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in Arabidopsis 14 
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Abstract 49 

Methyl 3-(4-hydroxyphenyl)propionate (MHPP) is a root exudate that functions as a 50 

nitrification inhibitor and as a modulator of the root system architecture (RSA) by 51 

inhibiting primary root (PR) elongation and promoting lateral root formation. 52 

However, the mechanism underlying MHPP-mediated modulation of the RSA 53 

remains unclear. Here, we report that MHPP inhibits PR elongation in Arabidopsis by 54 

elevating the levels of auxin expression and signaling. MHPP induces an increase in 55 

auxin levels by up-regulating auxin biosynthesis, altering the expression of auxin 56 

carriers, and promoting the degradation of the auxin/indole-3-acetic acid family of 57 

transcriptional repressors. We found that MHPP-induced nitric oxide (NO) production 58 

promoted reactive oxygen species (ROS) accumulation in root tips. Suppressing the 59 

accumulation of NO or ROS alleviated the inhibitory effect of MHPP on PR 60 

elongation by weakening auxin responses and perception and by affecting 61 

meristematic cell division potential. Genetic analysis supported the phenotype 62 

described above. Taken together, our results indicate that MHPP modulates RSA 63 

remodeling via the NO/ROS-mediated auxin response pathway in Arabidopsis. Our 64 

study also revealed that MHPP significantly induced the accumulation of 65 

glucosinolates in roots, implying the diverse functions of MHPP in modulating plant 66 

growth, development, and stress tolerance in plants. 67 
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Introduction 69 

Nitrogen fertilizer is one of the most expensive nutrients to supply (Fan et al., 2009). 70 

Nitrification results in the transformation of ammonium to nitrate via nitrite in a 71 

reaction that is mediated by ammonia-oxidizing bacteria. However, nitrogen can be 72 

lost through the leaching of nitrate and gaseous nitrogen emissions, with potential 73 

adverse effects on the environment and human health (Subbarao et al., 2013). The low 74 

efficiency of agronomic nitrogen application is largely the result of nitrogen loss 75 

associated with nitrification and denitrification (Schlesinger, 2009; Subbarao et al., 76 

2013). High levels of nitrification can lead to nitrogen starvation, which in turn forces 77 

plants to develop strategies to reduce nitrogen loss (Subbarao et al. 2013). Some 78 

plants, such as Brachiaria grasses, have developed mechanisms to suppress 79 

nitrification via the exudation of specific secondary organic compounds from roots; 80 

this process is termed “biological nitrification inhibition (BNI)”. Zakir et al. (2008) 81 

found that the root exudates of Sorghum bicolor possess BNI activity, and a 82 

subsequent study confirmed that BNI activity was attributable to multiple components 83 

present in the sorghum exudate and identified the isolated phenolic substance methyl 84 

3-(4-hydroxyphenyl)propionate (MHPP) as the main active compound (Nardi et al., 85 

2013). NH4
+ induced greater MHPP production in plants (56.6 μM g-1 root DW d-1) 86 

than standard Hoagland medium alone  (17 μM g-1 root DW d-1) (Zakir et al., 2008). 87 

Although MHPP has been demonstrated to inhibit nitrification, no further studies have 88 

been undertaken to characterize the effect of MHPP as a root exudate on plant growth 89 

and root system development. 90 

Root system growth and development are complex processes that are modulated by a 91 

variety of phytohormones and signaling molecules, including auxin, ethylene, abscisic 92 

acid (ABA), nitric oxide (NO), and reactive oxygen species (ROS), as well as their 93 

interactions (Van de Poel et al., 2015). Auxin plays a central role in regulating root 94 

growth by positioning the stem cell niche, controlling division of the meristem, and 95 

increasing cell volume in the elongation zone via the modulation of auxin 96 

biosynthesis, transport, and responses (Wang et al., 2009). Maintaining a maximal 97 

auxin concentration in the quiescent center (QC) and a steep auxin gradient in the 98 

proximal meristem, which decreases with increasing distance from the QC, is required 99 

for normal root growth (Laskowski et al., 2008). The auxin influx carriers in the 100 

AUXIN1/LIKE AUX1 (AUX1/LAX) family and efflux carriers in the PIN-FORMED 101 
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(PIN) family mediate polar auxin transport (PAT) in plants and subsequent root 102 

system architecture (RSA) remodeling in response to environmental cues, including 103 

biotic and abiotic stresses. Different auxin carriers can modulate a common 104 

physiological process or stress response via various signaling pathways. For example, 105 

both PIN2 and AUX1 are required for plant adaptation to alkaline stress. PIN2 106 

induces alkaline stress adaptation via a PKS5-mediated signaling cascade to modulate 107 

proton secretion in root tips to maintain primary root (PR) elongation (Xu et al., 2012; 108 

Li et al., 2015). AUX1 is involved in alkaline stress-induced RSA remodeling via 109 

ethylene-mediated auxin accumulation (Li et al., 2015). Additionally, AUX1 and 110 

PIN2 sustain lateral root (LR) formation in Arabidopsis during the early stages of iron 111 

(Fe) toxicity (Li et al., 2015). 112 

NO has been identified as an important signaling molecule that interplays with ROS 113 

in response to stresses and in the regulation of root growth. NO protects plant cells 114 

against oxidative stress by reducing ROS accumulation (Wink and Mitchell, 1998; Xu 115 

et al., 2010a). The NO biosynthesis-related mutant nitric oxide-associated1 (noa1) 116 

exhibits reduced PR elongation in association with increased ROS accumulation. Our 117 

previous study indicated that zinc (Zn) toxicity-induced NO accumulation increased 118 

the ROS level in Solanum nigrum roots by modulating the expression and activity of 119 

antioxidative enzymes and that this elevation of ROS production resulted in 120 

programmed cell death (PCD) in root tips; thus, NO modulates the RSA and the 121 

subsequent adaptation of the RSA in response to Zn stress (Xu et al., 2010a). 122 

Synergistic effects of NO and auxin on a series of plant responses have been observed. 123 

Exogenous auxin application increased NO production (Correa-Aragunde et al., 2004; 124 

Lombardo et al., 2006), and NO accumulation in roots mediates auxin-induced LR 125 

formation (Correa-Aragunde et al., 2004), adventitious root growth (Tewari et al., 126 

2008) and root hair development (Lombardo et al., 2006). Our previous study 127 

indicated that NO elevates the indole-3-acetic acid (IAA) level in cadmium-treated 128 

Medicago roots by reducing its degradation via IAA oxidase activity, thereby 129 

promoting auxin equilibrium and ameliorating cadmium toxicity (Xu et al., 2010b). 130 

Fernández-Marcos et al. (2011) found that a high NO level inhibits rootward auxin 131 

transport in Arabidopsis roots by reducing the abundance of PIN1. Terrile et al. (2012) 132 

found that S-nitrosylation of the auxin receptor TIR1promotes its interaction with 133 

auxin/IAA (Aux/IAA) proteins, which are transcriptional repressors of genes 134 
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associated with auxin responses. The NO biosynthesis-related triple mutant nitrate 135 

reductase 1 (nia1)/nia2/noa1 exhibits reduced NO levels and small root meristems 136 

with abnormal divisions. Further investigation indicated that the abnormal phenotypes 137 

of this NO mutant are related to perturbations in auxin biosynthesis, transport and 138 

signaling (Sanz et al., 2014). 139 

Similar to NO, ROS might also regulate root growth and development by modulating 140 

auxin homeostasis and signaling. The expression of auxin-responsive genes is 141 

decreased by H2O2 treatment via mitogen-activated protein kinase activation (Kovtun 142 

et al., 2000). Defects in antioxidative capacity caused by simultaneous thioredoxin 143 

and glutathione mutation result in altered auxin homeostasis and development 144 

(Bashandy et al., 2010). Blomster et al. (2011) found that apoplastic O3 transiently 145 

suppressed auxin signaling by reducing the gene expression levels of auxin receptors 146 

and Auxin/indole-3-acetic acid (Aux/IAA) family transcriptional repressors. However, 147 

auxin receptor mutants are more tolerant to H2O2 (Iglesias et al., 2010); therefore, 148 

reducing the expression of auxin receptor genes might be an adaptive mechanism by 149 

which plants respond to ROS accumulation. 150 

Here, we report that the MHPP, in addition to its function as a nitrification inhibitor, 151 

acts as an important regulator of the RSA by inhibiting PR elongation and promoting 152 

LR formation in Arabidopsis seedlings by regulating the auxin levels in the root tip 153 

and modulating meristematic cell division potential. We found that exogenous MHPP 154 

increased the levels of auxin signaling by promoting the expression of IAA 155 

biosynthesis-related genes, increasing auxin perception via the destabilization of 156 

Aux/IAA, and significantly repressing the expression of PIN4 in root tips. 157 

Furthermore, MHPP-induced NO production promoted an increase in ROS 158 

accumulation in root tips, and inhibition of NO/ROS accumulation ameliorated the 159 

MHPP-induced reduction in PR growth. Genetic analysis supported the phenotype 160 

described above. Our study also revealed that MHPP significantly induced the 161 

accumulation of glucosinolates in roots. The potential mechanisms involved in this 162 

process are discussed.  163 
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Results  165 

Effects of MHPP on Primary Root Development 166 

Previous studies indicated that the root exudate MHPP exerts a significant inhibitory 167 

effect on nitrification in soil. To further explore whether MHPP could modulate root 168 

system development, five-day-old Arabidopsis seedlings germinated on half-strength 169 

MS (1/2 MS) plates were transferred to new plates supplemented with or without 40 170 

or 80 μM MHPP for continued growth for 5 d, and the PR growth and LR number 171 

were measured. PR elongation was inhibited and LR number was increased in the 172 

presence of either 40 or 80 μM MHPP, and these effects were positively associated 173 

with the MHPP concentration (Fig. 1A, 1B, and 1F). Specifically, PR elongation was 174 

inhibited by 25% and 46% in seedlings exposed to 40 μM and 80 μM MHPP, 175 

respectively (Fig. 1B). The LR number was increased by 158% and 205% following 176 

exposure to 40 μM and 80 μM MHPP, respectively (Fig. 1F). To further explore the 177 

effect of MHPP on LR formation, we analyzed lateral root primordium (LRP) 178 

initiation. As shown in Fig. 1G, LRP initiation was enhanced in all four stages 179 

following exposure to 40 μM or 80 μM MHPP. To examine the inhibitory effects of 180 

MHPP on PR elongation in detail, we also measured the lengths of meristem zones 181 

and elongation zones in the MHPP-treated roots. As shown in Fig. 1C and 1D, the 182 

lengths of both meristem zones and elongation zones were decreased in the roots 183 

exposed to 40 μM or 80 μM MHPP. MHPP treatment also reduced the average cell 184 

length in the differentiation zone (Fig. 1E). 185 

PR growth inhibition can be caused by reductions in stem cell niche activity and 186 

meristematic cell division potential in root tips (Baluska et al., 2010; Li et al., 2015). 187 

Therefore, we first analyzed the possible change in stem cell activity using the QC-188 

specific marker QC25:GUS (Sabatini et al., 1999). GUS staining in the QC showed a 189 

similar expression pattern between control- and MHPP-treated roots (Supplemental 190 

Fig. S1A and 1D). PLETHORA (PLT) acts in concert with SHORT ROOT (SHR) to 191 

control QC identity (Sabatini et al., 2003). Thus, we next analyzed the influence of 192 

MHPP on the expression of PLT1 and SHR. Examination of PLT1pro:PLT1-GFP and 193 

SHRproSHR-GFP activities indicated that the expression levels of both the PLT1 and 194 

SHR reporters were unaltered in MHPP-treated roots compared with the control-195 

treated roots (Supplemental Fig. S1B, S1C, S1E, and S1F).  196 
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We next examined meristematic cell division potential in a transgenic line expressing 197 

CYCB1;1:GUS, a marker used to monitor cell cycle progression (Colon-Carmona et 198 

al., 1999). Histochemical staining showed that GUS activity was dramatically higher 199 

in MHPP-treated roots than in control-treated roots (Fig. 1H and 1I, Supplemental Fig. 200 

S1G). It is known that CYCB1;1 transcription is activated during G2 phase and that 201 

CYCB1;1 is degraded at metaphase (Zheng et al., 2011). The increased accumulation 202 

of CYCB1;1 suggests that cell cycle progression was hampered at the G2 to M phase 203 
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transition. These data indicated that MHPP inhibited PR growth by affecting 204 

meristematic cell division potential. 205 

The above results show that MHPP inhibited PR elongation while increasing LR 206 

number, thereby modulating the RSA. The root system is the major organ through 207 

which plants absorb nutrient elements. Thus, we examined the nutrient element 208 

contents in seedlings. ICP-MS analysis indicated that MHPP treatment markedly 209 

increased the contents of phosphorus (P), sulfur (S), Fe, manganese (Mn) and Zn and 210 

slightly increased the potassium (K) and copper (Cu) contents in seedlings (Fig. 1J). 211 

These data indicated that MHPP improved nutrient element accumulation in plants. 212 

 213 

Auxin Is Involved in the MHPP-Mediated Inhibition of Primary Root Meristem 214 

Development 215 

Auxin plays an essential role in root system development and root meristem 216 

maintenance (Overvoorde et al., 2010). The altered RSA and root meristem patterning 217 

observed in MHPP-treated seedling raised the question of whether the auxin content is 218 

affected by MHPP. Therefore, we measured the IAA level in MHPP-treated roots 219 

using gas chromatography/mass spectrometry (GC/MS) and found that the IAA level 220 

was higher in MHPP-treated roots than in control-treated roots (Fig. 2A). We then 221 

tested the hypothesis that MHPP affects auxin signaling in the root apical meristem 222 

(RAM). For this purpose, we used seedlings expressing the auxin-responsive marker 223 

DR5:GFP. Seedlings were grown on 1/2 MS medium for 5 d, followed by treatment 224 

with or without 40 or 80 μM MHPP for up to 24 h, during which GFP fluorescence 225 

was monitored. MHPP indeed increased the expression of the auxin reporter in root 226 

tips until 12 h, but the expression of this reporter returned to the control level after 24 227 

h of treatment (Fig. 2B and 2C; Supplemental Fig. S2A and S2B). 228 

To investigate how MHPP increased the auxin levels, we conducted quantitative 229 

reverse transcription-polymerase chain reaction (qRT-PCR) analysis to estimate the 230 

transcript levels of the genes that encode for key enzymes in the auxin biosynthesis 231 

pathway. Consistent with the finding of increased IAA levels in roots, the qRT-PCR 232 

results revealed that MHPP significantly increased the transcript levels of many IAA 233 

biosynthesis genes, including ASA1, PAT1, AMI1, SUR1, TAA1, YUC2, YUC3, YUC9, 234 
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AAO1, and AAO3 in Arabidopsis seedlings (Fig. 2D). These results suggest that 235 

MHPP up-regulates IAA biosynthesis gene expression, which influences the auxin 236 

content in roots, and that an increased auxin level may be responsible for the 237 

reduction in PR growth in MHPP-treated seedlings. We tested this hypothesis by 238 

exogenously applying auxin. Five-day-old seedlings germinated in 1/2 MS medium 239 

were transferred to fresh 1/2 MS medium containing 40 or 80 μM MHPP 240 

supplemented with 0.5 nM IAA, and PR elongation was measured 2 d after transfer. 241 
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As shown in Fig. 2E, application of IAA further repressed PR growth in seedlings 242 

subjected to MHPP treatment. To confirm that elevated IAA expression is involved in 243 

the MHPP-induced inhibition of PR growth, we analyzed the root growth of yucca, an 244 

auxin over-producing mutant (Zhao et al., 2001), during MHPP treatment. The yucca 245 

mutant seedlings accumulated higher IAA levels in roots (Fig. 2A) and exhibited 246 

much shorter PR elongation than wild-type (WT) seedlings (Fig. 2F and 2G). These 247 

data indicated that MHPP inhibited PR elongation by increasing auxin accumulation 248 

via increased expression of auxin biosynthesis-related genes.   249 

PAT plays a role in auxin accumulation and distribution in root tips. The MHPP-250 

induced changes in the auxin levels in root tips may result from changes in PAT. We 251 

thus examined the effects of naphthylphthalamic acid (NPA), an auxin transport 252 

inhibitor, on the MHPP-induced inhibition of PR elongation. Although MHPP 253 

treatment alone decreased PR growth, PR elongation was not further reduced by the 254 

addition of NPA (Fig. 2H). This result suggests that PAT is responsible for the 255 

modulation of PR growth in MHPP-treated seedlings.  256 

 257 

PIN4 is Required for the MHPP-Induced Inhibition of Primary Root Growth 258 

The above results show that PAT is required for the MHPP-induced inhibition of PR 259 

growth. PAT is mediated by auxin influx carriers in the AUX/LAX family and efflux 260 

carriers in the PIN family (Peret et al., 2012; Yuan et al., 2014, 2016). Thus, we 261 

examined whether MHPP treatment also affects the expression of auxin carriers in 262 

roots. We first analyzed the gene expression levels of AUX1, PIN1, PIN2, PIN4, and 263 

PIN7 in MHPP-treated roots. As shown in Fig. 3A, MHPP treatment significantly 264 

reduced the expression levels of PIN4 and slightly reduced the expression of PIN1 265 

and PIN2 compared to the control treatment, whereas the gene expression levels of 266 

AUX1 and PIN7 were nearly unaffected. We then analyzed the expression levels of 267 

AUX1, PIN1, PIN2, PIN4, and PIN7 proteins in MHPP-treated roots using transgenic 268 

lines expressing AUX1:YFP, PIN1:GFP, PIN2:GFP, PIN4:GFP, or PIN7:GFP. As 269 

visualized by YFP or GFP fluorescence, following exposure to MHPP, the expression 270 

level of PIN4:GFP was markedly reduced. However, there were no visible differences 271 

in the changes in the cell type/tissue expression pattern of PIN4:GFP or in its 272 

membrane localization between MHPP and control treatment (Fig. 3B, 3C; 273 
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Supplemental Fig. S2C, S2D). However, the expression levels of AUX1, PIN1, PIN2, 274 

and PIN7 were unaffected (Supplemental Fig. S3). These results suggest that PIN4 is 275 

involved in the MHPP-induced changes in auxin accumulation and distribution in root 276 

tips.  277 
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We next investigated the roles of these auxin carriers in the MHPP-induced inhibition 278 

of PR growth using aux1 and pin mutants. Whereas aux1-21, pin1, pin2, and pin7-2 279 

seedlings exhibited similar phenotypes to WT seedlings (Supplemental Fig. S4), pin4-280 

3 seedlings exhibited a less extensive reduction in PR elongation in response to 281 

MHPP treatment (Fig. 3D and 3E). These results suggest that the MHPP-mediated 282 

inhibition of PR elongation via the regulation of auxin distribution is predominantly 283 

modulated by PIN4. 284 

 285 

MHPP Enhances Auxin Perception by Destabilizing Aux/IAA 286 

The above results show that MHPP increased auxin distribution in root tips. To 287 

determine whether the effects of MHPP on the DR5:GFP signal involve auxin 288 

perception changes, we examined the effects of α-(p-chlorophenoxy)isobutyric acid 289 

(PCIB), which inhibits auxin signaling by stabilizing native Aux/IAA proteins (Oono 290 

et al., 2003), on the MHPP-induced inhibition of PR elongation. Although MHPP 291 

treatment alone decreased PR growth, PR elongation was not further reduced by the 292 

addition of PCIB (Fig. 4A). These results suggest that Aux/IAA proteins are 293 

responsible for the modulation of PR growth in MHPP-treated seedlings.  294 
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We next used a transgenic line expressing the VENUS protein fused to Aux/IAA-295 

auxin interaction domain II (DII-VENUS) (Brunoud et al., 2012). In this transgenic 296 

line, the VENUS signal is sensitive to auxin in a dose-dependent manner, without 297 

disrupting the activity of the auxin response machinery (Brunoud et al., 2012). Five-298 

day-old DII-VENUS seedlings were treated with MHPP, and YFP fluorescence was 299 

monitored. Treatment with MHPP resulted in rapid degradation of the nuclear DII-300 

VENUS fluorescent signal but did not alter the expression of the auxin-insensitive 301 

reporter mDII-VENUS (Fig. 4B and 4D; Supplemental Fig. S5). These results suggest 302 

that MHPP enhances IAA perception in root tips. To confirm the effect of MHPP on 303 
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Aux/IAA degradation, we used the HS:AXR3-GUS reporter line, which harbors a 304 

construct encoding for the amino terminus of the Aux/IAA protein AXR3/IAA17 and 305 

the GUS reporter under the control of a heat shock-inducible promoter (Gray et al., 306 

2001). After heat shock, the AXR3-GUS signal significantly decreased in MHPP-307 

treated seedlings (Fig. 4C and 4E). We therefore hypothesize that MHPP up-regulates 308 

the auxin-signaling pathway upstream of the ubiquitin-mediated degradation of 309 

Aux/IAA proteins.  310 

To verify that Aux/IAA proteins are involved in the MHPP-induced inhibition of PR 311 

growth, we analyzed PR elongation in gain-of-function axr3-3 mutant seedling upon 312 
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MHPP treatment (Rouse et al., 1998). The mutant seedlings exhibited less extensive 313 

suppression of PR growth in the presence of MHPP than control seedlings (Fig. 4F 314 

and 4G). These results indicate that MHPP treatment inhibits PR growth by 315 

amplifying auxin signaling in root tips by destabilizing Aux/IAA proteins. 316 

 317 

Involvement of NO and ROS in the MHPP-Mediated Inhibition of Primary Root 318 

Growth 319 

To assess the correlation between NO/ROS accumulation and MHPP treatment, we 320 

measured the NO and ROS levels in MHPP-treated seedlings. To visualize NO and 321 

ROS localization in roots, we used a NO-specific fluorescent probe, 4,5-322 

diaminofluorescein diacetate (DAF-2 DA) and a ROS-specific fluorescent probe, 2,7-323 

dichlorofluorescin diacetate (DCFH-DA). MHPP treatment induced a marked 324 

increase in NO and ROS marker fluorescence intensity from the meristem zone to the 325 

elongation zone of roots (Fig. 5A and 5B; for representative images, see Supplemental 326 

Fig. S6A and S6B, respectively). Supplementation with the NO scavenger cPTIO or 327 

the NO synthase (NOS) inhibitor L-NAME markedly inhibited the production of ROS 328 

in roots compared with MHPP treatment alone (Supplemental Fig. S7A and S7B). In 329 

contrast, supplementation with the ROS scavenger potassium iodide (KI) did not alter 330 

the NO levels in MHPP-treated roots (Supplemental Fig. S7C and S7D). To confirm 331 

that MHPP-induced NO production increases the ROS levels, we analyzed the ROS 332 

levels in noa1, a NO-deficient mutant, upon MHPP treatment. MHPP-induced NO 333 

accumulation was markedly reduced in noa1 mutant roots compared with col-0 roots 334 

(Fig. 5C and 5D). Similarly, both the ROS fluorescence and DAB staining analysis 335 

indicated that MHPP-induced ROS accumulation was also markedly reduced in noa1 336 

mutant roots compared with col-0 roots (Fig. 5E and 5F; Supplemental Fig. S8). 337 

These data suggest that MHPP induces NO production upstream of ROS 338 

accumulation in roots. 339 

To investigate the physiological mechanisms underlying the roles of NO in MHPP-340 

mediated PR growth inhibition, 5-d-old seedlings were treated with 40 or 80 μM 341 

MHPP in the presence or absence of SNP, cPTIO or L-NAME. As shown in Fig. 6A-342 

6F, in the presence of the NO donor SNP, the PRs of seedlings were shorter, whereas 343 

in the presence of cPTIO or L-NAME, the PRs of seedlings were longer than those of 344 
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seedlings exposed to MHPP alone at 2 d of treatment. We next analyzed PR growth in 345 

the noa1 mutant upon MHPP treatment. Consistent with the results obtained from the 346 

pharmacological assay, noa1 exhibited a less extensive reduction in PR elongation in 347 

the presence of 80 μM MHPP (Fig. 6G and 6H). These results suggest that NO is 348 

involved in the MHPP-mediated inhibition of PR growth. 349 

We subsequently explored the possible involvement of ROS in the signal transduction 350 

of MHPP-induced morphological responses. We examined PR elongation in 5-d-old 351 

seedlings treated with 40 or 80 μM MHPP in the presence or absence of H2O2 or ROS 352 

scavengers KI or CAT for 2 d. The MHPP-mediated repression of PR growth was 353 

more extensive in seedlings supplemented with H2O2 (Fig. 7A and 7B) but was less 354 

extensive in seedlings supplemented with KI (Fig. 7C and 7D) or CAT (Fig. 7E and 355 

7F). To verify the role of ROS in MHPP-mediated PR growth inhibition, ROS-356 

deficient mutant lines were also examined. We found that the respiratory burst 357 

oxidase homolog mutants rbohC and rbohD and the double mutant rbohD/F exhibited 358 

a less extensive reduction in PR elongation than the wild-type col-0 control in the 359 

presence of 80 μM MHPP (Fig. 8). These data indicate that MHPP treatment inhibits 360 

PR growth via NO-mediated ROS accumulation in root tips.  361 

Based on the above results showing that MHPP inhibits PR growth by modulating 362 

meristematic cell division potential, we hypothesized that NO and ROS were involved 363 

 www.plant.org on May 24, 2016 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2016 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plant.org


 20

in MHPP-induced inhibition of meristematic cell division potential. Thus, we 364 

examined the effects of NO/ROS on meristematic cell division potential using the 365 

CYCB1;1:GUS marker line. GUS staining showed that supplementation with the NO 366 

scavenger cPTIO, the NO synthase (NOS) inhibitor L-NAME, or either ROS 367 

 www.plant.org on May 24, 2016 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2016 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plant.org


 21

scavenger KI or CAT alleviated the overaccumulation of CYCB1;1 in roots caused by 368 

MHPP treatment (Fig. 9). However, supplementation with the NO donor SNP or H2O2 369 

did not further increase CYCB1;1 accumulation in roots, perhaps because the MHPP-370 

induced accumulation of NO and ROS in roots increased CYCB1;1 accumulation 371 

such that exogenous SNP or H2O2 application could not further enhance CYCB1;1 372 

accumulation. These data indicate that NO and ROS are responsible for the MHPP-373 

mediated inhibition of root meristem development. 374 

 375 
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NO-Mediated ROS Accumulation Was Possibly Responsible For MHPP-Induced 376 

Auxin Accumulation in Root Tips and Inhibition of Root Meristem Development 377 

The above results show that MHPP inhibits PR elongation by increasing auxin 378 

accumulation in root tips. To determine whether MHPP-induced NO and ROS 379 

accumulation is involved in this process, we used the auxin-responsive DR5:GFP 380 

marker line to monitor the potential changes in auxin signaling in MHPP-treated 381 

seedlings in the presence or absence of an NO scavenger/inhibitor or an H2O2 382 

scavenger. Exogenous addition of cPTIO or L-NAME reduced the expression of 383 
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DR5:GFP in MHPP-treated seedlings. Similarly, the H2O2 scavengers KI or CAT 384 

reduced, whereas exogenous H2O2 increased, the expression of this auxin reporter in 385 

MHPP-treated seedlings (Fig. 10A and 10B; for representative images, see 386 

Supplemental Figs. S9 and S10, respectively). To verify the role of NO/ROS in 387 

modulating the auxin levels, we used the auxin-perceptive marker line DII-VENUS. 388 

Exogenous application of an NO scavenger/inhibitor (cPTIO or L-NAME), or an 389 

H2O2 scavengers (KI or CAT) stabilized, whereas SNP or H2O2 further reduced, the 390 

fluorescence of the DII-VENUS marker in MHPP-treated seedlings (Fig. 10C and 391 

10D; for representative images, see Supplemental Figs. S11 and S12, respectively). 392 

These data indicate that MHPP-induced NO acts as a second messenger to promote 393 

H2O2 production, thereby regulating root growth via the auxin pathway. 394 

 395 

MHPP Induced the Accumulation of Glucosinolates in Arabidopsis Roots 396 

To further investigate the role and molecular mechanisms of MHPP in modulating 397 

plant growth and development, we analyzed the transcript profiles in roots via high-398 

throughput RNA-seq followed by qRT-PCR analysis. We compared the transcripts 399 

 www.plant.org on May 24, 2016 - Published by www.plantphysiol.orgDownloaded from 
Copyright © 2016 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/
http://www.plant.org


 24

obtained at 2 d in the presence of 40 or 80 μM MHPP. Relative to the gene expression 400 

levels under control conditions, 101 genes were down-regulated and 103 genes were 401 

up-regulated (altered by more than twofold) in roots treated with 40 μM MHPP, and 402 

184 genes were down-regulated and 180 genes were up-regulated in roots treated with 403 

80 μM MHPP (Log2>1, FDR<0.01) (Supplemental Fig. S13). The differentially 404 

expressed genes showed enrichment in the KEGG pathway of glucosinolate 405 

biosynthesis due to either 40 or 80 μM MHPP treatment (Supplemental Fig. S14 and 406 

S15 and Table S1). We used qRT-PCR analysis to confirm the results of RNA-seq for 407 

the glucosinolate biosynthesis-related genes. The qRT-PCR analysis results strongly 408 

coincided with the RNA-seq results (R2=0.6082); this finding verified the accuracy of 409 

the RNA-seq results (Supplemental Fig. S16A and S16B). 410 

Because the above results showed that MHPP significantly induces the expression of 411 

glucosinolate biosynthesis-related genes, we evaluated the glucosinolate levels in 412 

MHPP-treated plants to determine whether the content of the glucosinolates was 413 

altered by MHPP treatment. As shown in Supplemental Fig. S16C, treated with 414 

MHPP significantly induces the accumulation of glucosinolates in roots. 415 
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Glucosinolates are a group of amino acid-derived metabolites (Shroff et al., 2008). 416 

Thus, we examined the contents of free amino acids in MHPP-treated plants. As 417 

shown in Supplemental Fig. S17, analysis of free amino acid contents revealed a large 418 

response to MHPP in Arabidopsis roots. MHPP treatment induced increases in the 419 

free amino acid levels in Arabidopsis roots. Among the seventeen amino acids 420 

evaluated, thirteen amino acids, including the precursors of glucosinolate biosynthesis 421 

L-phenylalanine (Phe), L-leucine (Leu), L-isoleucine (Ile), and L-tyrosine (Tyr), 422 

displayed higher levels, whereas only two amino acids (threonine (Thr) and histidine 423 

(His)) displayed lower levels, in the roots of seedlings treated with MHPP compared 424 

with untreated control seedlings. Two amino acids (valine (Val) and lysine (Lys)) 425 

showed similar concentrations in roots between plants treated with and without 426 

MHPP. 427 

Glucosinolates are a class of typical chemical defense molecules in plants, and the 428 

glucosinolate biosynthesis pathway is induced by phytohormones such as jasmonic 429 

acid (JA) and salicylic acid (SA) (Van Dam et al., 2004; Tong et al., 2015). Therefore, 430 

we next assessed the levels of abscisic acid (ABA), JA, and SA in plants in response 431 

to MHPP treatment. As shown in Supplemental Fig. S18, treatment with MHPP 432 

significantly increased the contents of SA and JA by 212% and 627%, respectively, 433 

but did not affect the ABA level in the roots of MHPP-treated plants compared to 434 

control plants. These data imply that MHPP performs diverse functions in modulating 435 

plant growth, development and defense responses. The detailed molecular 436 

mechanisms underlying these functions require further investigation.  437 
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Discussion 439 

MHPP Affects Root System Development by Modulating the Levels of Auxin 440 

Expression and Signaling 441 

Early reports revealed that the phenolic substance MHPP, an exudate among the 442 

specific secondary organic compounds released from roots, possesses strong BNI 443 

activity (Subbarao et al. 2013). However, these previous studies focused on the 444 

inhibitory effects of MHPP on soil nitrification and nitrogen loss (Nardi et al., 2013), 445 

and the effects of MHPP on the root system growth and development have not been 446 

investigated. Several findings suggest that roots might also be targets of MHPP-447 

mediated plant growth and development: (a) root-secreted secondary metabolites can 448 

regulate the growth and development of plants; (b) post-embryonic root development 449 

is an auxin-driven plastic process that rapidly adapts to external changes; and (c) 450 

MHPP treatment enhances nutrient uptake by plants. Here, we show that MHPP 451 

inhibits PR growth and promotes LR formation, thus modulating RSA remodeling. 452 

We first observed that MHPP inhibits PR elongation and LR formation in a dose-453 

dependent manner. Because inhibition of root growth is a typical auxin signal 454 

phenotype, we hypothesized that MHPP impacts auxin signaling in roots, and we 455 

indeed found that MHPP treatment rapidly increased auxin accumulation in root tips.  456 

Our results indicate that MHPP increases the expression of the DR5:GFP reporter 457 

in root tips by enhancing auxin biosynthesis, changing PAT and modulating auxin 458 

perception via the destabilization of the Aux/IAA family of transcriptional repressors 459 

in root tips. Several lines of evidence support these conclusions. First, GC/MS 460 

analysis confirmed elevated IAA contents in MHPP-treated plants, and at the 461 

molecular level, auxin biosynthesis-related genes were markedly up-regulated after 462 

MHPP treatment. Second, MHPP markedly affected the expression levels of PIN4, 463 

and genetic analysis supported the hypothesis that MHPP mediates auxin 464 

accumulation in root tips by affecting PAT via the modulation of PIN4. Third, the 465 

MHPP-mediated rapid degradation of Aux/IAA proteins was confirmed by examining 466 

DII-VENUS marker fluorescence and GUS staining of HS:AXR3-GUS plants. Fourth, 467 

physiologically, exogenous application of IAA enhanced the inhibitory effects of 468 

MHPP on PR growth, and genetic analysis supported this result in the auxin over-469 

producing mutant yucca and the auxin-insensitive mutant axr3-3.   470 

Proper auxin accumulation relies on the coordination between its biosynthesis and 471 
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transport (Liu et al., 2015). Treatment with the auxin transport inhibitor NPA or 472 

mutation of the PIN family of auxin carrier genes affects root growth (Blilou et al., 473 

2005; Liu et al., 2015), and these observations suggest that disturbing PAT changes 474 

auxin accumulation in root tips and subsequently alters root growth. In this study, we 475 

found that NPA did not affect the MHPP-mediated inhibitory effects on PR 476 

elongation; this finding suggests that PAT is involved in MHPP-mediated root growth 477 

inhibition. Investigation of the expression levels of auxin carriers showed that MHPP 478 

significantly modulated the expression of PIN4. Furthermore, the pin4-3 mutant 479 

exhibited reduced sensitivity to MHPP treatment in terms of PR growth, suggesting 480 

that PIN4 at least partly mediates MHPP-induced auxin accumulation to inhibit PR 481 

growth. PIN4 regulates auxin levels and gradients in the root meristem, and pin4 482 

mutant seedlings accumulate higher auxin levels in root tips (Friml et al., 2002). Our 483 

results indicated that MHPP treatment markedly reduced PIN4 expression and thereby 484 

disrupted auxin transport, thus leading to auxin accumulation in root tips. However, 485 

how PIN4 is involved in the MHPP-mediated modulation of PR growth remains to be 486 

explored. 487 

Changes in Aux/IAA stability and, subsequently, the auxin perception level appear 488 

to represent a general strategy by which plants interplay with phytohormones and 489 

respond to environmental cues (Yuan et al., 2013; Bailly et al., 2014; Li et al., 2015; 490 

Liu et al., 2015; Yuan et al., 2016; Katz et al., 2015). Treatment with SA reduces 491 

auxin responses by stabilizing Aux/IAA proteins (Wang et al., 2007). Gain-of-492 

function mutations of Aux/IAA proteins such as IAA3 and IAA17 induce defective 493 

root development (Hamann et al., 2002; Liu et al., 2015). We found that MHPP 494 

treatment enhanced the degradation of Aux/IAA proteins, as revealed by GUS 495 

staining of the HS:AXR3-GUS reporter line, and thereby amplified auxin signaling in 496 

root tips. We also observed reduced sensitivity of the axr3-3 mutant to MHPP 497 

treatment compared with the WT control in terms of PR growth. MHPP treatment 498 

might not induce the degradation of mutant AXR3 in axr3-3, preventing MHPP from 499 

altering auxin signaling and subsequently inhibiting PR growth. Taken together, the 500 

results presented here clearly demonstrate that MHPP influences root growth by 501 

modulating the levels of auxin expression and signaling. 502 

 503 

MHPP Affects Meristematic Cell Division Potential in Root Tips 504 
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Root growth is maintained by coordinating cell proliferation and differentiation. Root 505 

tissue cells are derived from the stem cell niche, which is composed of an inner group 506 

of mitotically inactive QC cells and an outer group of mitotically active stem cells 507 

(Dinneny and Benfey, 2008; Ji et al., 2015). Root stem cell niche activity and 508 

meristematic cell division potential are two crucial determinants of root meristem size 509 

and root growth (Aida et al., 2004; Della Rovere et al., 2013; Ji et al., 2015). In this 510 

study, we found that MHPP treatment did not change the expression levels of the QC 511 

marker QC25:GUS. Both the SHR/SCARECROW (SCR) pathway and the PLT 512 

pathway regulate QC identity and stem cell niche activity. SHR is primarily expressed 513 

in the stele, and the encoded protein can move to the QC and other surrounding cells 514 

to activate the expression of SCR together with WOX5 to coordinately regulate QC 515 

identity and the balance between root stem cell division and differentiation. The PLT 516 

pathway modulates the auxin-dependent maintenance of the stem cell niche (Aida et 517 

al., 2004; Galinha et al. 2007). Neither SHR nor PLT1 protein was altered in MHPP-518 

treated plants, and our finding suggests that MHPP treatment does not affect QC cell-519 

specific expression or RAM activity. Thus, we examined whether MHPP affects 520 

meristematic cell division potential. Our results from GUS staining of the 521 

CYCB1;1:GUS reporter line revealed that the percentage of GUS-stained cells in the 522 

root meristem was significantly greater in MHPP-treated roots than in control roots. 523 

These results imply that treatment with MHPP decelerated the cell cycle. These data 524 

indicate that MHPP treatment inhibits PR growth by affecting meristematic cell 525 

division potential but not stem cell niche activity.  526 

 527 

NO-Mediated ROS Accumulation in Root Tips Modifies the RSA in Response to 528 

MHPP Treatment via the Auxin Pathway 529 

In this study, we obtained evidence for the involvement of ROS in NO signaling 530 

during the response of plants to MHPP treatment. We found that treatment with 531 

MHPP induced the accumulation of NO and ROS in roots. Supplementation with the 532 

NO scavenger cPTIO or the NOS inhibitor L-NAME markedly inhibited ROS 533 

accumulation, and this effect was also observed in the noa1 mutant. In contrast, 534 

supplementation with the ROS scavenger KI did not affect NO production in MHPP-535 

treated roots. These results suggest that NO acts upstream of ROS in the response of 536 
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plant roots to MHPP treatment. Pharmacological analysis using NO/ROS scavengers 537 

and genetic analysis using NO-/ROS-related mutants indicated that NO/ROS 538 

accumulation contributes to MHPP-mediated PR growth inhibition. Further 539 

investigation using the CYCB1;1:GUS reporter indicated that NO and ROS mediate 540 

the MHPP-induced inhibition of PR growth by reducing meristematic cell division 541 

potential.  542 

Previous studies revealed that disrupting NO production reduced DR5:GUS 543 

expression in roots (Sanz et al., 2014). NO also affected auxin signaling by promoting 544 

the degradation of IAA17 (Terrile et al., 2012). In agreement with these findings, our 545 

study indicated that inhibition of NO production reduced the expression of the auxin-546 

responsive reporter DR5:GFP but stabilized DII-VENUS marker fluorescence in 547 

MHPP-treated roots. Interestingly, Liu et al. (2015) found that NO reduced auxin 548 

responses and increased the stability of IAA17 in roots subjected to salt stress. The 549 

difference in these effects between studies may be due to the distinct stresses and 550 

environmental cues examined, as auxin responses and NO functions differ according 551 

to the type of stress or tissue.  552 

ROS is another important signaling molecule that plays an important role in plant 553 

growth and environmental responses (Tsukagoshi et al., 2010). ROS regulates the 554 

balance between cellular proliferation and differentiation in roots (Tsukagoshi et al., 555 

2010). It has been reported that the ROS and auxin pathways can extensively impact 556 

each other (Kwak et al. 2006). Interestingly, Blomster et al. (2011) found that O3, an 557 

apoplastic form of ROS, transiently suppresses auxin signaling by reducing the gene 558 

expression of auxin receptors and the Aux/IAA family of transcriptional repressors. In 559 

this study, inhibiting H2O2 production reduced the expression of the auxin-responsive 560 

DR5:GFP reporter but stabilized DII-VENUS marker fluorescence in MHPP-treated 561 

roots, and our findings suggest that ROS contributes to the MHPP-mediated 562 

alterations in the levels of auxin expression and signaling in roots. The differences in 563 

these effects of ROS on auxin signaling between studies may be due to the distinct 564 

forms of ROS examined, as the response of plants to ROS varies depending on the 565 

form of ROS. Furthermore, these studies of the function of ROS in the plant response 566 

to environmental cues were based on the use of exogenous ROS donors. However, 567 

environmental cues, such as stresses, might induce endogenous ROS production; 568 

therefore, ROS might play specific roles in response to certain cues. In conclusion, 569 

our results indicate that MHPP treatment inhibits PR growth by increasing the NO 570 
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and ROS levels. The elevated accumulation of NO and ROS further altered the levels 571 

of auxin expression and perception to amplify auxin signaling. 572 

 573 

The MHPP-Induced Accumulation of Plant Defense Molecules Implies its 574 

Diverse Functions in Modulating Plant Growth, Development, and Stress 575 

Tolerance 576 

Glucosinolates, a group of sulfur-rich, amino acid-derived metabolites, are among the 577 

most extensively studied classes of antiherbivore defense chemicals in plants. Upon 578 

insect feeding or mechanical damage, glucosinolates are hydrolyzed into aglycone by 579 

myrosinase and subsequently form isothiocyanates, nitriles, and other products 580 

(Bones and Rossiter, 2006). These natural chemicals, which most likely contribute to 581 

plant defense against pests and diseases, are also detected in small amounts in humans 582 

and are believed to contribute to the health-promoting properties of cruciferous 583 

vegetables (Halkier and Gershenzon, 2006; Shroff et al., 2008). Interestingly, MHPP 584 

treatment induced the accumulation of glucosinolates and their amino acid precursors 585 

in roots. We also observed significantly elevated levels of two defense signaling 586 

phytohormones, SA and JA, in MHPP-treated plants. These data suggest that MHPP 587 

induces the production of plant defense-related metabolites and that MHPP might 588 

promote antiherbivore defense responses in plants. Further studies will focus on how 589 

MHPP elevates the levels of JA and SA and whether the MHPP-induced 590 

accumulation of JA and SA is involved in the enhancement of glucosinolate 591 

production in plants.  592 

In this study, we also found that MHPP treatment promoted LR development. LR 593 

formation is tightly mediated by the auxin pathway (Li et al., 2015). The induction of 594 

the expression of IAA biosynthesis-related genes in seedlings and the increase in the 595 

IAA content in roots might be partly explain the enhancement of LR development in 596 

response to MHPP treatment. However, the detailed molecular mechanisms involved 597 

in MHPP-induced LR formation and whether the changes in the expression of PIN4 598 

are also involved in MHPP-induced LR development remain to be further explored. 599 

Increased LR formation altered RSA, ultimately benefiting the uptake of water and 600 

nutrient elements into roots. Indeed, we found that MHPP markedly increased the 601 

contents of nutrient elements in seedlings, including P, K, S, Fe, Mn, Zn, and Cu. This 602 

observation indicated that MHPP enhanced nutrient element accumulation in plants. 603 

Further studies will examine whether MHPP could regulate the expression of the 604 
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transporters of nutrient elements and metal ions in plants and affect the transport of 605 

nutrient elements from the roots to above-ground portions of plants.  606 

In conclusion, our data indicate that MHPP, in addition its function as a 607 

nitrification inhibitor, profoundly impacts root development. Based on our results, 608 

MHPP inhibits PR elongation by regulating the levels of auxin expression, transport, 609 

and signaling in roots and consequently altering root meristematic cell division 610 

potential, and the NO/ROS pathway is involved in these processes. Moreover, 611 

treatment with MHPP increases nutrient element uptake and plant defense-related 612 

metabolite accumulation in roots. Although the possible involvement of other 613 

pathways in MHPP-induced RSA remodeling remains to be explored, our findings 614 

show that MHPP modulates plant growth, development, and stress tolerance by 615 

inducing morphological and physiological changes in roots. Further research 616 

examining the interplay of MHPP with phytohormones will enable a broader 617 

understanding of the mechanism by which plants respond to MHPP by regulating 618 

hormonal signaling, will aid in the development of cost-effective, sustainable 619 

agricultural strategies for crop breeding and cultivation, and will provide insight into 620 

novel applications of this biological nitrification inhibitor. 621 

 622 

Materials and Methods 623 

Plant Growth and Chemical Treatments 624 

Arabidopsis seedlings of the following lines were used in this study: Columbia-0 (col-625 

0), the mutants yucca, pin4-3, axr3-3, axr1-12, noa1, rbohC, rbohD, rbohD/F, pin1, 626 

pin2, pin7-2, and aux1-21 on a col-0 background, and the transgenic lines DR5:GFP, 627 

PIN1:PIN1-GFP, PIN2:PIN2-GFP, PIN4:PIN4-GFP, PIN7:PIN7-GFP, 628 

AUX1:AUX1-YFP, PLT1:PLT1-GFP, SHR:SHR-GFP, DII-VENUS, mDII-VENUS, 629 

QC25:GUS, CYCB1;1:GUS, HS:AXR3NT-GUS, and HS:GUS.  630 

Seeds were surface-sterilized and plated on agar medium containing 1/2 MS medium 631 

(Sigma), pH 5.75, supplemented with 1% agar and 10% sucrose. Seedlings were 632 

grown in a vertical position in a growth chamber maintained at 22°C under a 16/8 h 633 

light/dark cycle. Five-day-old seedlings were transferred to plates supplemented with 634 

various chemicals, such as MHPP, IAA, NPA, SNP, c-PTIO, and L-NAME, and 635 

grown for an additional 2-5 d. All chemicals were obtained from Sigma-Aldrich. 636 

 637 

GUS Staining 638 
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To detect the expression of GUS, we incubated QC25:GUS or CYCB1;1:GUS 639 

seedlings in GUS buffer containing the substrate 1 mM X-Gluc (5-bromo-4-chloro-3-640 

indolyl-β-D-glucuronic acid cyclohexyl-ammonium, Sigma) at 37°C in the dark 641 

(Ulmasov et al. 1997). The GUS staining duration was dependent on the transgenic 642 

marker line: 5 h for QC25:GUS and 3 h for CYCB1;1:GUS. MUG assays were 643 

performed according to a previously described method (Cote et al., 2003). The 644 

seedlings were washed and placed in 75% (w/v) ethanol before examination under a 645 

microscope (Zeiss Axioskop). At least 20 seedlings were analyzed for each treatment. 646 

The experiments were repeated at least three times. 647 

 648 

Measurement of the Production of NO and H2O2 649 

The endogenous NO levels in root meristems were visualized using the NO-specific 650 

fluorescent probe DAF-2 DA (Beyotime, China). Seedlings were incubated at 37°C in 651 

5 μM staining solution for 1 h. Then, the samples were washed twice and viewed 652 

under a Leica laser scanning confocal microscope (excitation, 490 nm; emission, 515 653 

nm). Quantitative measurement of fluorescence intensity was performed using ImageJ.  654 

The endogenous H2O2 levels in root meristems were visualized using the H2O2-655 

specific fluorescent probe DCFH-DA (Beyotime). Seedlings were incubated at 37°C 656 

in 10 μM staining solution for 5 min. Then, the samples were washed twice and 657 

viewed under a Leica laser scanning confocal microscope (excitation, 488 nm; 658 

emission, 530 nm). Quantitative measurement of fluorescence intensity was 659 

performed using ImageJ.  660 

 661 

Phenotypic Analysis  662 

Relative root growth was calculated as the length of root growth under the treatment 663 

conditions divided by the mean root length under control conditions as described by 664 

Freeman et al. (2010). At least 15 replicate plants were measured for each treatment. 665 

Measurements of the lengths of meristem zones and elongation zones and the average 666 

cell length in the differentiation zone were outperformed according to published 667 

methods (Dello Ioio et al., 2007; Yuan et al., 2013; Liu et al., 2015). LRP initiation was 668 

quantified in roots using the DR5:GUS reporter line. The four developmental stages 669 

of the LRP were classified as follows: up to three cell layers (stage A); more than 670 

three cell layers but non-emerged (stage B); emerged LRs <0.5 mm in length (stage 671 
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C); and emerged LRs >0.5 mm in length (stage D) (Zhang et al., 1999; Li et al., 2005). 672 

Only mature LRs (>0.5 mm) are denoted as LRs. 673 

 674 

qRT-PCR Analysis 675 

Seedlings were collected for total RNA isolation using TRIzol Reagent (TaKaRa) 676 

according to the manufacturer’s instructions. The RNA concentration was accurately 677 

quantified using spectrophotometry. Then, cDNA was synthesized from DNase-678 

treated total RNA (1 µg) using a Reverse Transcription System Kit (Promega) and 679 

oligo(dT) primers. The cDNA produced was diluted 1:15, and 3 μL of diluted cDNA 680 

was employed for qRT-PCR in a 7500 Real Time System (Applied Biosystems) using 681 

Platinum® SYBR® Green qPCR SuperMix-UDG (Invitrogen). ACTIN2 682 

(AT3G18780) and EF1a (AT5G60390) were used as internal controls for qRT-PCR 683 

normalization using GeNorm (Czechowski et al., 2005). For each gene, qRT-PCR 684 

was performed on three biological replicates, with duplicates for each biological 685 

replicate. The relative transcript level was determined for each sample and was 686 

averaged over the six replicates. The specific primers used for each gene are listed in 687 

Supplemental Table S2. All primer pairs produced only one peak in DNA melting 688 

curves, and this result indicated the high specificity of the primers. 689 

 690 

Quantification of IAA Content  691 

IAA content was quantified according to Gao et al. (2014) and Liu et al. (2015). Root 692 

tips of approximately 0.1 g fresh weight were collected and immediately frozen in 693 

liquid nitrogen. After extraction, endogenous IAAs were purified, methylated in a 694 

stream of diazomethane gas and resuspended in 100 μL of ethyl acetate. The 695 

endogenous IAA content was analyzed by GC/MS.  696 

 697 

Nutrient Element Contents Analysis 698 

Seedlings grown in 1/2 MS medium were treated with 40 μM MHPP for 2 d. The 699 

treated roots were immersed in a solution containing 1 mM EDTA for 2 h and then 700 

thoroughly rinsed with distilled water. The dried plant tissues were ground and 701 

digested in concentrated nitric acid for 2 d at room temperature. Next, the samples 702 

were boiled for 2 h until completely digested. After adding 3 mL of Millipore-filtered 703 

deionized water and brief centrifugation, the contents of Zn, Fe, Mn and Cu were 704 
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determined using ICP-MS, and the contents of P, K, and S were determined using 705 

ICP-AES. Each experiment was repeated three times.  706 

 707 

Statistical Analysis 708 

For each treatment, at least 12 roots were analyzed; all experiments were repeated at 709 

least three times. The results are presented as the means ± SEM. For statistical 710 

analysis, we used Tukey’s test (P<0.01). 711 
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Table S2. List of the primers for qRT-PCR analysis of the genes 725 

Fig. S1 Effects of MHPP on root meristem development. 726 

Fig. S2 GFP fluorescence in the roots of DR5:GFP or PIN4:GFP seedlings. 727 

Fig. S3 GFP/YFP fluorescence in the roots of PIN1/2/7:GFP and 728 

AUX1:YFPseedlings. 729 

Fig. S4 Relative root growth of seedlings exposed to MHPP. 730 

Fig. S5 YFP fluorescence in the roots of DII-VENUS or mDII-VENUS seedlings. 731 
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Fig. S6 Detection of NO and H2O2 production. 732 

Fig. S7 ROS and NO in the roots of wild-type seedlings response to MHPP. 733 

Fig. S8 Image of DAB staining. 734 

Fig. S9 GFP fluorescence in the roots of DR5:GFP seedlings (1). 735 

Fig. S10 GFP fluorescence in the roots of DR5:GFP seedlings (2). 736 

Fig. S11 YFP fluorescence in the roots of DII-VENUS seedlings (1). 737 

Fig. S12 YFP fluorescence in the roots of DII-VENUS seedlings (2). 738 

Fig. S13 Hierarchical clustering analysis.  739 

Fig. S14 KEGG pathway enrichment analysis. 740 

Fig. S15 Modulation of glucosinolate biosynthesis after MHPP treatment. 741 

Fig. S16 MHPP up-regulates several genes involved in glucosinolate biosynthesis. 742 

Fig. S17 MHPP affects the free amino acid contents. 743 

Fig. S18 The contents of ABA, SA, and JA. 744 
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Figure Legends 746 

Fig.1 MHPP affected root system development in Arabidopsis. (A-G) Five-day-old 747 

wild-type seedlings grown in 1/2 MS medium were treated with 40 or 80 μM MHPP 748 

for 5 d (A). Bar, 0.5 cm. Primary root elongation (B), the lengths of meristem zones 749 

(C) and elongation zones (D), the average cell length in the differentiation zone (E), 750 

the number of lateral roots (F), and lateral root primordium initiation (G) were 751 

measured after 5 d of treatment. (H,I) Image of GUS staining in 5-d-old 752 

CYCB1;1:GUS seedlings exposed to 40 μM MHPP for 3-48 h (H) and the relative 753 

GUS activity of CYCB1;1:GUS seedlings (I) treated as in (H). Bars, 50 μm. The level 754 

of GUS activity in untreated roots was set to 100. The error bars represent the SEM. 755 

Different letters indicate significantly different values (P < 0.05 by Tukey’s test). (J) 756 

Nutrient element contents in MHPP-treated Arabidopsis seedlings. The ± symbol 757 

represents the SEM. The asterisks indicate significant differences with respect to the 758 

corresponding control based on Tukey’s test (*, 0.01<P<0.05; **, P<0.01). 759 

 760 

Fig. 2 MHPP treatment enhanced auxin accumulation in roots, thus inhibiting primary 761 

root growth. (A) IAA contents in the roots of col-0 seedlings and yucca seedlings 762 

treated with or without 40 μM MHPP for 24 h. (B,C) GFP fluorescence in the roots of 763 

5-d-old DR5:GFP seedlings exposed to 40 μM MHPP for 9-24 h (B) and 764 

quantification of DR5:GFP fluorescence intensity (C) in plants treated as in (B). The 765 

fluorescence intensity of untreated roots was set to 100. Bars, 50 μm. (D) Quantitative 766 

real-time reverse transcription-polymerase chain reaction (qRT-PCR) analysis of the 767 

gene expression of auxin biosynthesis-related genes in col-0 seedlings treated with or 768 

without 40 μM MHPP for 12 h. The expression levels of the indicated genes in 769 

untreated roots were set to 1. (E) Primary root growth of col-0 seedlings treated with 770 

or without MHPP (40 μM or 80 μM) in the presence of 0 or 0.5 nM IAA for 2 d. (F, G) 771 

Primary root growth of col-0 seedlings and yucca seedlings treated with or without 772 

MHPP (40 μM or 80 μM) for 2 d (F) and the relative root growth of seedlings of the 773 

two genotypes treated with 40 μM or 80 μM MHPP compared with untreated 774 

seedlings (G). (H) Primary root growth of wild-type seedlings treated with or without 775 

40 μM MHPP in the presence or absence of 1 μM NPA for 2 d. The error bars 776 

represent the SEM. The asterisks (**) indicate significant differences with respect to 777 
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the corresponding control (P<0.01 based on Tukey’s test). Different letters indicate 778 

significantly different values (P < 0.05 by Tukey’s test). 779 

 780 

Fig. 3 PIN4 plays a role in the MHPP-mediated inhibition of primary root growth. (A) 781 

Quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR) 782 

analysis of the gene expression of auxin carrier genes in the roots of col-0 seedlings 783 

treated with or without 40 μM MHPP for 12 h. The expression levels of the indicated 784 

genes in untreated roots were set to 1. (B,C) GFP fluorescence in the roots of 5-d-old 785 

PIN4:GFP seedlings exposed to 40 μM MHPP for 3-48 h (B) and quantification of 786 

the PIN4:GFP fluorescence intensity (C) in plants treated as in (B). Bars, 50 μm. (D, 787 

E) Primary root growth of col-0 and pin4-3 seedlings treated with or without MHPP 788 

(40 μM or 80 μM) for 2 d (D) and the relative root growth of seedlings of the two 789 

genotypes treated with 40 μM or 80 μM MHPP compared with untreated seedlings 790 

(E). The error bars represent the SEM. The asterisks (**) indicate significant 791 

differences with respect to the corresponding control (P<0.01 based on Tukey’s test). 792 

Different letters indicate significantly different values (P < 0.05 by Tukey’s test). 793 

 794 

Fig. 4 MHPP treatment reduces the stability of Aux/IAA proteins. (A) Relative root 795 

growth of wild-type seedlings treated with MHPP (40 μM or 80 μM) in the presence 796 

or absence of 100 μM PCIB for 2 d. The length of untreated roots of col-0 plants was 797 

set to 1. (B,D) YFP fluorescence in the roots of 5-d-old DII-VENUS seedlings 798 

exposed to 40 μM MHPP for 9 or 24 h (B) and quantification of the DII-VENUS 799 

fluorescence intensity (D) in plants treated as in (B). Bars, 50 μm. The fluorescence 800 

intensity of untreated roots was set to 100. (C) Image of GUS staining of 5-d-old 801 

HS:AXR3NT-GUS seedlings. The seedlings were heat-shocked at 37°C for 2 h and 802 

then treated with or without 40 μM MHPP for 45 min at 23°C, followed by GUS 803 

staining. Bars, 50 μm. (E) The relative GUS activity of HS:AXR3NT-GUS seedlings 804 

treated as in (C). The level of GUS activity in untreated roots was set to 100. (F,G) 805 

Primary root growth of col-0 and axr3-3 seedlings treated with or without MHPP (40 806 

μM or 80 μM) for 2 d (F) and the relative root growth of seedlings of the two 807 

genotypes treated with 40 μM or 80 μM MHPP compared with untreated seedlings 808 
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(G). The error bars represent the SEM. Different letters indicate significantly different 809 

values (P < 0.05 by Tukey’s test). 810 

 811 

Fig. 5 NO and ROS are involved in the MHPP-mediated inhibition of primary root 812 

growth. (A,B) Quantification of the NO-specific fluorescence intensity (A) and ROS-813 

specific fluorescence intensity (B) in the roots of col-0 seedlings treated with MHPP 814 

(40 μM or 80 μM) for up to 24 h. The fluorescence intensity of untreated roots was set 815 

to 100. For representative images, see Supplemental Fig. S6. (C) NO contents in the 816 

roots of col-0 and noa1 seedlings treated with or without MHPP (40 μM or 80 μM) 817 

for 24 h, as revealed by the NO-specific fluorescent probe DAF-2 DA. Bars, 50 μm. 818 

(D) Quantification of the NO-specific fluorescence intensity in plants treated as in (C). 819 

(E) ROS contents in the roots of col-0 and noa1 seedlings treated with or without 820 

MHPP (40 μM or 80 μM) for 24 h, as revealed by the ROS-specific fluorescent probe 821 

DCFH-DA. Bars, 50 μm. (F) Quantification of the ROS-specific fluorescence 822 

intensity in plants treated as in (E). The error bars represent the SEM. Different letters 823 

indicate significantly different values (P < 0.05 by Tukey’s test). 824 

 825 

Fig. 6 (A-F) Primary root growth of col-0 seedlings treated with or without MHPP 826 

(40 μM or 80 μM) for 2 d in the presence or absence of 100 μM SNP (A), 200 μM 827 

cPTIO (C) or 500 μM L-NAME (E). The data are presented relative to the control 828 

values obtained from col-0 seedlings in the presence or absence of 100 μM SNP (B), 829 

200 μM cPTIO (D) or 500 μM L-NAME (F). (G, H) Primary root growth of col-0 and 830 

noa1 seedlings treated with or without MHPP (40 μM or 80 μM) for 2 d (G) and the 831 

relative root growth of seedlings of the two genotypes treated with 40 μM or 80 μM 832 

MHPP compared with untreated seedlings (H). The error bars represent the SEM. 833 

Different letters indicate significantly different values (P < 0.05 by Tukey’s test). 834 

 835 

Fig. 7 (A-F) Primary root growth of col-0 seedlings treated with or without MHPP 836 

(40 μM or 80 μM) for 2 d in the presence or absence of 500 μM H2O2 (A), 1 mM KI 837 

(C), or 200 μM CAT (E). The data are presented relative to the control values 838 

obtained from col-0 seedlings in the presence or absence of 500 μM H2O2 (B), 1 mM 839 
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KI (D), or 200 μM CAT (F). The error bars represent the SEM. Different letters 840 

indicate significantly different values (P < 0.05 by Tukey’s test). 841 

 842 

Fig. 8 (A, B) Primary root growth of col-0 and rbohC seedlings treated with or 843 

without MHPP (40 μM or 80 μM) for 2 d (A) and the relative root growth of the two 844 

genotypes treated with 40 μM or 80 μM MHPP compared with untreated seedlings 845 

(B). (C, D) Primary root growth of col-0 and rbohD seedlings treated with or without 846 

MHPP (40 μM or 80 μM) for 2 d (C) and the relative root growth of seedlings of the 847 

two genotypes treated with 40 μM or 80 μM MHPP compared with untreated 848 

seedlings (D). (E, F) Primary root growth of col-0 and rbohD/F seedlings treated with 849 

or without MHPP (40 μM or 80 μM) for 2 d (E) and the relative root growth of 850 

seedlings of the two genotypes treated with 40 μM or 80 μM MHPP compared with 851 

untreated seedlings (F). The error bars represent the SEM. Different letters indicate 852 

significantly different values (P < 0.05 by Tukey’s test). 853 

 854 

Fig. 9 NO and ROS are involved in the MHPP-mediated reduction of meristematic 855 

cell division potential. (A, B) Image of GUS staining of 5-d-old CYCB1;1:GUS 856 

seedlings exposed to 40 μM MHPP for 2 d in the presence or absence of 500 μM L-857 

NAME, 200 μM cPTIO, or 100 μM SNP (A) and the relative GUS activity of 858 

CYCB1;1:GUS seedlings (B) treated as in (A). (C, D) Image of GUS staining of 5-d-859 

old CYCB1;1:GUS seedlings exposed to 40 μM MHPP for 2 d in the presence or 860 

absence of 1 mM KI, 200 μM CAT, or 500 μM H2O2 (C) and the relative GUS 861 

activity of CYCB1;1:GUS seedlings (D) treated as in (C). Bars, 50 μm. The level of 862 

GUS activity in untreated roots was set to 100. The error bars represent the SEM. 863 

Different letters indicate significantly different values (P < 0.05 by Tukey’s test). 864 

 865 

Fig. 10 NO and ROS are involved in the MHPP-mediated accumulation of auxin in 866 

root tips and inhibition of root meristem development. (A-D) Quantification of the 867 

DR5:GFP fluorescence intensity (A, B) and DII-VENUS fluorescence intensity (C, D) 868 

in the roots of DR5:GFP (A, B) or DII-VENUS (C, D) seedlings treated with or 869 

without 40 μM MHPP in the presence or absence of 500 μM L-NAME, 200 μM 870 
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cPTIO, 100 μM SNP, 200 μM CAT, 1 mM KI, or 500 μM H2O2 for 9 or 12 h. For 871 

representative images, see Supplemental Fig. S9-S12. 872 

 873 

  874 
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Supporting Information 

Tab. S1 Differential expression gene involved in glucosinolate biosynthesis by RNA-seq analysis.  

 

MHPP40/ck MHPP80/ck gene annotation 

 

log2FC FDR log2FC FDR 

 Glucosinolate biosynthesis 

AT1G16400 1.708240112 5.55112E-16 2.306720135 0 CYP79F2 

AT1G16410 3.631987707 0 4.000006147 0 BUS1, BUSHY 1, CYP79F1, CYTOCHROME P450 79F1, SPS1 

AT3G19710 2.277628273 0 2.843176917 0 BCAT4 

AT4G13770 1.918104411 0 2.339267801 0 CYP83A1, REF2 

AT5G23010 1.880659295 0 2.016787262 0 MAM1, IMS3 

AT5G23020 1.509774991 0 1.778715553 0 IMS2, MAM-L, MAM3 

AT1G24100  -   -  1.006089374 4.4E-06 UGT74B1 

AT2G20610  -   -  1.342807875 6.13E-11 

ALF1, HLS3, HOOKLESS 3, ROOTY, ROOTY 1, RTY, RTY1, 

SUR1 

AT1G10070  -   -  -2.119278741 1.34E-09 ATBCAT-2 

tryptophan, Valine, leucine and isoleucine biosynthesis 

AT1G52410 1.2851172 5.43682E-07 1.184226949 6.19E-05 TSK-ASSOCIATING PROTEIN 1 

AT2G43100 1.988853584 0 2.320658481 0 ISOPROPYLMALATE ISOMERASE 2 

AT3G58990 2.286122899 0 2.675974164 0 ISOPROPYLMALATE ISOMERASE 1 

AT5G14200 1.768110263 0 2.089694591 0 ISOPROPYLMALATE DEHYDROGENASE 1 

 

file:///E:/近期研究论文/MHPP/实验数据/转录组/拟南芥表达谱b期/DEG_Analysis/E04_vs_E06/pathway/kegg_map/ko00290.html


Table S2. List of the primers for qRT-PCR analysis of the genes. 

Gene Primers 

AtASA1 5’ATGTCTTCCTCTATGAACGTAGC3’ 

5’ACAGCGGTAAATTGGTATAAGG3’ 

AtPAT1 5’ATGGTTATTGCGGTGGCGAC3’ 

5’ATCGTCGCCGACTCAATGTC3’ 

AtAMI1 5’CGGACTTACTCCAATGGCTCAG3’ 

5’GCTGCTGCAGGAGAACGCAACC3’ 

AtSUR1 5’GACCACCAAGGTGTTACAATCC3’ 

5’ATTATTGTGGCAGGGTCAGG3’ 

AtTAA1 5’CTCCAAGATCACAGGCCACGCTGGG3’ 

5’GACTCCTTAGACACACCAATCGAGTTC3’ 

AtYUC2 5’GGTGACACGGATCGGTTAGGGT3’ 

5’TGCCGAATAATGCATTACCCGT3’ 

AtYUC3 5’CTTGAGATTGATTCCGTTATTC3 

5’GGAGAAGAAGTCGTTGTC3’ 

AtYUC9 5’ATCTTGCTAACCACAATG3’ 

5’CCACTTCATCATCATCAC3 

AtAAO1 5’TGCCTGTTCCAGCAACAATG3’ 

5’TAAGCAGAACACCGCCATTG 3’ 

AtAAO3 5’GGAGTCAGCGAGGTGGAAGT3’ 

5’TGCTCCTTCGGTCTGTCCTAA3’ 

AtAUX1 

5’TCACGCGGTTACTGTTGAGA3’ 

5’TTGGAGTGGTCGAGAAGTGC3’ 

AtPIN1 

5’ACGGCTGCTGGAACTGCTGC3’ 

5’CGTACTGGTTGTCGTTACTATT3’ 

AtPIN2 

5’TATATTCGGAATGCTGGTTGCTTTG3’ 

5’CCATACACCTAAGCCTGACCTGGAA3’ 



 

 

  

AtPIN4 

5’GTTGTCTCTGATCAACCTCGAAA3’ 

5’TATCAAGACCGCCGATATCATC3’ 

AtPIN7 

5’CCAAGATTAGTGGAACGCAAC3’ 

5’GAAAAGGGTTTTTGGATCCTC3’ 

AtCYP79F2 

5’AAGCTCAATGCGTCGAATTTTGT3’ 

5’GGCAACATGAGGTGGGACA3’ 

AtCYP79F1 

5’TCCCAAAGGTAGCCACATTCA3’ 

5’ACGCATCTCTGTTTCCACCA3’ 

AtBCAT4 

5’TCCTGTGAGTGTTTCGGATGA3’ 

5’TACTGAAGAACAGCAGCGCA3’ 

AtCYP83A1 

5’AGAGAGTCAAGCCCGAAACC3’ 

5’CCCGCCACTACAATATCCAAGA3’ 

AtMAM1 

5’ACATTGAGGCGACTTGGGAG3’ 

5’AAATCCTTGTCCGACCTGCC3’ 

AtMAM3 

5’CTTGGAAAGCTTAGCGGACG3’ 

5’TTTCAGCACCGTTCACCACT3’ 

AtTSA1 

5’CTGCAGTCCAGGGAACAGAG3’ 

5’TAAGCCGCGAAGCTCATTCA3’ 

AtIPMI2 

5’AACCAGCAAGAGCGTGATGA3’ 

5’TCGCCGCCGATTATGATTGA3’ 

AtIPMI1 

5’CTCAAGTCCGCCTCCACAAT3’ 

5’GATGAGAGTGCCGTACTCGG3’ 

AtIMD1 

5’ TGGGATGCAAGGAAATGGGT3’ 

5’AGGCAGGAGACCTGTCAAATG3’ 



 

 

Fig. S1 Effects of MHPP on root meristem development. (A,D) Image of GUS 

staining of 5-d-old QC25:GUS seedlings exposed to 40 μM MHPP for 24 or 48 h (A) 

and the relative GUS activity of QC25:GUS seedlings (D) treated as in (A). Bars, 50 

μm. The level of GUS activity in untreated roots was set to 100. (B,C,E,F) GFP 

fluorescence in the roots of 5-d-old PLT1:GFP (B) and SHR:GFP (C) seedlings 

exposed to 40 μM MHPP for 24 h and quantification of the PLT1:GFP (E) and 

SHR:GFP (F) fluorescence intensities in plants treated as in (B) and (C), respectively. 

Bars, 50 μm. The fluorescence intensity of untreated roots was set to 100. The error 

bars represent the SEM. The asterisks indicate significant differences with respect to 

the corresponding control (P<0.01 based on Tukey’s test). (G) Image of GUS staining 

of 5-d-old CYCB1;1:GUS seedlings exposed to 80 μM MHPP for 3-48 h. 



 

Fig. S2 GFP fluorescence in the roots of 5-d-old DR5:GFP (A) or PIN4:GFP (C) 

seedlings exposed to 80 μM MHPP for up to 48 h and quantification of DR5:GFP (B) 

or PIN4:GFP (D) fluorescence intensity in plants treated as in (A) and (C), 

respectively. The fluorescence intensity of untreated roots was set to 100. Bars, 50 μm. 

The error bars represent the SEM. The asterisks (**) indicate significant differences 

with respect to the corresponding control (P<0.01 based on Tukey’s test). 

 

 

 



 

Fig. S3 GFP or YFP fluorescence in the roots of 5-d-old PIN1:GFP (A), AUX1:YFP 

(B), PIN7:GFP (C) or PIN2:GFP (D) seedlings exposed to 40 or 80 μM MHPP for up 

to 48 h and quantification of PIN1:GFP (E), AUX1:YFP (F), PIN7:GFP (G) or 

PIN2:GFP (H) fluorescence intensity in plants treated as in (A), (B), (C) and (D), 

respectively. The fluorescence intensity of untreated roots was set to 100. Bars, 50 μm. 

The error bars represent the SEM. The asterisks (**) indicate significant differences 

with respect to the corresponding control (P<0.01 based on Tukey’s test). 

 

 

 



 

Fig. S4 Relative root growth of col-0, pin1 (A), pin2 (B), pin7-2 (C), and aux1-21 (D) 

seedlings treated with or without MHPP (40 μM or 80 μM) for 5 d. The lengths of 

untreated roots of col-0, pin1, pin2, pin7-2, and aux1-21 plants were set to 1. The 

error bars represent the SEM. The asterisks indicate significant differences with 

respect to the corresponding control (P<0.05 based on Tukey’s test). 

 

 



 

Fig. S5 YFP fluorescence in the roots of 5-d-old DII-VENUS or mDII-VENUS 

seedlings exposed to 80 μM MHPP for up to 24 h (A) and quantification of the 

DII-VENUS or mDII-VENUS (B) fluorescence intensity in plants treated as in (A). 

The fluorescence intensity of untreated roots was set to 100. Bars, 50 μm. The error 

bars represent the SEM. The asterisks (**) indicate significant differences with 

respect to the corresponding control (P<0.01 based on Tukey’s test). 

 

 



 

Fig. S6 Detection of NO (A) and ROS (B) production in the roots of 5-d-old 

wild-type seedlings exposed to 40 or 80 μM MHPP for up to 24 h using the 

NO-specific fluorescent probe DAF-2 DA and the ROS-specific fluorescent probe 

DCFH-DA, respectively. Bars, 50 μm. 

 

 



 

Fig. S7 (A,B) Detection of ROS production in the roots of 5-d-old wild-type seedlings 

exposed to 40 μM MHPP (A) or 80 μM MHPP (B) in the presence or absence of 200 

μM cPTIO or 500 μM L-NAME for up to 24 h using the ROS-specific fluorescent 

probe DCFH-DA. (C,D) Detection of NO production in the roots of 5-d-old wild-type 

seedlings exposed to 40 μM MHPP (C) or 80 μM MHPP (D) in the presence or 

absence of 1 mM KI for 6 h using the NO-specific fluorescent probe DAF-2 DA. Bars, 

50 μm. 



 

 

Fig. S8 Image of DAB staining of 5-d-old col-0 or noa1 seedlings exposed to 40 μM 

or 80 μM MHPP for 24 h. Bars, 50 μm. 

 

 



 

Fig. S9 GFP fluorescence in the roots of 5-d-old DR5:GFP seedlings exposed to 40 or 

80 μM MHPP in the presence or absence of 200 μM cPTIO (A), 500 μM L-NAME (B) 

or 100 μM SNP (C) for 9 or 12 h. Bars, 50 μm. 

 

 



 

Fig. S10 GFP fluorescence in the roots of 5-d-old DR5:GFP seedlings exposed to 40 

or 80 μM MHPP in the presence or absence of 200 μM CAT (A), 1 mM KI (B) or 500 

μM H2O2 (C) for 9 or 12 h. Bars, 50 μm. 

 

 



 

Fig. S11 YFP fluorescence in the roots of 5-d-old DII-VENUS seedlings exposed to 

40 (A, C, E) or 80 μM (B, D, F) MHPP in the presence or absence of 500 μM 

L-NAME (A, B), 200 μM cPTIO (C, D), or 100 μM SNP (E, F) for 9 or 12 h. Bars, 50 

μm. 

 

  



 

Fig. S12 YFP fluorescence in the roots of 5-d-old DII-VENUS seedlings exposed to 

40 μM (A, C, E) or 80 μM (B, D, F) MHPP in the presence or absence of 1 mM (A, 

B), 200 μM CAT (C, D), or 500 μM H2O2 (E, F) for 9 or 12 h. Bars, 50 μm. 

 



 

Fig. S13 Hierarchical clustering analysis of the differentially expressed genes in 

Arabidopsis roots treated with 40 or 80 μM MHPP for 2 d.  

 



 

Fig. S14 KEGG pathway enrichment analysis of the differentially expressed genes in 

Arabidopsis roots treated with 40 or 80 μM MHPP for 2 d. The lower the enrichment 

factor, the more significant the enrichment of the pathway. The higher the -log10 

value (Q-value), the greater the reliability of the significant enrichment. 

 



 

Fig. S15 Modulation of glucosinolate biosynthesis after MHPP treatment. The 

schematic representation was designed based on the results of RNA-seq and 

qRT-PCR analysis. The red italics represent up-regulated genes under MHPP 

treatment. 

 



 

Fig. S16 (A) MHPP up-regulates several genes involved in glucosinolate biosynthesis. 

Five-day-old wild-type seedlings grown in 1/2 MS medium were treated with 40 μM or 80 μM 

MHPP for 24 h, and the relative expression levels of 10 glucosinolate biosynthesis-related genes in 

roots were measured by qRT-PCR. The data are presented relative to those of untreated control 

seedlings. (B) Reliability analysis of the RNA-seq data based on comparison with the qRT-PCR 

results. (C) MHPP induces the accumulation of glucosinolates in roots. Five-day-old wild-type 

seedlings grown in 1/2 MS medium were treated with 40 μM or 80 μM MHPP for 24 h, and the 

content of the glucosinolates in roots were determined by UPLC-MS/MS. The ± symbol represents 

the SEM. The asterisks indicate significant differences with respect to the corresponding control 

based on Tukey’s test (**, P<0.01).



 

Fig. S17 MHPP affects the free amino acid contents in Arabidopsis roots. 

Five-day-old wild-type seedlings grown in 1/2 MS medium were treated with 40 μM 

or 80 μM MHPP for 24 h, and the free amino acid levels in roots were determined by 

Q-TRAP LC-MS/MS. The ± symbol represents the SEM. The asterisks indicate 

significant differences with respect to the corresponding control based on Tukey’s test 

(**, P<0.01). UD, undeterminable. 



 

Fig. S18 The contents of ABA, SA, and JA in the roots of wild-type seedlings treated 

with or without 40 μM MHPP for 24 h. The error bars represent the SEM. The 

asterisks (**) indicate significant differences with respect to the corresponding control 

(P<0.01 based on Tukey’s test). 

  



Supplemental Materials and Methods 

Extraction and UPLC-MS/MS Analysis of Glucosinolates 

Glucosinolate extraction was performed as described by He et al. (2013). Frozen 

tissue powder (250 mg) was added to 5 mL of 70% methanol and incubated at 70°C 

for 20 minutes. After incubation, 1 mL of Ba(OAc)2 (0.4 M) was added, and the 

sample was centrifuged at 3000 rpm for 5 minutes. Then, the supernatant was added 

to a DEAE-Sephadex A25 column. The column was then washed twice each with 

water and 1 mL of sodium acetate (20 mM). Next, sulfatase solution (75 μL) was 

added to the column, which was left to stand overnight. Desulfonated glucosinolates 

were eluted in 1 mL aliquots of deionized water and analyzed by UPLC-MS/MS 

using a Waters ACQUITY UPLC system and a Xevo™ TQ-S mass spectrometer. The 

samples were separated using an Agilent Zorbax SB-C18 column with a flow rate of 1 

mL/min at 30°C as described by Neal (2010) and He et al. (2013). The eluting 

compounds were monitored at 229 nm. Mass spectral analysis of glucosinolates was 

performed via positive electrospray ionization (ESI) in multiple reaction monitoring 

(MRM) mode. The mass spectra of 3-methylsulfinylpropyl (3MSOP), 

4-methylsulfinylbutyl (4MSOB), 2-propenyl and 3-butenyl glucosinolates were 

analyzed based on the detection of individual M+Na
+
 peaks specific for the 

glucosinolates being tested. The presence of 2-propenyl glucosinolate in the samples 

was further identified using its standard, which was purchased from Sigma-Aldrich 

(He et al., 2013). 

Amino Acid Quantification by Q-TRAP LC-MS/MS  

Frozen tissue powder (100 mg) was added to 500 µL of cold (-20°C) metabolite 

extraction solution (85% (v/v) HPLC-grade methanol, 15% (v/v) MilliQ water, and 

100 mg/L ribitol); then, the sample was vortexed and shaken at 1,400 rpm for 20 min 

at 65°C. After a 10 min centrifugation at 15,000 g, the supernatant (40 µL) was 

labeled with iTRAQ reagents (AA 45/32 kit, Applied Biosystems) as recommended 

by the manufacturer and was analyzed on an Applied Biosystems 3200 Q TRAP 

LC/MS/MS system that was equipped with an RP-C18 column (150 mm length, 4.6 

mm diameter, 5 mm particle size) (Spitzner et al., 2008; Xu et al., 2012). 

Visualization of H2O2 by the DAB method 



For localizing H2O2 produced by Arabidopsis roots, treated roots were immersed 

in 1 mg/mL of 3-diaminobenzidine (DAB)-HCl (pH3.8) for 5 h and cleared by boiling 

in alcohol (95%, v/v) for 5 min. Photos were taken using a Carl Zeiss Imaging 

System.  
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