyanates as products of autolysis of glucosinolates in Cruciferae. Phytochemistry 15, 759–762. doi: 10.1016/S0031-9422(00)94437-6

Czechowski, T., Stitt, M., Altmann, T., Udvardi, M. K., and Scheible, W. R. (2005). Genome-wide identification and testing of superior reference genes for transcript normalization in Arabidopsis. Plant Physiol. 139, 5–17. doi: 10.1104/pp.105.063743

Dai, X., Mashiguchi, K., Chen, Q., Kasahara, H., Kamiya, Y., Ojha, S., et al. (2013). The biochemical mechanism of auxin biosynthesis by an Arabidopsis YUCCA flavin-containing monooxygenase. J. Biol. Chem. 288, 1448–1457. doi: 10.1074/jbc.M112.424077

de Vos, M., Kriksunov, K. L., and Jander, G. (2008). Indole-3-acetonitrile production from indole glucosinolates deters oviposition by Pieris rapae. Plant Physiol. 146, 916–926. doi: 10.1104/pp.107.112185

Dharmasiri, N., Dharmasiri, S., Weijers, D., Karunarathna, N., Jurgens, G., and Estelle, M. (2007). AXL and AXR1 have redundant functions in RUB conjugation and growth and development in Arabidopsis. Plant J. 52, 114–123. doi: 10.1111/j.1365-313X.2007.03211.x

Dharmasiri, N., Dharmasiri, S., Weijers, D., Lechner, E., Yamada, M., Hobbie, L., et al. (2005). Plant development is regulated by a family of auxin receptor F box proteins. Dev. Cell 9, 109–119. doi: 10.1016/j.devcel.2005.05.014

Dohmoto, M., Sano, J., Isaji, G., and Yamaguchi, K. (2000). Indole acetonitrile-sensitivity of transgenic tobacco containing Arabidopsis thaliana nitrilase genes. Plant Cell Rep. 19, 1027–1032. doi: 10.1007/s002990000218

Doskocilova, A., Kohoutova, L., Volc, J., Kourova, H., Benada, O., Chumova, J., et al. (2013). NITRILASE1 regulates the exit from proliferation, genome stability and plant development. New Phytol. 198, 685–698. doi: 10.1111/nph.12185

Feng, Z., Zhu, J., Du, X., and Cui, X. (2012). Effects of three auxin-inducible LBD members on lateral root formation in Arabidopsis thaliana. Planta 236, 1227–1237. doi: 10.1007/s00425-012-1673-3

Gil, V., and Macleod, A. J. (1980a). Benzylglucosinolate degradation in Lepidium sativum – Effects of plant age and time of autolysis. Phytochemistry 19,1365–1368. doi: 10.1016/0031-9422(80)80175-0

Gil, V., and Macleod, A. J. (1980b). Studies on glucosinolate degradation in Lepidium sativum seed extracts. Phytochemistry 19, 1369–1374. doi: 10.1016/0031-9422(80)80176-2

Grsic, S., Kirchheim, B., Pieper, K., Fritsch, M., Hilgenberg, W., and Ludwig-Müller, J. (1999). Induction of auxin biosynthetic enzymes by jasmonic acid and in clubroot diseased Chinese cabbage plants. Physiol. Plant. 105, 521–531. doi: 10.1034/j.1399-3054.1999.105318.x

Haagen-Smit, A. J., and Went, F. W. (1935). A physiological analysis of the growth substance. Proc. Sect. Sci. 38, 852–857.

Hellemans, J., Mortier, G., De Paepe, A., Speleman, F., and Vandesompele, J. (2007). qBase relative quantification framework and software for management and automated analysis of real-time quantitative PCR data. Genome Biol. 8:R19. doi: 10.1186/gb-2007-8-2-r19

Ishikawa, T., Okazaki, K., Kuroda, H., Itoh, K., Mitsui, T., and Hori, H. (2007). Molecular cloning of Brassica rapa nitrilases and their expression during clubroot development. Mol. Plant Pathol. 8, 623–637. doi: 10.1111/j.1364-3703.2007.00414.x

James, D. C., and Rossiter, J. T. (1991). Development and characteristics of myrosinase in Brassica napus during early seedling growth. Physiol. Plant. 82, 163–170. doi: 10.1111/j.1399-3054.1991.tb00076.x

Janowitz, T., Trompetter, I., and Piotrowski, M. (2009). Evolution of nitrilases in glucosinolate-containing plants. Phytochemistry 70, 1680–1686. doi: 10.1016/j.phytochem.2009.07.028

Jenrich, R., Trompetter, I., Bak, S., Olsen, C. E., Møller, B. L., and Piotrowski, M. (2007). Evolution of heteromeric nitrilase complexes in Poaceae with new functions in nitrile metabolism. Proc. Natl. Acad. Sci. U.S.A. 104, 18848–18853. doi: 10.1073/pnas.0709315104

Jentschel, K., Thiel, D., Rehn, F., and Ludwig-Müller, J. (2007). Arbuscular mycorrhiza enhances auxin levels and alters auxin biosynthesis in Tropaeolum majus during early stages of colonization. Physiol. Plant. 129, 320–333. doi: 10.1111/j.1399-3054.2006.00812.x

Johnson, C. F., and Morris, D. A. (1987). Regulation of auxin transport in pea (Pisum sativum L.) by phenylacetic acid: effects on the components of transmembrane transport of indol-3yl-acetic acid. Planta 172, 400–407. doi: 10.1007/BF00398670

Kasahara, H. (2015). Current aspects of auxin biosynthesis in plants. Biosci. Biotechnol. Biochem. 80, 34–42. doi: 10.1080/09168451.2015.1086259

Kissen, R., Rossiter, J. T., and Bones, A. M. (2009). The ‘mustard oil bomb’: not so easy to assemble?! Localization, expression and distribution of the components of the myrosinase enzyme system. Phytochem. Rev. 8, 69–86. doi: 10.1007/s11101-008-9109-1

Koepfli, J. B., Thimann, K. V., and Went, F. W. (1938). Phytohormones: structure and physiological activity. J. Biol. Chem. 122, 763–780.

Korasick, D. A., Enders, T. A., and Strader, L. C. (2013). Auxin biosynthesis and storage forms. J. Exp. Bot. 64, 2541–2555. doi: 10.1093/jxb/ert080

Kuchernig, J. C., Burow, M., and Wittstock, U. (2012). Evolution of specifier proteins in glucosinolate-containing plants. BMC Evol. Biol. 12:127. doi: 10.1186/1471-2148-12-127

Kugimiya, S., Shimoda, T., Tabata, J., and Takabayashi, J. (2010). Present or past herbivory: a screening of volatiles released from Brassica rapa under caterpillar attacks as attractants for the solitary parasitoid, Cotesia vestalis. J. Chem. Ecol. 36, 620–628. doi: 10.1007/s10886-010-9802-6

Kutz, A., Muller, A., Hennig, P., Kaiser, W. M., Piotrowski, M., and Weiler, E. W. (2002). A role for nitrilase 3 in the regulation of root morphology in sulphur-starving Arabidopsis thaliana. Plant J. 30, 95–106. doi: 10.1046/j.1365-313X.2002.01271.x

Lambrix, V., Reichelt, M., Mitchell-Olds, T., Kliebenstein, D. J., and Gershenzon, J. (2001). The Arabidopsis epithiospecifier protein promotes the hydrolysis of glucosinolates to nitriles and influences Trichoplusia ni herbivory. Plant Cell 13, 2793–2807. doi: 10.1105/tpc.010261

Lehmann, T., Janowitz, T., Sanchez-Parra, B., Alonso, M. P., Trompetter, I., Piotrowski, M., et al. (2017). Arabidopsis NITRILASE 1 contributes to the regulation of root growth and development through modulation of auxin biosynthesis in seedlings. Front. Plant Sci. 8:36. doi: 10.3389/fpls.2017.00036

Leuba, V., and Letourneau, D. (1990). Auxin activity of phenylacetic acid in tissue culture. J. Plant Growth Regul. 9, 71–76. doi: 10.1007/bf02041944

Leyser, H. M., Lincoln, C. A., Timpte, C., Lammer, D., Turner, J., and Estelle, M. (1993). Arabidopsis auxin-resistance gene AXR1 encodes a protein related to ubiquitin-activating enzyme E1. Nature 364, 161–164. doi: 10.1038/364161a0

Leyser, H. M., Pickett, F. B., Dharmasiri, S., and Estelle, M. (1996). Mutations in the AXR3 gene of Arabidopsis result in altered auxin response including ectopic expression from the SAUR-AC1 promoter. Plant J. 10, 403–413. doi: 10.1046/j.1365-313x.1996.10030403.x

Lincoln, C., Britton, J. H., and Estelle, M. (1990). Growth and development of the axr1 mutants of Arabidopsis. Plant Cell 2, 1071–1080. doi: 10.1105/tpc.2.11.1071

Ludwig-Müller, J. (2011). Auxin conjugates: their role for plant development and in the evolution of land plants. J. Exp. Bot. 62, 1757–1773. doi: 10.1093/jxb/erq412

Ludwig-Müller, J., and Cohen, J. D. (2002). Identification and quantification of three active auxins in different tissues of Tropaeolum majus. Physiol. Plant. 115, 320–329. doi: 10.1034/j.1399-3054.2002.1150220.x

Lykkesfeldt, J., and Møller, B. L. (1993). Synthesis of benzylglucosinolate in Tropaeolum majus L – Isothiocyanates as potent enzyme-inhibitors. Plant Physiol. 102, 609–613. doi: 10.1104/pp.102.2.609

Mashiguchi, K., Tanaka, K., Sakai, T., Sugawara, S., Kawaide, H., Natsume, M., et al. (2011). The main auxin biosynthesis pathway in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 108, 18512–18517. doi: 10.1073/pnas.1108434108

Morris, D. A., and Johnson, C. F. (1987). Regulation of auxin transport in pea (Pisum sativum L.) by phenylacetic acid: inhibition of polar auxin transport in intact plants and stem segments. Planta 172, 408–416. doi: 10.1007/bf00398671

Muir, R. M., Fujita, T., and Hansch, C. (1967). Structure-activity relationship in the auxin activity of mono-substituted phenylacetic acids. Plant Physiol. 42, 1519–1526. doi: 10.1104/pp.42.11.1519

Mumm, R., Burow, M., Bukovinszkine’kiss, G., Kazantzidou, E., Wittstock, U., Dicke, M., et al. (2008). Formation of simple nitriles upon glucosinolate hydrolysis affects direct and indirect defense against the specialist herbivore, Pieris rapae. J. Chem. Ecol. 34, 1311–1321. doi: 10.1007/s10886-008-9534-z

Nagpal, P., Walker, L. M., Young, J. C., Sonawala, A., Timpte, C., Estelle, M., et al. (2000). AXR2 encodes a member of the Aux/IAA protein family. Plant Physiol. 123, 563–574. doi: 10.1104/pp.123.2.563

Normanly, J., Grisafi, P., Fink, G. R., and Bartel, B. (1997). Arabidopsis mutants resistant to the auxin effects of indole-3-acetonitrile are defective in the nitrilase encoded by the NIT1 gene. Plant Cell 9, 1781–1790. doi: 10.1105/tpc.9.10.1781

O’Reilly, C., and Turner, P. D. (2003). The nitrilase family of CN hydrolysing enzymes – A comparative study. J. Appl. Microbiol. 95, 1161–1174. doi: 10.1046/j.1365-2672.2003.02123.x

Osswald, S., Wajant, H., and Effenberger, F. (2002). Characterization and synthetic applications of recombinant AtNIT1 from Arabidopsis thaliana. Eur. J. Biochem. 269, 680–687. doi: 10.1046/j.0014-2956.2001.02702.x

Pace, H. C., and Brenner, C. (2001). The nitrilase superfamily: classification, structure and function. Genome Biol. 2:REVIEWS0001. doi: 10.1186/gb-2001-2-1-reviews0001

Paponov, I. A., Paponov, M., Teale, W., Menges, M., Chakrabortee, S., Murray, J. A., et al. (2008). Comprehensive transcriptome analysis of auxin responses in Arabidopsis. Mol. Plant. 1, 321–337. doi: 10.1093/mp/ssm021

Parry, G., Calderon-Villalobos, L. I., Prigge, M., Peret, B., Dharmasiri, S., Itoh, H., et al. (2009). Complex regulation of the TIR1/AFB family of auxin receptors. Proc. Natl. Acad. Sci. U.S.A. 106, 22540–22545. doi: 10.1073/pnas.0911967106

Pencik, A., Simonovik, B., Petersson, S. V., Henykova, E., Simon, S., Greenham, K., et al. (2013). Regulation of auxin homeostasis and gradients in Arabidopsis roots through the formation of the indole-3-acetic acid catabolite 2-oxindole-3-acetic acid. Plant Cell 25, 3858–3870. doi: 10.1105/tpc.113.114421

Peterson, C. J., Tsao, R., and Coats, J. R. (1998). Glucosinolate aglucones and analogues: insecticidal properties and a QSAR. Pestic. Sci. 54, 35–42. doi: 10.1002/(SICI)1096-9063(199809)54:1<35::AID-PS776>3.0.CO;2-A

Piotrowski, M. (2008). Primary or secondary? Versatile nitrilases in plant metabolism. Phytochemistry 69, 2655–2667. doi: 10.1016/j.phytochem.2008.08.020

Piotrowski, M., Schönfelder, S., and Weiler, E. W. (2001). The Arabidopsis thaliana isogene NIT4 and its orthologs in tobacco encode beta-cyano-L-alanine hydratase/nitrilase. J. Biol. Chem. 276, 2616–2621. doi: 10.1074/jbc.M007890200

Pollmann, S., Duchting, P., and Weiler, E. W. (2009). Tryptophan-dependent indole-3-acetic acid biosynthesis by ‘sIAA-synthase’ proceeds via indole-3-acetamide. Phytochemistry 70, 523–531. doi: 10.1016/j.phytochem.2009.01.021

Pollmann, S., Neu, D., and Weiler, E. W. (2003). Molecular cloning and characterization of an amidase from Arabidopsis thaliana capable of converting indole-3-acetamide into the plant growth hormone, indole-3-acetic acid. Phytochemistry 62, 293–300. doi: 10.1016/S0031-9422(02)00563-0

Pope, T. W., Kissen, R., Grant, M., Pickett, J. A., Rossiter, J. T., and Powell, G. (2008). Comparative innate responses of the aphid parasitoid Diaeretiella rapae to alkenyl glucosinolate derived isothiocyanates, nitriles, and epithionitriles. J. Chem. Ecol. 34, 1302–1310. doi: 10.1007/s10886-008-9531-2

Prigge, M. J., Greenham, K., Zhang, Y., Santner, A., Castillejo, C., Mutka, A. M., et al. (2016). The Arabidopsis auxin receptor F-box proteins AFB4 and AFB5 are required for response to the synthetic auxin Picloram. G3 (Bethesda) 6, 1383–1390. doi: 10.1534/g3.115.025585

Ramakers, C., Ruijter, J. M., Deprez, R. H., and Moorman, A. F. (2003). Assumption-free analysis of quantitative real-time polymerase chain reaction (PCR) data. Neurosci. Lett. 339, 62–66. doi: 10.1016/S0304-3940(02)01423-4

Ruegger, M., Dewey, E., Gray, W. M., Hobbie, L., Turner, J., and Estelle, M. (1998). The TIR1 protein of Arabidopsis functions in auxin response and is related to human SKP2 and yeast Grr1p. Genes Dev. 12, 198–207. doi: 10.1101/gad.12.2.198

Ruijter, J. M., Ramakers, C., Hoogaars, W. M., Karlen, Y., Bakker, O., van den Hoff, M. J., et al. (2009). Amplification efficiency: linking baseline and bias in the analysis of quantitative PCR data. Nucleic Acids Res. 37:e45. doi: 10.1093/nar/gkp045

Salehin, M., Bagchi, R., and Estelle, M. (2015). SCFTIR1/AFB-based auxin perception: mechanism and role in plant growth and development. Plant Cell 27, 9–19. doi: 10.1105/tpc.114.133744

Sánchez-Parra, B., Frerigmann, H., Alonso, M. M., Loba, V. C., Jost, R., Hentrich, M., et al. (2014). Characterization of four bifunctional plant IAM/PAM-amidohydrolases capable of contributing to auxin biosynthesis. Plants 3, 324–347. doi: 10.3390/plants3030324

Sauer, M., Robert, S., and Kleine-Vehn, J. (2013). Auxin: simply complicated. J. Exp. Bot. 64, 2565–2577. doi: 10.1093/jxb/ert139

Scarpella, E., Francis, P., and Berleth, T. (2004). Stage-specific markers define early steps of procambium development in Arabidopsis leaves and correlate termination of vein formation with mesophyll differentiation. Development 131, 3445–3455. doi: 10.1242/dev.01182

Schmidt, R. C., Muller, A., Hain, R., Bartling, D., and Weiler, E. W. (1996). Transgenic tobacco plants expressing the Arabidopsis thaliana nitrilase II enzyme. Plant J. 9, 683–691. doi: 10.1046/j.1365-313X.1996.9050683.x

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. doi: 10.1038/nmeth.2089

Schreiner, U., Steinkellner, G., Rozzell, J. D., Glieder, A., and Winkler, M. (2010). Improved fitness of Arabidopsis thaliana nitrilase 2. ChemCatChem 2, 263–267. doi: 10.1002/cctc.200900212

Smart, L., and Blight, M. (1997). Field discrimination of oilseed rape, Brassica napus volatiles by cabbage seed weevil, Ceutorhynchus assimilis. J. Chem. Ecol. 23, 2555–2567. doi: 10.1023/B:JOEC.0000006666.77111.ab

Staswick, P., Rowe, M., Spalding, E. P., and Splitt, B. L. (2017). Jasmonoyl-L-tryptophan disrupts IAA activity through the AUX1 auxin permease. Front. Plant. Sci. 8:736. doi: 10.3389/fpls.2017.00736

Staswick, P. E., Serban, B., Rowe, M., Tiryaki, I., Maldonado, M. T., Maldonado, M. C., et al. (2005). Characterization of an Arabidopsis enzyme family that conjugates amino acids to indole-3-acetic acid. Plant Cell 17, 616–627. doi: 10.1105/tpc.104.026690

Steiner, M. (1948). Ein beitrag zur konstitutionsspezifität der heteroauxinwirkung. Planta 36, 131–153. doi: 10.1007/BF01917222

Stepanova, A. N., Yun, J., Robles, L. M., Novak, O., He, W., Guo, H., et al. (2011). The Arabidopsis YUCCA1 flavin monooxygenase functions in the indole-3-pyruvic acid branch of auxin biosynthesis. Plant Cell 23, 3961–3973. doi: 10.1105/tpc.111.088047

Sugawara, S., Hishiyama, S., Jikumaru, Y., Hanada, A., Nishimura, T., Koshiba, T., et al. (2009). Biochemical analyses of indole-3-acetaldoxime-dependent auxin biosynthesis in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 106, 5430–5435. doi: 10.1073/pnas.0811226106

Sugawara, S., Mashiguchi, K., Tanaka, K., Hishiyama, S., Sakai, T., Hanada, K., et al. (2015). Distinct characteristics of indole-3-acetic acid and phenylacetic acid, two common auxins in plants. Plant Cell Physiol. 56, 1641–1654. doi: 10.1093/pcp/pcv088

Thimann, K. V., and Mahadevan, S. (1964). Nitrilase. I. Occurrence, preparation and general properties of the enzyme. Arch. Biochem. Biophys. 105, 133–141. doi: 10.1016/0003-9861(64)90244-9

Ulmasov, T., Murfett, J., Hagen, G., and Guilfoyle, T. J. (1997). Aux/IAA proteins repress expression of reporter genes containing natural and highly active synthetic auxin response elements. Plant Cell 9, 1963–1971. doi: 10.1105/tpc.9.11.1963

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A., et al. (2002). Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 3:RESEARCH0034. doi: 10.1186/gb-2002-3-7-research0034

Virtanen, A. I. (1965). Studies on organic sulphur compounds and other labile substances in plants. Phytochemistry 4, 207–228. doi: 10.1016/s0031-9422(00)86168-3

Vorwerk, S., Biernacki, S., Hillebrand, H., Janzik, I., Müller, A., Weiler, E. W., et al. (2001). Enzymatic characterization of the recombinant Arabidopsis thaliana nitrilase subfamily encoded by the NIT2/NIT1/NIT3-gene cluster. Planta 212, 508–516. doi: 10.1007/s004250000420

Walsh, T. A., Neal, R., Merlo, A. O., Honma, M., Hicks, G. R., Wolff, K., et al. (2006). Mutations in an auxin receptor homolog AFB5 and in SGT1b confer resistance to synthetic picolinate auxins and not to 2,4-dichlorophenoxyacetic acid or indole-3-acetic acid in Arabidopsis. Plant Physiol. 142, 542–552. doi: 10.1104/pp.106.085969

Westfall, C. S., Sherp, A. M., Zubieta, C., Alvarez, S., Schraft, E., Marcellin, R., et al. (2016). Arabidopsis thaliana GH3.5 acyl acid amido synthetase mediates metabolic crosstalk in auxin and salicylic acid homeostasis. Proc. Natl. Acad. Sci. U.S.A. 113, 13917–13922. doi: 10.1073/pnas.1612635113

Wheeler, A. W. (1977). Auxin-like growth activity of phenylacetonitrile. Ann. Bot. 41, 867–872. doi: 10.1093/oxfordjournals.aob.a085363

Wightman, F., and Lighty, D. L. (1982). Identification of phenylacetic acid as a natural auxin in the shoots of higher plants. Physiol. Plant. 55, 17–24. doi: 10.1111/j.1399-3054.1982.tb00278.x

Wittstock, U., and Burow, M. (2010). Glucosinolate breakdown in Arabidopsis: mechanism, regulation and biological significance. Arabidopsis Book 8:e0134. doi: 10.1199/tab.0134

Wittstock, U., Kliebenstein, D. J., Lambrix, V., Reichelt, M., and Gershenson, J. (2003). “Glucosinolate hydrolysis and its impact on generalist and specialist insect herbivores,” in Integrative Phytochemistry: from Ethnobotany to Molecular Ecology, ed. J. T. Romeo (Amsterdam: Elsevier), 101–125.

Won, C., Shen, X., Mashiguchi, K., Zheng, Z., Dai, X., Cheng, Y., et al. (2011). Conversion of tryptophan to indole-3-acetic acid by TRYPTOPHAN AMINOTRANSFERASES OF ARABIDOPSIS and YUCCAs in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 108, 18518–18523. doi: 10.1073/pnas.1108436108

Zhao, Y., Hull, A. K., Gupta, N. R., Goss, K. A., Alonso, J., Ecker, J. R., et al. (2002). Trp-dependent auxin biosynthesis in Arabidopsis: involvement of cytochrome P450s CYP79B2 and CYP79B3. Genes Dev. 16, 3100–3112. doi: 10.1101/gad.1035402

Zheng, Z., Guo, Y., Novak, O., Chen, W., Ljung, K., Noel, J. P., et al. (2016). Local auxin metabolism regulates environment-induced hypocotyl elongation. Nat. Plants 2:16025. doi: 10.1038/nplants.2016.25

Zimmerman, P. W., and Wilcoxon, F. (1935). Several chemical growth substances which cause initiation of roots and other responses in plants. Contrib. Boyce Thompson Inst. 7, 209–229.

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 © 2018 Urbancsok, Bones and Kissen. 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) and the copyright owner(s) 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/cross.jpg
3,

i





OPS/images/fpls-09-01240-t002.jpg
Target gene

NIT1 (At3g44310)

NIT2 (At3g44300)

NIT3 (At3g44320)

NIT4 (At5922300)

IAAS (At1g15580)

IAA12 (At1904550)

IAAT9 (At3g15540)

IAA29 (At4g32280)

LBD16 (At2g42430)

LBD29 (At3g58190)

TIP41-like (At4g34270)

PP2AA3 (At1g13320)

Actin2 (At3g18780)

Primer name

NIT1_q_FOR
NIT1_q_REV
NIT2_q_FOR
NIT2_q_REV
NIT3_gP_FN
NIT3_gP_RN
NIT4_q_FOR
NIT4_q_REV
1AA5_qP_FOR
1AA5_qP_REV
IAA12_BDL_qP_FOR
1AA12_BDL_qP_REV
IAA19_gP_FOR
IAA19_P_REV
1AA29_oP_FOR
1AA29_qP_REV
LBD16_qP_FOR
LBD16_qP_REV
LBD29_qP_FOR
LBD29_qP_REV
TIP41-ike FOR
TIP41-ike REV
PP2A FOR
PP2A REV
Actin2_qPCR_FOR
Actin2_qPCR_REV

Sequence

GTACGACGACAAAGAACATGATTC
CCAAGATCAATATCAGCTGTGAC
TACGACGACAAAGAGCCTGAC
(CATCACCAAGATCAAGATCAGCT
CCTACTGCTGATTATTCGTTGG
TACGCTTGCAGAACTGGTG
AAGAGAGCCTAACACCGGAC
GTGCTATGTCCCCAAGATCTAG
CAATTTTGATGATACGTTGAAGG
AGGAACATTTCCCAAGGAAC
TCGTTCAAGTCAAGTGGTAGG
AACTTTCTTCTCCCCGTCTC
TTGGGGGATGTTTCTAGAGTC
CGTCTACTCCTCTAGGCTGC
CCGAATATGAAGATTGCGAC
CAAAGATCTTCCATGTAACATCC
AACAACAGGTGGCTTTCTTG
GGTACTTTCCGAGCTGTGTC
CAACAACAGGTTGTGAATTTACA
TCTGATGTTGGTGAATCAGC
GTGAAAACTGTTGGAGAGAAGCAA
TCAACTGGATACCCTTTCGCA
GGAGAGTGACTTGGTTGAGCA
CATTCACCAGCTGAAAGTCG
GCCATCCAAGCTGTTCTCTC
CAGTAAGGTCACGTCCAGCA





OPS/images/fpls-09-01240-t001.jpg
Mutant

nit1-3

nit2

nitd

Primer name

nit1-3_ko_FOR
nit1-3_ko_REV
SAIL_681_H09_FOR
SAIL_681_H09_REV
LB3_SAIL
SALKO16289_NIT4_F
SALKO16289_NIT4_R
LBat

Primer sequence

TGCCGTTTGAAACATCTAGG
GAGTAATGTCCAACCGAATCG
CTCCCGCCACTCTAGGTAATC
AACCATCAGCAGTAGGTGCAC
TAGCATCTGAATTTCATAACCAATCTCGATACAC
TATGAAAGGCCCAGTGACTTG
CACTTCAGGCCTCGAGTAATG
TGGTTCACGTAGTGGGCCATCG

Target

NIT1

NITT

NIT2

NIT2

SAIL T-DNA
NIT4

NIT4

SALK T-DNA





OPS/images/fpls-09-01240-g009.jpg
NIT2RNAI
NIT2RN A1
NIT2RNAI

nit2
nit2

nitl-3

nitl-3
nitl-3

Col-0 WT
Col-0 WT
100 uM BZ-C.N
Col-0 WT

2
&
=
=

NIT2RN A1
NIT2RNA1

nit2
nit2

nitl-3
nitl-3

Col-0 WT
nitl-3
-OWT

Col

Col-0 WT






OPS/images/cover.jpg


OPS/images/fpls-09-01240-g007.jpg
Col-0 WT axrl-12 axr2-1 axr3-1 B Col-O WT axrl-3 axrl-12  axr2-1

control

axrl-3  axrl-12 axr2-1  axr3-1 axr3-1

F Col-0WT  axri-3  axrl-12  axr2-1  axr3-1

E
Col-O WT axrl-3 axrl-12 axr2-1 axr3-1 Col-O WT axrl-3 axrl-12 axr2-1






OPS/images/fpls-09-01240-g008.jpg
Root length (cm)

Root length (cm)

Root length (cm)

1 Col-0WT
B nitl-3

Total biomass (mg)

0 (control) 25 50 100
Benzyl cyanide concentration (uM)

D
1 Col-0 WT
5 - B nir2
IL i
*- e
E
7
3 - :
% S
=
=
2 - =
o
1 - — 1
0 —— — e
0 (control) 25 50
Benzyl cyanide concentration (uM)
F
5
1 Col-OWT
EEE NIT2RNAI
2 sk
- B %
ef
E
3 - &
<
=
=
=
2- 3
=
e
] -
ol | .

0 (control) 25 50 100
Benzyl cyanide concentration (uM)

0 (control)

[ Col-O WT
B nitl-3

25 50 100

Benzyl cyanide concentration (uM)

* " 1 Col-0 WT
60 - T B nir2
50 -+
1 %
0- T
En
30 -
20 -
10 -
0 +—— —_—
0 (control) 25PAA 25Bz-CN S50PAA 50Bz-CN 100 PAA 100 Bz-CN
Concentration (uM)
o0 ] ColOWT
T V/IT2RNA1
50 -+ %

0 (control)
Benzyl cyanide concentration (LM)

25 50 100






OPS/images/fpls-09-01240-g001.jpg
Root length (cm)

50

0 (control)

Benzyl cyanide concentration (1uM)

100

N\ e -~
. 2 3

Total biomass (mg)

ek
e

0 (control)

Benzyl cyanide concentration (uM)

= ~
P

=
T

=
>

Average hypocotyl length (cm)
S —
—_— U

S
T

0 (control) 25 50

Benzyl cyanide concentration (uM)

100






OPS/images/fpls-09-01240-g002.jpg
4
- .,.
b VT w B
B SR U
h prary Bt

")

e oy .
- Pl g P T
I S ﬂ-.w.u fﬂ.w“ & \., &
- et
" i e

Fiys
oA S

o
i

¥/
Lwam..... ..J

i L™
g






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





OPS/images/fpls-09-01240-g010.jpg
€xX0genous

Bz-CN

YA

Vi

Bz-CN

in planta

NITI/NIT2/NIT3

PAA






OPS/images/fpls-09-01240-g005.jpg
Root length (cm)

Total biomass (mg)

O

Average hypocotyl length (cm)

0 (control) 25 50 100

Phenylacetic acid concentration (uM)

0 (control) 25 50 100

Phenylacetic acid concentration (uM)

0.2+

0.14

0.0-

0 (control) 25 50 100

Phenylacetic acid concentration (uM)






OPS/images/fpls-09-01240-g006.jpg
£
=¢
=i
=)
\;
e, ’ |
\_ } /
) [/ L4 4’
/ 4
4 .
S
' 3 |
:
8 4
=2
y T = m
74 =
[ =
X
g
=3
=
=)
0
= «
3
m =
g
=
=)
=
=)
o
23
% B
£
()
]
s
k=
et =
(=}
(3]

500 pm

50 uM
AA

1000 wm

control






OPS/images/fpls-09-01240-g003.jpg
control 25 uM Bz-CN || S0 uM Bz-CN 100 uM Bz-CN
-
v
<P 4
-
X iy
& p , .
B Col-0 WT DII-VENUS mDII-VENUS
24 h BF YFP+PI BF YFP+PI BF YFP+PI
E
Q
&
=z
= O
S N
-
48 h
'S
=
=
Q
&
> Z
5O
S N
S /A






OPS/images/fpls-09-01240-g004.jpg
Genes | 25 uM/Ctrl

[AAS5 3.201

[AA12 1.319

[AA19

[AA29

LBDI16

LBD29
NIT1 .
NIT?2 0.741 0.833 1.214
NIT3 1.235 1.094 1.083
NIT4 0.885 1.012 1.393

Fold change
1.00-1.50
1.51-2.00
2.01-3.00

>3.01





