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Methyl 3-(4-hydroxyphenyl)propionate (MHPP) is a root exudate that functions as a nitrification inhibitor and as a modulator of
the root system architecture (RSA) by inhibiting primary root (PR) elongation and promoting lateral root formation. However,
the mechanism underlying MHPP-mediated modulation of the RSA remains unclear. Here, we report that MHPP inhibits PR
elongation in Arabidopsis (Arabidopsis thaliana) by elevating the levels of auxin expression and signaling. MHPP induces
an increase in auxin levels by up-regulating auxin biosynthesis, altering the expression of auxin carriers, and promoting the
degradation of the auxin/indole-3-acetic acid family of transcriptional repressors. We found that MHPP-induced nitric oxide
(NO) production promoted reactive oxygen species (ROS) accumulation in root tips. Suppressing the accumulation of NO or
ROS alleviated the inhibitory effect of MHPP on PR elongation by weakening auxin responses and perception and by affecting
meristematic cell division potential. Genetic analysis supported the phenotype described above. Taken together, our results
indicate that MHPP modulates RSA remodeling via the NO/ROS-mediated auxin response pathway in Arabidopsis. Our study
also revealed that MHPP significantly induced the accumulation of glucosinolates in roots, suggesting the diverse functions of
MHPP in modulating plant growth, development, and stress tolerance in plants.

Nitrogen fertilizer is one of the most expensive nutri-
ents to supply (Fan et al., 2009). Nitrification results in
the transformation of ammonium to nitrate via nitrite in

a reaction that is mediated by ammonia-oxidizing
bacteria. However, nitrogen can be lost through the
leaching of nitrate and gaseous nitrogen emissions,
with potential adverse effects on the environment and
human health (Subbarao et al., 2013). The low effi-
ciency of agronomic nitrogen application is largely the
result of nitrogen loss associated with nitrification
and denitrification (Schlesinger, 2009; Subbarao et al.,
2013). High levels of nitrification can lead to nitrogen
starvation, which in turn forces plants to develop
strategies to reduce nitrogen loss (Subbarao et al., 2013).
Some plants, such as Brachiaria spp. grasses, have de-
veloped mechanisms to suppress nitrification via the
exudation of specific secondary organic compounds
from roots; this process is termed biological nitrification
inhibition (BNI). Zakir et al. (2008) found that the root
exudates of sorghum (Sorghum bicolor) possess BNI ac-
tivity, and a subsequent study confirmed that BNI ac-
tivity was attributable to multiple components present
in the sorghum exudate and identified the isolated phe-
nolic substance methyl 3-(4-hydroxyphenyl)propionate
(MHPP) as themain active compound (Nardi et al., 2013).
NH4

+ induced greater MHPP production in plants
(56.6 mM g21 root dryweight d21) than standard Hoagland
medium alone (17 mM g21 root dry weight d21; Zakir et al.,
2008). Although MHPP has been demonstrated to inhibit
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nitrification, no further studies have been undertaken to
characterize the effect of MHPP as a root exudate on plant
growth and root system development.
Root system growth and development are complex

processes that are modulated by a variety of phytohor-
mones and signaling molecules, including auxin, ethyl-
ene, abscisic acid (ABA), nitric oxide (NO), and reactive
oxygen species (ROS), as well as their interactions (Van
de Poel et al., 2015). Auxin plays a central role in regu-
lating root growth by positioning the stem cell niche,
controlling division of the meristem, and increasing
cell volume in the elongation zone via the modulation
of auxin biosynthesis, transport, and responses (Wang
et al., 2009). Maintaining a maximal auxin concentration
in the quiescent center (QC) and a steep auxin gradient in
the proximal meristem, which decreases with increasing
distance from theQC, is required for normal root growth
(Laskowski et al., 2008). The auxin influx carriers in the
AUXIN1/LIKE AUX1 (AUX1/LAX) family and efflux
carriers in the PIN-FORMED (PIN) familymediate polar
auxin transport (PAT) in plants and subsequent root
system architecture (RSA) remodeling in response to
environmental cues, including biotic and abiotic stresses.
Different auxin carriers can modulate a common physi-
ological process or stress response via various signaling
pathways. For example, both PIN2 and AUX1 are re-
quired for plant adaptation to alkaline stress. PIN2 in-
duces alkaline stress adaptation via a PKS5-mediated
signaling cascade to modulate proton secretion in root
tips to maintain primary root (PR) elongation (Xu et al.,
2012; Li et al., 2015). AUX1 is involved in alkaline stress-
induced RSA remodeling via ethylene-mediated auxin
accumulation (Li et al., 2015). Additionally, AUX1 and
PIN2 sustain lateral root (LR) formation in Arabidopsis
(Arabidopsis thaliana) during the early stages of iron (Fe)
toxicity (Li et al., 2015).
NO has been identified as an important signaling

molecule that interplayswithROS in response to stresses
and in the regulation of root growth. NO protects plant
cells against oxidative stress by reducing ROS accumu-
lation (Wink and Mitchell, 1998; Xu et al., 2010a). The
NO biosynthesis-related mutant nitric oxide-associated1
(noa1) exhibits reduced PR elongation in associationwith
increased ROS accumulation. Our previous study indi-
cated that zinc (Zn) toxicity-induced NO accumulation
increased the ROS level in Solanum nigrum roots by
modulating the expression and activity of antioxidative
enzymes and that this elevation of ROS production
resulted in programmed cell death in root tips; thus, NO
modulates the RSAand the subsequent adaptation of the
RSA in response to Zn stress (Xu et al., 2010a).
Synergistic effects of NO and auxin on a series of plant

responses have been observed. Exogenous auxin appli-
cation increasedNOproduction (Correa-Aragunde et al.,
2004; Lombardo et al., 2006), and NO accumulation
in roots mediates auxin-induced LR formation (Correa-
Aragunde et al., 2004), adventitious root growth (Tewari
et al., 2008), and root hair development (Lombardo et al.,
2006). Our previous study indicated that NO elevates
the indole-3-acetic acid (IAA) level in cadmium-treated

Medicago spp. roots by reducing its degradation via IAA
oxidase activity, thereby promoting auxin equilibrium
and ameliorating cadmium toxicity (Xu et al., 2010b).
Fernández-Marcos et al. (2011) found that a high NO
level inhibits root-ward auxin transport in Arabidopsis
roots by reducing the abundance of PIN1. Terrile et al.
(2012) found that S-nitrosylation of the auxin receptor
TIR1promotes its interactionwith auxin/IAA (Aux/IAA)
proteins, which are transcriptional repressors of genes
associated with auxin responses. The NO biosynthesis-
related triple mutant nitrate reductase1 (nia1)/nia2/noa1
exhibits reducedNO levels and small rootmeristemswith
abnormal divisions. Further investigation indicated that
the abnormal phenotypes of this NO mutant are related
to perturbations in auxin biosynthesis, transport, and
signaling (Sanz et al., 2014).

Similar to NO, ROS also might regulate root growth
and development bymodulating auxin homeostasis and
signaling. The expression of auxin-responsive genes is
decreased by hydrogen peroxide (H2O2) treatment via
mitogen-activated protein kinase activation (Kovtun
et al., 2000). Defects in antioxidative capacity caused by
simultaneous thioredoxin and glutathione mutation
result in altered auxin homeostasis and development
(Bashandy et al., 2010). Blomster et al. (2011) found that
apoplastic ozone transiently suppressed auxin signaling
by reducing the gene expression levels of auxin receptors
and Aux/IAA family transcriptional repressors. How-
ever, auxin receptor mutants are more tolerant to H2O2
(Iglesias et al., 2010); therefore, reducing the expression
of auxin receptor genesmight be an adaptivemechanism
by which plants respond to ROS accumulation.

Here, we report that MHPP, in addition to its func-
tion as a nitrification inhibitor, acts as an important
regulator of the RSA by inhibiting PR elongation and
promoting LR formation in Arabidopsis seedlings by
regulating the auxin levels in the root tip and modulat-
ing meristematic cell division potential. We found that
exogenousMHPP increased the levels of auxin signaling
by promoting the expression of IAA biosynthesis-related
genes, increasing auxin perception via the destabili-
zation of Aux/IAA, and significantly repressing the
expression of PIN4 in root tips. Furthermore, MHPP-
induced NO production promoted an increase in ROS
accumulation in root tips, and inhibition of NO/ROS
accumulation ameliorated theMHPP-induced reduction
in PR growth. Genetic analysis supported the phenotype
described above. Our study also revealed that MHPP
significantly induced the accumulation of glucosinolates
in roots. The potential mechanisms involved in this
process are discussed.

RESULTS

Effects of MHPP on PR Development

Previous studies indicated that the root exudateMHPP
exerts a significant inhibitory effect on nitrification in
soil. To further explore whether MHPP could modulate
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root system development, 5-d-old Arabidopsis seedlings
germinated on one-half-strength Murashige and Skoog
(MS) plateswere transferred to newplates supplemented
with or without 40 or 80mMMHPP for continued growth
for 5 d, and the PR growth and LR number were mea-
sured. PR elongation was inhibited and LR number was
increased in the presence of either 40 or 80 mM MHPP,
and these effects were positively associated with the
MHPP concentration (Fig. 1, A, B, and F). Specifically, PR
elongation was inhibited by 25% and 46% in seedlings
exposed to 40 and 80 mM MHPP, respectively (Fig. 1B).
The LR number was increased by 158% and 205% fol-
lowing exposure to 40 and 80 mM MHPP, respectively
(Fig. 1F). To further explore the effect of MHPP on LR
formation, we analyzed lateral root primordium (LRP)
initiation. As shown in Figure 1G, LRP initiation was
enhanced in all four stages following exposure to 40 or
80mMMHPP. To examine the inhibitory effects of MHPP
on PR elongation in detail, we also measured the lengths
of meristem zones and elongation zones in the MHPP-
treated roots. As shown in Figure 1, C and D, the lengths
of both meristem zones and elongation zones were de-
creased in roots exposed to 40 or 80 mM MHPP. MHPP
treatment also reduced the average cell length in the
differentiation zone (Fig. 1E).

PR growth inhibition can be caused by reductions in
stem cell niche activity and meristematic cell division
potential in root tips (Baluska et al., 2010; Li et al., 2015).
Therefore, we first analyzed the possible change in stem
cell activity using the QC-specific marker QC25:GUS
(Sabatini et al., 1999). GUS staining in the QC showed
a similar expression pattern between control- and
MHPP-treated roots (Supplemental Fig. S1, A and D).
PLETHORA (PLT) acts in concert with SHORT ROOT
(SHR) to control QC identity (Sabatini et al., 1999).
Thus, we next analyzed the influence of MHPP on the
expression of PLT1 and SHR. Examination of PLT1pro:
PLT1-GFP and SHRpro:SHR-GFP activities indicated
that the expression levels of both the PLT1 and SHR
reporters were unaltered in MHPP-treated roots com-
pared with the control-treated roots (Supplemental Fig.
S1, B, C, E, and F).

We next examined meristematic cell division poten-
tial in a transgenic line expressing CYCB1;1:GUS, a
marker used to monitor cell cycle progression (Colón-
Carmona et al., 1999). Histochemical staining showed
that GUS activity was dramatically higher in MHPP-
treated roots than in control-treated roots (Fig. 1,H and I;
Supplemental Fig. S1G). It is known that CYCB1;1
transcription is activated during G2 phase and that
CYCB1;1 is degraded at metaphase (Zheng et al., 2011).
The increased accumulation of CYCB1;1 suggests that
cell cycle progression was hampered at the G2-to-M
phase transition. These data indicated that MHPP
inhibited PR growth by affecting meristematic cell di-
vision potential.

The above results show that MHPP inhibited PR
elongation while increasing LR number, thereby mod-
ulating the RSA. The root system is the major organ
through which plants absorb nutrient elements. Thus,

we examined the nutrient element contents in seedlings.
Inductively coupled plasma-mass spectrometry analysis
indicated that MHPP treatment markedly increased the
contents of phosphorus (P), sulfur (S), Fe, manganese
(Mn), and Zn and slightly increased the potassium (K)
and copper (Cu) contents in seedlings (Fig. 1J). These
data indicated that MHPP improved nutrient element
accumulation in plants.

Auxin Is Involved in the MHPP-Mediated Inhibition of PR
Meristem Development

Auxin plays an essential role in root system devel-
opment and root meristem maintenance (Overvoorde
et al., 2010). The altered RSA and root meristem pat-
terning observed in MHPP-treated seedlings raised
the question of whether the auxin content is affected
by MHPP. Therefore, we measured the IAA level in
MHPP-treated roots using gas chromatography-mass
spectrometry (GC-MS) and found that the IAA level
was higher in MHPP-treated roots than in control-
treated roots (Fig. 2A). We then tested the hypothesis
that MHPP affects auxin signaling in the root apical
meristem. For this purpose, we used seedlings express-
ing the auxin-responsive marker DR5:GFP. Seedlings
were grown on one-half-strength MS medium for 5 d,
followed by treatment with or without 40 or 80 mM

MHPP for up to 24 h, during which GFP fluorescence
was monitored. MHPP indeed increased the expression
of the auxin reporter in root tips until 12 h, but the ex-
pression of this reporter returned to the control level
after 24 h of treatment (Fig. 2, B andC; Supplemental Fig.
S2, A and B).

To investigate howMHPP increased the auxin levels,
we conducted quantitative reverse transcription (qRT)-
PCR analysis to estimate the transcript levels of the genes
that encode key enzymes in the auxin biosynthesis
pathway. Consistent with the finding of increased IAA
levels in roots, the qRT-PCR results revealed that MHPP
significantly increased the transcript levels of many IAA
biosynthesis genes, includingASA1, PAT1,AMI1, SUR1,
TAA1, YUC2, YUC3, YUC9, AAO1, and AAO3, in Ara-
bidopsis seedlings (Fig. 2D). These results suggest that
MHPP up-regulates IAA biosynthesis gene expression,
which influences the auxin content in roots, and that an
increased auxin level may be responsible for the reduc-
tion in PR growth inMHPP-treated seedlings. We tested
this hypothesis by exogenously applying auxin. Five-
day-old seedlings germinated in one-half-strength MS
medium were transferred to fresh one-half-strength MS
medium containing 40 or 80 mM MHPP supplemented
with 0.5 nM IAA, and PR elongation was measured 2 d
after transfer. As shown in Figure 2E, application of
IAA further repressed PR growth in seedlings sub-
jected to MHPP treatment. To confirm that elevated
IAA expression is involved in the MHPP-induced
inhibition of PR growth, we analyzed the root growth
of yucca, an auxin-overproducing mutant (Zhao et al.,
2001), during MHPP treatment. The yucca mutant
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seedlings accumulated higher IAA levels in roots (Fig.
2A) and exhibited much shorter PR elongation than
wild-type seedlings (Fig. 2, F andG). These data indicated

that MHPP inhibited PR elongation by increasing
auxin accumulation via increased expression of auxin
biosynthesis-related genes.

Figure 1. MHPPaffected root system development in Arabidopsis. A to G, Five-day-old wild-type seedlings grown in one-half-
strength MS medium were treated with 40 or 80 mM MHPP for 5 d (A). Bar = 0.5 cm. PR elongation (B), the lengths of meristem
zones (C) and elongation zones (D), the average cell length in the differentiation zone (E), the number of lateral roots (F), and
LRP initiation (G) were measured after 5 d of treatment. H and I, Image of GUS staining in 5-d-old CYCB1;1:GUS seedlings
exposed to 40 mMMHPP for 3 to 48 h (H) and relative GUS activity ofCYCB1;1:GUS seedlings (I) treated as in H. Bars = 50 mm.
The level of GUS activity in untreated roots was set to 100. Error bars represent the SE. Different letters indicate significantly
different values (P , 0.05 by Tukey’s test). J, Nutrient element contents in MHPP-treated Arabidopsis seedlings. The6 values
represent the SE. Asterisks indicate significant differences with respect to the corresponding control based on Tukey’s test
(*, 0.01 , P , 0.05; and **, P , 0.01).
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PAT plays a role in auxin accumulation and distribu-
tion in root tips. The MHPP-induced changes in auxin
levels in root tips may result from changes in PAT. We
thus examined the effects of naphthylphthalamic acid
(NPA), an auxin transport inhibitor, on the MHPP-induced

inhibition of PR elongation. AlthoughMHPP treatment
alone decreased PR growth, PR elongation was not
reduced further by the addition of NPA (Fig. 2H). This
result suggests that PAT is responsible for the modu-
lation of PR growth in MHPP-treated seedlings.

Figure 2. MHPP treatment enhanced auxin accumulation in roots, thus inhibiting PR growth. A, IAA contents in the roots of
Columbia-0 (Col-0) and yucca seedlings treatedwith orwithout 40mMMHPP for 24 h. FW, Freshweight. B and C,GFP fluorescence
in roots of 5-d-old DR5:GFP seedlings exposed to 40 mM MHPP for 9 to 24 h (B) and quantification of DR5:GFP fluorescence in-
tensity (C) in plants treated as in B. The fluorescence intensity of untreated rootswas set to 100. Bars = 50mm.D, qRT-PCR analysis of
the expression of auxin biosynthesis-related genes in Col-0 seedlings treated with or without 40 mM MHPP for 12 h. The expression
levels of the indicated genes in untreated roots were set to 1. E, PR growth of Col-0 seedlings treated with or without MHPP (40 or
80 mM) in the presence of 0 or 0.5 nM IAA for 2 d. F and G, PR growth of Col-0 and yucca seedlings treated with or without MHPP
(40 or 80 mM) for 2 d (F) and relative root growth of seedlings of the two genotypes treated with 40 or 80 mM MHPP compared
with untreated seedlings (G). H, PR growth of wild-type seedlings treated with or without 40 mM MHPP in the presence or absence
of 1 mM NPA for 2 d. Error bars represent the SE. Asterisks indicate significant differences with respect to the corresponding control
(**, P , 0.01 based on Tukey’s test). Different letters indicate significantly different values (P , 0.05 by Tukey’s test).
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PIN4 Is Required for the MHPP-Induced Inhibition of
PR Growth

The above results show that PAT is required for the
MHPP-induced inhibition of PR growth. PAT is medi-
ated by auxin influx carriers in the AUX/LAX family
and efflux carriers in the PIN family (Péret et al., 2012;
Yuan et al., 2014; Yuan and Huang, 2016). Thus, we
examined whether MHPP treatment also affects the
expression of auxin carriers in roots. We first analyzed
the gene expression levels of AUX1, PIN1, PIN2, PIN4,
and PIN7 in MHPP-treated roots. As shown in Figure
3A, MHPP treatment significantly reduced the expres-
sion levels of PIN4 and slightly reduced the expression
of PIN1 and PIN2 compared with the control treatment,
whereas the gene expression levels of AUX1 and PIN7
were nearly unaffected. We then analyzed the expres-
sion levels of AUX1, PIN1, PIN2, PIN4, and PIN7 pro-
teins in MHPP-treated roots using transgenic lines
expressing AUX1:YFP, PIN1:GFP, PIN2:GFP, PIN4:
GFP, and PIN7:GFP. As visualized by yellow fluores-
cent protein (YFP) or GFP fluorescence, following ex-
posure to MHPP, the expression level of PIN4:GFP
was reduced markedly. However, there were no visi-
ble differences in the changes in the cell type/tissue
expression pattern of PIN4:GFP or in its membrane
localization between MHPP and control treatment

(Fig. 3, B and C; Supplemental Fig. S2, C and D).
However, the expression levels of AUX1, PIN1, PIN2,
and PIN7were unaffected (Supplemental Fig. S3). These
results suggest that PIN4 is involved in the MHPP-
induced changes in auxin accumulation and distribution
in root tips.

We next investigated the roles of these auxin carriers
in the MHPP-induced inhibition of PR growth using
aux1 and pinmutants. Whereas aux1-21, pin1, pin2, and
pin7-2 seedlings exhibited similar phenotypes to wild-
type seedlings (Supplemental Fig. S4), pin4-3 seedlings
exhibited a less extensive reduction in PR elongation in
response to MHPP treatment (Fig. 3, D and E). These
results suggest that the MHPP-mediated inhibition of
PR elongation via the regulation of auxin distribution is
predominantly modulated by PIN4.

MHPP Enhances Auxin Perception by
Destabilizing Aux/IAA

The above results show that MHPP increased auxin
distribution in root tips. To determine whether the ef-
fects of MHPP on the DR5:GFP signal involve auxin
perception changes, we examined the effects of a-(p-
chlorophenoxy)isobutyric acid (PCIB), which inhibits
auxin signaling by stabilizing native Aux/IAA proteins

Figure 3. PIN4 plays a role in the
MHPP-mediated inhibition of PR
growth. A, qRT-PCR analysis of the
expression of auxin carrier genes in
the roots of Col-0 seedlings treated
with or without 40 mM MHPP for
12 h. The expression levels of the
indicated genes in untreated roots
were set to 1. B and C, GFP fluo-
rescence in the roots of 5-d-old
PIN4:GFP seedlings exposed to
40 mM MHPP for 3 to 48 h (B) and
quantification of the PIN4:GFP flu-
orescence intensity (C) in plants
treated as in B. Bars = 50 mm. D and
E, PR growth of Col-0 and pin4-3
seedlings treated with or without
MHPP (40 or 80 mM) for 2 d (D) and
relative root growth of seedlings of
the two genotypes treated with
40 or 80 mM MHPP compared with
untreated seedlings (E). Error bars
represent the SE. Asterisks indicate a
significant difference with respect
to the corresponding control (**,
P , 0.01 based on Tukey’s test).
Different letters indicate significantly
different values (P, 0.05 by Tukey’s
test).
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(Oono et al., 2003), on the MHPP-induced inhibition of
PR elongation.AlthoughMHPP treatment alonedecreased
PR growth, PR elongation was not reduced further by the
addition of PCIB (Fig. 4A). These results suggest that
Aux/IAA proteins are responsible for the modulation of
PR growth in MHPP-treated seedlings.

We next used a transgenic line expressing the VENUS
protein fused to Aux/IAA-auxin interaction domain II

(DII-VENUS; Brunoud et al., 2012). In this transgenic
line, the VENUS signal is sensitive to auxin in a dose-
dependent manner, without disrupting the activity of
the auxin response machinery (Brunoud et al., 2012).
Five-day-old DII-VENUS seedlings were treated with
MHPP, and YFP fluorescence was monitored. Treat-
ment with MHPP resulted in rapid degradation of the
nuclear DII-VENUS fluorescent signal but did not alter

Figure 4. MHPP treatment reduces the stability of Aux/IAA proteins. A, Relative root growth of wild-type seedlings treated with
MHPP (40 or 80 mM) in the presence or absence of 100 mM PCIB for 2 d. The length of untreated roots of Col-0 plants was set to 1.
B andD, YFP fluorescence in roots of 5-d-oldDII-VENUS seedlings exposed to 40mMMHPP for 9 or 24 h (B) and quantification of
DII-VENUS fluorescence intensity (D) in plants treated as in B. The fluorescence intensity of untreated roots was set to 100. Bars =
50 mm. C, GUS staining of 5-d-oldHS:AXR3NT-GUS seedlings. The seedlings were heat shocked at 37˚C for 2 h and then treated
with or without 40 mM MHPP for 45 min at 23˚C, followed by GUS staining. Bars = 50 mm. E, Relative GUS activity of HS:
AXR3NT-GUS seedlings treated as in C. The level of GUS activity in untreated roots was set to 100. F and G, PR growth of Col-0
and axr3-3 seedlings treated with or without MHPP (40 or 80 mM) for 2 d (F) and relative root growth of seedlings of the two
genotypes treated with 40 or 80 mM MHPP compared with untreated seedlings (G). Error bars represent the SE. Different letters
indicate significantly different values (P , 0.05 by Tukey’s test).
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the expression of the auxin-insensitive reporter mDII-
VENUS (Fig. 4, B and D; Supplemental Fig. S5). These
results suggest that MHPP enhances IAA perception in
root tips. To confirm the effect of MHPP on Aux/IAA
degradation, we used the HS:AXR3-GUS reporter line,
which harbors a construct coding for the N terminus
of the Aux/IAA protein AXR3/IAA17 and the GUS re-
porter under the control of a heat shock-inducible pro-
moter (Gray et al., 2001). After heat shock, the AXR3-GUS
signal decreased significantly in MHPP-treated seedlings
(Fig. 4, C and E). Therefore, we hypothesize that MHPP
up-regulates the auxin signaling pathwayupstreamof the
ubiquitin-mediated degradation of Aux/IAA proteins.
To verify that Aux/IAA proteins are involved in the

MHPP-induced inhibition of PR growth, we analyzed
PR elongation in gain-of-function axr3-3 mutant seed-
lings upon MHPP treatment (Rouse et al., 1998). The
mutant seedlings exhibited less extensive suppression of
PR growth in the presence of MHPP than control seed-
lings (Fig. 4, F and G). These results indicate that MHPP
treatment inhibits PR growth by amplifying auxin sig-
naling in root tips by destabilizing Aux/IAA proteins.

Involvement of NO and ROS in the MHPP-Mediated
Inhibition of PR Growth

To assess the correlation between NO/ROS accu-
mulation and MHPP treatment, we measured NO and
ROS levels inMHPP-treated seedlings. To visualize NO
and ROS localization in roots, we used a NO-specific
fluorescent probe, 4,5-diaminofluorescein diacetate
(DAF-2 DA), and a ROS-specific fluorescent probe, 2,7-
dichlorofluorescein diacetate (DCFH-DA). MHPP treat-
ment induced amarked increase in NO and ROSmarker
fluorescence intensity from the meristem zone to the
elongation zone of roots (Fig. 5, A and B; for represen-
tative images, see Supplemental Fig. S6, A and B). Sup-
plementation with the NO scavenger cPTIO or the NO
synthase inhibitor L-NAME markedly inhibited the pro-
duction of ROS in roots comparedwithMHPP treatment
alone (Supplemental Fig. S7, A and B). In contrast, sup-
plementation with the ROS scavenger potassium iodide
(KI) did not alter NO levels in MHPP-treated roots
(Supplemental Fig. S7, C and D). To confirm thatMHPP-
induced NO production increases ROS levels, we ana-
lyzed the ROS levels in noa1, a NO-deficient mutant,
upon MHPP treatment. MHPP-induced NO accumula-
tion was reduced markedly in noa1 mutant roots com-
pared with Col-0 roots (Fig. 5, C and D). Similarly, both
ROS fluorescence and DAB staining analysis indicated
that MHPP-induced ROS accumulation also was re-
duced markedly in noa1 mutant roots compared with
Col-0 roots (Fig. 5, E and F; Supplemental Fig. S8).
These data suggest that MHPP induces NO produc-
tion upstream of ROS accumulation in roots.
To investigate the physiological mechanisms under-

lying the roles of NO in MHPP-mediated PR growth
inhibition, 5-d-old seedlings were treated with 40 or
80 mM MHPP in the presence or absence of SNP, cPTIO,

or L-NAME. As shown in Figure 6, A to F, in the pres-
ence of the NO donor SNP, the PRs of seedlings were
shorter, whereas in the presence of cPTIO or L-NAME,
the PRs of seedlings were longer than those of seedlings
exposed to MHPP alone at 2 d of treatment. We next
analyzed PR growth in the noa1 mutant upon MHPP
treatment. Consistent with the results obtained from the
pharmacological assay, noa1 exhibited a less extensive
reduction in PR elongation in the presence of 80 mM

MHPP (Fig. 6, G andH). These results suggest that NO is
involved in theMHPP-mediated inhibition of PRgrowth.

We subsequently explored the possible involvement
of ROS in the signal transduction of MHPP-induced
morphological responses. We examined PR elongation
in 5-d-old seedlings treated with 40 or 80 mM MHPP in
the presence or absence of H2O2 or the ROS scavenger
KI or CATALASE (CAT) for 2 d. The MHPP-mediated
repression of PR growth was more extensive in seed-
lings supplemented with H2O2 (Fig. 7, A and B) but was
less extensive in seedlings supplemented with KI (Fig.
7, C and D) or CAT (Fig. 7, E and F). To verify the role of
ROS in MHPP-mediated PR growth inhibition, ROS-
deficientmutant lines alsowere examined.We found that
the respiratory burst oxidase homologmutants rbohC and
rbohD and the double mutant rbohD/F exhibited a less
extensive reduction in PR elongation than the wild-type
Col-0 control in the presence of 80 mM MHPP (Fig. 8).
These data indicate that MHPP treatment inhibits PR
growth via NO-mediated ROS accumulation in root tips.

Based on the above results showing that MHPP in-
hibits PR growth by modulating meristematic cell di-
vision potential, we hypothesized that NO and ROS
were involved in MHPP-induced inhibition of meri-
stematic cell division potential. Thus, we examined the
effects of NO/ROS on meristematic cell division
potential using the CYCB1;1:GUS marker line. GUS
staining showed that supplementation with the NO
scavenger cPTIO, the NO synthase inhibitor L-NAME,
or either ROS scavenger KI or CAT alleviated the over-
accumulation of CYCB1;1 in roots caused by MHPP
treatment (Fig. 9). However, supplementation with the
NOdonor SNP orH2O2 did not further increase CYCB1;1
accumulation in roots, perhaps because the MHPP-
induced accumulation of NO and ROS in roots in-
creased CYCB1;1 accumulation such that exogenous
SNP or H2O2 application could not further enhance
CYCB1;1 accumulation. These data indicate that NO
and ROS are responsible for the MHPP-mediated in-
hibition of root meristem development.

NO-Mediated ROS Accumulation Was Possibly
Responsible for MHPP-Induced Auxin Accumulation in
Root Tips and the Inhibition of Root
Meristem Development

The above results show that MHPP inhibits PR elon-
gation by increasing auxin accumulation in root tips.
To determine whether MHPP-induced NO and ROS
accumulation is involved in this process, we used the
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auxin-responsive DR5:GFP marker line to monitor the
potential changes in auxin signaling in MHPP-treated
seedlings in the presence or absence of anNO scavenger/
inhibitor or an H2O2 scavenger. Exogenous addition of
cPTIO or L-NAME reduced the expression ofDR5:GFP in
MHPP-treated seedlings. Similarly, the H2O2 scavenger
KI or CAT reduced, whereas exogenous H2O2 increased,
the expression of this auxin reporter in MHPP-treated
seedlings (Fig. 10, A and B; for representative images, see
Supplemental Figs. S9 and S10). To verify the role of NO/
ROS in modulating auxin levels, we used the auxin-
perceptive marker line DII-VENUS. Exogenous applica-
tion of anNO scavenger/inhibitor (cPTIO or L-NAME) or
an H2O2 scavenger (KI or CAT) stabilized, whereas SNP
or H2O2 further reduced, the fluorescence of the DII-
VENUS marker in MHPP-treated seedlings (Fig. 10, C
and D; for representative images, see Supplemental Figs.
S11 and S12). These data indicate thatMHPP-inducedNO
acts as a secondmessenger to promoteH2O2 production,
thereby regulating root growth via the auxin pathway.

MHPP Induced the Accumulation of Glucosinolates in
Arabidopsis Roots

To further investigate the role and molecular mech-
anisms of MHPP in modulating plant growth and

development, we analyzed the transcript profiles in
roots via high-throughput RNA sequencing (RNA-seq)
followed by qRT-PCR analysis. We compared the tran-
scripts obtained at 2 d in the presence of 40 or 80 mM

MHPP. Relative to the gene expression levels under
control conditions, 101 genes were down-regulated and
103 genes were up-regulated (altered by more than
2-fold) in roots treated with 40 mMMHPP, and 184 genes
were down-regulated and 180 genes were up-regulated
in roots treated with 80 mM MHPP (log2 . 1, false dis-
covery rate , 0.01; Supplemental Fig. S13). The differ-
entially expressed genes showed enrichment in the Kyoto
Encyclopedia of Genes and Genomes pathway of gluco-
sinolate biosynthesis due to either 40 or 80 mM MHPP
treatment (Supplemental Figs. S14 and S15; Supplemental
Table S1). We used qRT-PCR analysis to confirm the
results of RNA-seq for the glucosinolate biosynthesis-
related genes. The qRT-PCR analysis results strongly
coincidedwith theRNA-seq results (r2 = 0.6082); thisfinding
verified the accuracy of the RNA-seq results (Supplemental
Fig. S16, A and B).

Because the above results showed that MHPP signifi-
cantly induces the expressionof glucosinolate biosynthesis-
related genes, we evaluated the glucosinolate levels in
MHPP-treated plants to determine whether the content
of the glucosinolateswas altered byMHPP treatment. As

Figure 5. NO and ROS are involved in the MHPP-mediated inhibition of PR growth. A and B, Quantification of the NO-specific
fluorescence intensity (A) and ROS-specific fluorescence intensity (B) in roots of Col-0 seedlings treatedwithMHPP (40 or 80mM) for
up to 24h. Thefluorescence intensity of untreated rootswas set to 100. For representative images, see Supplemental Figure S6. C,NO
contents in the roots of Col-0 andnoa1 seedlings treatedwith orwithoutMHPP (40 or 80mM) for 24 h, as revealed by theNO-specific
fluorescent probe DAF-2 DA. Bars = 50 mm. D, Quantification of the NO-specific fluorescence intensity in plants treated as in C. E,
ROS contents in the roots of Col-0 and noa1 seedlings treated with or without MHPP (40 or 80 mM) for 24 h, as revealed by the ROS-
specific fluorescent probe DCFH-DA. Bars = 50 mm. F, Quantification of the ROS-specific fluorescence intensity in plants treated as
in E. Error bars represent the SE. Different letters indicate significantly different values (P , 0.05 by Tukey’s test).
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shown in Supplemental Figure S16C, treatment with
MHPP significantly induces the accumulation of gluco-
sinolates in roots. Glucosinolates are a group of amino
acid-derived metabolites (Shroff et al., 2008). Thus, we
examined the contents of free amino acids in MHPP-
treated plants. As shown in Supplemental Figure S17,
analysis of free amino acid contents revealed a large
response to MHPP in Arabidopsis roots. MHPP treat-
ment induced increases in the free amino acid levels in
Arabidopsis roots. Among the 17 amino acids evaluated,
13 amino acids, including the precursors of glucosinolate
biosynthesis L-Phe, L-Leu, L-Ile, and L-Tyr, displayed
higher levels, whereas only two amino acids (Thr and
His) displayed lower levels, in the roots of seedlings

treated with MHPP compared with untreated control
seedlings. Two amino acids (Val and Lys) showed sim-
ilar concentrations in roots between plants treated with
and without MHPP.

Glucosinolates are a class of typical chemical defense
molecules in plants, and the glucosinolate biosynthesis
pathway is induced by phytohormones such as jasmonic
acid (JA) and salicylic acid (SA; van Dam et al., 2004;
Tong et al., 2015). Therefore, we next assessed the levels
of ABA, JA, and SA in plants in response to MHPP
treatment. As shown in Supplemental Figure S18,
treatment with MHPP significantly increased the con-
tents of SA and JA by 212% and 627%, respectively, but
did not affect theABA level in the roots ofMHPP-treated

Figure 6. A to F, PR growth of Col-0
seedlings treated with or without
MHPP (40 or 80 mM) for 2 d in the
presence or absence of 100 mM SNP
(A), 200 mM cPTIO (C), or 500 mM

L-NAME (E). The data are presented
relative to the control values obtained
from Col-0 seedlings in the presence
or absence of 100mM SNP (B), 200mM

cPTIO (D), or 500 mM L-NAME (F). G
and H, PR growth of Col-0 and noa1
seedlings treated with or without
MHPP (40 or 80 mM) for 2 d (G) and
relative root growth of seedlings of
the two genotypes treated with
40 or 80 mM MHPP compared with
untreated seedlings (H). Error bars
represent the SE. Different letters in-
dicate significantly different values
(P , 0.05 by Tukey’s test).
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plants compared with control plants. These data imply
that MHPP performs diverse functions in modulating
plant growth, development, and defense responses. The
detailed molecular mechanisms underlying these func-
tions require further investigation.

DISCUSSION

MHPP Affects Root System Development by Modulating
the Levels of Auxin Expression and Signaling

Early reports revealed that the phenolic substance
MHPP, an exudate among the specific secondary or-
ganic compounds released from roots, possesses strong
BNI activity (Subbarao et al., 2013). However, these
previous studies focused on the inhibitory effects of
MHPP on soil nitrification and nitrogen loss (Nardi
et al., 2013), and the effects of MHPP on root system
growth and development have not been investigated.
Several findings suggest that roots also might be targets
of MHPP-mediated plant growth and development: (1)
root-secreted secondary metabolites can regulate the
growth and development of plants; (2) postembryonic
root development is an auxin-driven plastic process
that rapidly adapts to external changes; and (3) MHPP

treatment enhances nutrient uptake by plants. Here,
we show that MHPP inhibits PR growth and promotes
LR formation, thus modulating RSA remodeling. We
first observed that MHPP inhibits PR elongation and
LR formation in a dose-dependent manner. Because
the inhibition of root growth is a typical auxin sig-
nal phenotype, we hypothesized that MHPP impacts
auxin signaling in roots, and we indeed found that
MHPP treatment rapidly increased auxin accumula-
tion in root tips.

Our results indicate that MHPP increases the ex-
pression of the DR5:GFP reporter in root tips by
enhancing auxin biosynthesis, changing PAT, and
modulating auxin perception via the destabilization of
the Aux/IAA family of transcriptional repressors in
root tips. Several lines of evidence support these con-
clusions. First, GC-MS analysis confirmed elevated IAA
contents in MHPP-treated plants, and at the molecular
level, auxin biosynthesis-related genes were markedly
up-regulated after MHPP treatment. Second, MHPP
markedly affected the expression levels of PIN4, and
genetic analysis supported the hypothesis that MHPP
mediates auxin accumulation in root tips by affecting
PAT via the modulation of PIN4. Third, the MHPP-
mediated rapid degradation of Aux/IAA proteins was

Figure 7. PR growth of Col-0 seed-
lings treated with or without MHPP
(40 or 80 mM) for 2 d in the presence
or absence of 500 mM H2O2 (A),
1 mM KI (C), or 200 mM CAT (E). The
data are presented relative to the
control values obtained from Col-0
seedlings in the presence or ab-
sence of 500 mM H2O2 (B), 1 mM KI
(D), or 200 mM CAT (F). Error bars
represent the SE. Different letters in-
dicate significantly different values
(P , 0.05 by Tukey’s test).
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confirmed by examining DII-VENUS marker fluores-
cence and the GUS staining of HS:AXR3-GUS plants.
Fourth, physiologically, exogenous application of IAA
enhanced the inhibitory effects of MHPP on PR growth,
and genetic analysis supported this result in the auxin-
overproducing mutant yucca and the auxin-insensitive
mutant axr3-3.
Proper auxin accumulation relies on the coordina-

tion between its biosynthesis and transport (Liu et al.,
2015). Treatment with the auxin transport inhibitor
NPA or mutation of the PIN family of auxin carrier
genes affects root growth (Blilou et al., 2005; Liu et al.,
2015), and these observations suggest that disturbing
PAT changes auxin accumulation in root tips and sub-
sequently alters root growth. In this study,we found that
NPA did not affect the MHPP-mediated inhibitory ef-
fects on PR elongation; this finding suggests that PAT
is involved in MHPP-mediated root growth inhibition.
Investigation of the expression levels of auxin carriers
showed that MHPP significantly modulated the expres-
sion of PIN4. Furthermore, the pin4-3 mutant exhibited
reduced sensitivity to MHPP treatment in terms of PR
growth, suggesting that PIN4 at least partly mediates
MHPP-induced auxin accumulation to inhibit PR growth.
PIN4 regulates auxin levels and gradients in the root

meristem, and pin4 mutant seedlings accumulate higher
auxin levels in root tips (Friml et al., 2002). Our results
indicated that MHPP treatment markedly reduced PIN4
expression and thereby disrupted auxin transport, lead-
ing to auxin accumulation in root tips. However, how
PIN4 is involved in the MHPP-mediated modulation of
PR growth remains to be explored.

Changes in Aux/IAA stability and, subsequently, the
auxin perception level appear to represent a general
strategy by which plants interplay with phytohor-
mones and respond to environmental cues (Yuan et al.,
2013; Bailly et al., 2014; Katz et al., 2015; Li et al., 2015;
Liu et al., 2015; Yuan andHuang, 2016). Treatment with
SA reduces auxin responses by stabilizing Aux/IAA
proteins (Wang et al., 2007). Gain-of-functionmutations
of Aux/IAA proteins such as IAA3 and IAA17 induce
defective root development (Hamann et al., 2002; Liu
et al., 2015). We found that MHPP treatment enhanced
the degradation of Aux/IAA proteins, as revealed by
GUS staining of the HS:AXR3-GUS reporter line, and
thereby amplified auxin signaling in root tips. We also
observed reduced sensitivity of the axr3-3 mutant to
MHPP treatment compared with the wild-type con-
trol in terms of PR growth. MHPP treatment might
not induce the degradation of mutant AXR3 in axr3-3,

Figure 8. A and B, PR growth of
Col-0 and rbohC seedlings treated
with or withoutMHPP (40 or 80mM)
for 2 d (A) and relative root growth
of the two genotypes treated with
40 or 80 mM MHPP compared with
untreated seedlings (B). C and D, PR
growth of Col-0 and rbohD seed-
lings treated with or without MHPP
(40 or 80 mM) for 2 d (C) and relative
root growth of seedlings of the two
genotypes treated with 40 or 80 mM

MHPP compared with untreated
seedlings (D). E and F, PR growth of
Col-0 and rbohD/F seedlings treated
with or withoutMHPP (40 or 80mM)
for 2 d (E) and relative root growth
of seedlings of the two genotypes
treated with 40 or 80 mM MHPP
compared with untreated seedlings
(F). Error bars represent the SE. Dif-
ferent letters indicate significantly
different values (P , 0.05 by
Tukey’s test).
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preventing MHPP from altering auxin signaling and
subsequently inhibiting PR growth. Taken together,
the results presented here clearly demonstrate that
MHPP influences root growth by modulating the levels
of auxin expression and signaling.

MHPP Affects Meristematic Cell Division Potential in
Root Tips

Root growth is maintained by coordinating cell pro-
liferation and differentiation. Root tissue cells are de-
rived from the stem cell niche, which is composed of an
inner group of mitotically inactive QC cells and an
outer group of mitotically active stem cells (Dinneny
and Benfey, 2008; Ji et al., 2015). Root stem cell niche
activity andmeristematic cell division potential are two
crucial determinants of root meristem size and root
growth (Aida et al., 2004; Della Rovere et al., 2013; Ji
et al., 2015). In this study, we found that MHPP treat-
ment did not change the expression levels of the QC
marker QC25:GUS. Both the SHR/SCARECROW (SCR)
pathway and the PLT pathway regulate QC identity
and stem cell niche activity. SHR is expressed primarily
in the stele, and the encoded protein canmove to the QC
and other surrounding cells to activate the expression of

SCR together with WOX5 to coordinately regulate QC
identity and the balance between root stem cell division
and differentiation. The PLT pathway modulates the
auxin-dependent maintenance of the stem cell niche
(Aida et al., 2004; Galinha et al., 2007). Neither SHR nor
PLT1 protein was altered in MHPP-treated plants, and
our finding suggests that MHPP treatment does not
affect QC cell-specific expression or root apical meri-
stem activity. Thus, we examined whether MHPP af-
fects meristematic cell division potential. Our results
from GUS staining of the CYCB1;1:GUS reporter line
revealed that the percentage of GUS-stained cells in
the root meristem was significantly greater in MHPP-
treated roots than in control roots. These results imply
that treatment with MHPP decelerated the cell cycle.
These data indicate that MHPP treatment inhibits PR
growth by affecting meristematic cell division poten-
tial but not stem cell niche activity.

NO-Mediated ROS Accumulation in Root Tips Modifies
the RSA in Response to MHPP Treatment via the
Auxin Pathway

In this study, we obtained evidence for the involve-
ment of ROS in NO signaling during the response of

Figure 9. NO and ROS are involved in the MHPP-mediated reduction of meristematic cell division potential. A and B, GUS
staining of 5-d-old CYCB1;1:GUS seedlings exposed to 40 mM MHPP for 2 d in the presence or absence of 500 mM L-NAME,
200mM cPTIO, or 100 mM SNP (A) and relative GUS activity of CYCB1;1:GUS seedlings (B) treated as in A. C andD, GUS staining
of 5-d-oldCYCB1;1:GUS seedlings exposed to 40mMMHPP for 2 d in the presence or absence of 1mM KI, 200mMCAT, or 500mM

H2O2 (C) and relative GUS activity ofCYCB1;1:GUS seedlings (D) treated as in C. The level of GUS activity in untreated roots was
set to 100. Error bars represent the SE. Different letters indicate significantly different values (P, 0.05 by Tukey’s test). Bars = 50mm.
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plants to MHPP treatment. We found that treatment
with MHPP induced the accumulation of NO and ROS
in roots. Supplementation with the NO scavenger
cPTIO or the NO synthase inhibitor L-NAMEmarkedly
inhibited ROS accumulation, and this effect also was
observed in the noa1 mutant. In contrast, supplemen-
tation with the ROS scavenger KI did not affect NO
production in MHPP-treated roots. These results sug-
gest that NO acts upstream of ROS in the response of
plant roots to MHPP treatment. Pharmacological anal-
ysis using NO/ROS scavengers and genetic analysis
using NO-/ROS-related mutants indicated that NO/
ROS accumulation contributes to MHPP-mediated PR
growth inhibition. Further investigation using the
CYCB1;1:GUS reporter indicated that NO and ROS
mediate the MHPP-induced inhibition of PR growth by
reducing meristematic cell division potential.
Previous studies revealed that disrupting NO pro-

duction reduced DR5:GUS expression in roots (Sanz
et al., 2014). NO also affected auxin signaling by pro-
moting the degradation of IAA17 (Terrile et al., 2012). In
agreement with these findings, our study indicated that
inhibition of NO production reduced the expression of
the auxin-responsive reporter DR5:GFP but stabilized
DII-VENUS marker fluorescence in MHPP-treated

roots. Interestingly, Liu et al. (2015) found that NO re-
duced auxin responses and increased the stability of
IAA17 in roots subjected to salt stress. The difference in
these effects between studies may be due to the distinct
stresses and environmental cues examined, as auxin
responses andNO functions differ according to the type
of stress or tissue.

ROS is another important signaling molecule that
plays an important role in plant growth and environ-
mental responses (Tsukagoshi et al., 2010). ROS regu-
lates the balance between cellular proliferation and
differentiation in roots (Tsukagoshi et al., 2010). It has
been reported that the ROS and auxin pathways can
impact each other extensively (Kwak et al., 2006). In-
terestingly, Blomster et al. (2011) found that ozone, an
apoplastic form of ROS, transiently suppresses auxin
signaling by reducing the gene expression of auxin re-
ceptors and the Aux/IAA family of transcriptional re-
pressors. In this study, inhibiting H2O2 production
reduced the expression of the auxin-responsive DR5:
GFP reporter but stabilized DII-VENUS marker fluo-
rescence in MHPP-treated roots, and our findings
suggest that ROS contributes to the MHPP-mediated
alterations in the levels of auxin expression and sig-
naling in roots. The differences in these effects of ROS

Figure 10. NO and ROS are involved in the MHPP-mediated accumulation of auxin in root tips and the inhibition of root
meristem development. Quantification of the DR5:GFP fluorescence intensity (A and B) and DII-VENUS fluorescence intensity
(C and D) is shown in the roots ofDR5:GFP (A and B) orDII-VENUS (C and D) seedlings treated with or without 40 mM MHPP in
the presence or absence of 500 mM L-NAME, 200 mM cPTIO, 100 mM SNP, 200 mM CAT, 1 mM KI, or 500 mMH2O2 for 9 or 12 h. For
representative images, see Supplemental Figures S9 to S12.
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on auxin signaling between studies may be due to the
distinct forms of ROS examined, as the response of
plants to ROS varies depending on the form of ROS.
Furthermore, these studies of the function of ROS in the
plant response to environmental cueswere based on the
use of exogenous ROS donors. However, environmental
cues, such as stresses, might induce endogenous ROS
production; therefore, ROS might play specific roles in
response to certain cues. In conclusion, our results indi-
cate that MHPP treatment inhibits PR growth by in-
creasing NO and ROS levels. The elevated accumulation
of NO and ROS further altered the levels of auxin ex-
pression and perception to amplify auxin signaling.

The MHPP-Induced Accumulation of Plant Defense
Molecules Implies Its Diverse Functions in Modulating
Plant Growth, Development, and Stress Tolerance

Glucosinolates, a group of sulfur-rich, amino acid-
derived metabolites, are among the most extensively
studied classes of antiherbivore defense chemicals in
plants. Upon insect feeding or mechanical damage,
glucosinolates are hydrolyzed into aglycone by myro-
sinase and subsequently form isothiocyanates, nitriles,
and other products (Bones and Rossiter, 2006). These
natural chemicals, which most likely contribute to plant
defense against pests and diseases, also are detected in
small amounts in humans and are believed to contrib-
ute to the health-promoting properties of cruciferous
vegetables (Halkier and Gershenzon, 2006; Shroff et al.,
2008). Interestingly, MHPP treatment induced the
accumulation of glucosinolates and their amino acid
precursors in roots. We also observed significantly el-
evated levels of two defense signaling phytohormones,
SA and JA, in MHPP-treated plants. These data suggest
that MHPP induces the production of plant defense-
related metabolites and that MHPP might promote
antiherbivore defense responses in plants. Further stud-
ies will focus on howMHPP elevates the levels of JA and
SA and whether the MHPP-induced accumulation of JA
and SA is involved in the enhancement of glucosinolate
production in plants.

In this study, we also found that MHPP treatment
promoted LR development. LR formation is tightly
mediated by the auxin pathway (Li et al., 2015). The
induction of the expression of IAA biosynthesis-related
genes in seedlings and the increase in the IAA content in
roots might partly explain the enhancement of LR de-
velopment in response to MHPP treatment. However,
the detailed molecular mechanisms involved in MHPP-
induced LR formation and whether the changes in the
expression of PIN4 also are involved in MHPP-induced
LR development remain to be explored further. In-
creased LR formation altered the RSA, ultimately
benefiting the uptake of water and nutrient elements
into roots. Indeed, we found that MHPP markedly in-
creased the contents of nutrient elements in seedlings,
including P, K, S, Fe, Mn, Zn, and Cu. This observation
indicated that MHPP enhanced nutrient element

accumulation in plants. Further studies will examine
whether MHPP could regulate the expression of the
transporters of nutrient elements andmetal ions in plants
and affect the transport of nutrient elements from the
roots to aboveground portions of plants.

In conclusion, our data indicate that MHPP, in addi-
tion to its function as a nitrification inhibitor, profoundly
impacts root development. Based on our results, MHPP
inhibits PR elongation by regulating the levels of auxin
expression, transport, and signaling in roots and conse-
quently altering rootmeristematic cell division potential,
and the NO/ROS pathway is involved in these pro-
cesses. Moreover, treatment with MHPP increases
nutrient element uptake and plant defense-related me-
tabolite accumulation in roots. Although the possible
involvement of other pathways in MHPP-induced RSA
remodeling remains to be explored, our findings show
that MHPP modulates plant growth, development, and
stress tolerance by inducing morphological and physio-
logical changes in roots. Further research examining
the interplay of MHPP with phytohormones will en-
able a broader understanding of the mechanism by
which plants respond to MHPP by regulating hormonal
signaling, will aid in the development of cost-effective,
sustainable agricultural strategies for crop breeding and
cultivation, and will provide insight into novel applica-
tions of this biological nitrification inhibitor.

MATERIALS AND METHODS

Plant Growth and Chemical Treatments

Arabidopsis (Arabidopsis thaliana) seedlings of the following lines were used
in this study: Col-0; the mutants yucca, pin4-3, axr3-3, axr1-12, noa1, rbohC,
rbohD, rbohD/F, pin1, pin2, pin7-2, and aux1-21 in the Col-0 background; and the
transgenic lines DR5:GFP, PIN1:PIN1-GFP, PIN2:PIN2-GFP, PIN4:PIN4-GFP,
PIN7:PIN7-GFP, AUX1:AUX1-YFP, PLT1:PLT1-GFP, SHR:SHR-GFP, DII-VENUS,
mDII-VENUS, QC25:GUS, CYCB1;1:GUS, HS:AXR3NT-GUS, and HS:GUS.

Seeds were surface sterilized and plated on agar medium containing one-
half-strength MS medium (Sigma-Aldrich), pH 5.75, supplemented with 1%
agar and 10% Suc. Seedlings were grown in a vertical position in a growth
chamber maintained at 22°C under a 16/8-h light/dark cycle. Five-day-old
seedlings were transferred to plates supplemented with various chemicals,
such as MHPP, IAA, NPA, SNP, cPTIO, and L-NAME, and grown for an ad-
ditional 2 to 5 d. All chemicals were obtained from Sigma-Aldrich.

GUS Staining

To detect the expression of GUS, we incubated QC25:GUS or CYCB1;1:GUS
seedlings in GUS buffer containing the substrate 1 mM 5-bromo-4-chloro-3-
indolyl-b-D-GlcA cyclohexyl-ammonium (Sigma-Aldrich) at 37°C in the dark
(Ulmasov et al., 1997). The GUS staining duration was dependent on the
transgenic marker line: 5 h for QC25:GUS and 3 h for CYCB1;1:GUS. MUG
assays were performed according to a previously described method (Côté and
Rutledge, 2003). The seedlings were washed and placed in 75% (w/v) ethanol
before examination with a microscope (Zeiss Axioskop). At least 20 seedlings
were analyzed for each treatment. The experiments were repeated at least
three times.

Measurement of the Production of NO and H2O2

Endogenous NO levels in root meristems were visualized using the NO-
specific fluorescent probe DAF-2 DA (Beyotime). Seedlings were incubated at
37°C in 5mM staining solution for 1 h. Then, the samples were washed twice and
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viewed with a Leica laser scanning confocal microscope (excitation, 490 nm;
emission, 515 nm). Quantitative measurement of fluorescence intensity was
performed using ImageJ.

Endogenous H2O2 levels in root meristems were visualized using the H2O2-
specific fluorescent probe DCFH-DA (Beyotime). Seedlings were incubated at
37°C in 10 mM staining solution for 5 min. Then, the samples were washed
twice and viewed with a Leica laser scanning confocal microscope (excitation,
488 nm; emission, 530 nm). Quantitative measurement of fluorescence in-
tensity was performed using ImageJ.

Phenotypic Analysis

Relative root growth was calculated as the length of root growth under
the treatment conditions divided by the mean root length under control
conditions as described by Freeman et al. (2010). At least 15 replicate plants
were measured for each treatment. Measurements of the lengths of meristem
zones and elongation zones and the average cell length in the differentiation
zone were performed according to published methods (Dello Ioio et al., 2007;
Yuan et al., 2013; Liu et al., 2015). LRP initiation was quantified in roots using
the DR5:GUS reporter line. The four developmental stages of the LRP were
classified as follows: up to three cell layers (stage A); more than three cell
layers but nonemerged (stage B); emerged LRs less than 0.5 mm in length
(stage C); and emerged LRs greater than 0.5 mm in length (stage D; Zhang
et al., 1999; Li et al., 2015). Only mature LRs (greater than 0.5 mm) are
denoted as LRs.

qRT-PCR Analysis

Seedlings were collected for total RNA isolation using TRIzol Reagent
(TaKaRa) according to the manufacturer’s instructions. The RNA concen-
tration was accurately quantified using spectrophotometry. Then, comple-
mentary DNA (cDNA) was synthesized fromDNase-treated total RNA (1 mg)
using a Reverse Transcription System Kit (Promega) and oligo(dT) primers.
The cDNA produced was diluted 1:15, and 3 mL of diluted cDNA was
employed for qRT-PCR in a 7500 Real Time System (Applied Biosystems)
using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen). ACTIN2
(AT3G18780) and EF1a (AT5G60390) were used as internal controls for qRT-
PCR normalization using GeNorm (Czechowski et al., 2005). For each gene,
qRT-PCR was performed on three biological replicates, with duplicates for
each biological replicate. The relative transcript level was determined for each
sample andwas averaged over the six replicates. The specific primers used for
each gene are listed in Supplemental Table S2. All primer pairs produced only
one peak in DNAmelting curves, and this result indicated the high specificity
of the primers.

Quantification of IAA Content

IAA content was quantified according to Gao et al. (2014) and Liu et al.
(2015). Root tips of approximately 0.1 g fresh weight were collected and im-
mediately frozen in liquid nitrogen. After extraction, endogenous IAAs were
purified, methylated in a stream of diazomethane gas, and resuspended in
100 mL of ethyl acetate. The endogenous IAA content was analyzed by GC-MS.

Nutrient Element Content Analysis

Seedlings grown in one-half-strength MS medium were treated with 40 mM

MHPP for 2 d. The treated roots were immersed in a solution containing 1 mM

EDTA for 2 h and then rinsed thoroughly with distilled water. The dried plant
tissues were ground and digested in concentrated nitric acid for 2 d at room
temperature. Next, the samples were boiled for 2 h until completely digested.
After adding 3 mL of Millipore-filtered deionized water and brief centrifuga-
tion, the contents of Zn, Fe, Mn, and Cu were determined using inductively
coupled plasma-mass spectrometry, and the contents of P, K, and S were de-
termined using inductively coupled plasma-atomic emission spectroscopy.
Each experiment was repeated three times.

Statistical Analysis

For each treatment, at least 12 roots were analyzed; all experiments were
repeated at least three times. The results are presented as means 6 SE. For sta-
tistical analysis, we used Tukey’s test (P , 0.01).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Effects of MHPP on root meristem development.

Supplemental Figure S2. GFP fluorescence in the roots of DR5:GFP or
PIN4:GFP seedlings.

Supplemental Figure S3. GFP/YFP fluorescence in the roots of PIN1/2/7:
GFP and AUX1:YFP seedlings.

Supplemental Figure S4. Relative root growth of seedlings exposed to MHPP.

Supplemental Figure S5. YFP fluorescence in the roots of DII-VENUS or
mDII-VENUS seedlings.

Supplemental Figure S6. Detection of NO and H2O2 production.

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

Supplemental Figure S8. Image of DAB staining.

Supplemental Figure S9. GFP fluorescence in the roots of DR5:GFP
seedlings (1).

Supplemental Figure S10. GFP fluorescence in the roots of DR5:GFP
seedlings (2).

Supplemental Figure S11. YFP fluorescence in the roots of DII-VENUS
seedlings (1).

Supplemental Figure S12. YFP fluorescence in the roots of DII-VENUS
seedlings (2).

Supplemental Figure S13. Hierarchical clustering analysis.

Supplemental Figure S14. Kyoto Encyclopedia of Genes and Genomes
pathway enrichment analysis.

Supplemental Figure S15. Modulation of glucosinolate biosynthesis after
MHPP treatment.

Supplemental Figure S16. MHPP up-regulates several genes involved in
glucosinolate biosynthesis.

Supplemental Figure S17. MHPP affects the free amino acid contents.

Supplemental Figure S18. Contents of ABA, SA, and JA.

Supplemental Table S1. Differential expression of genes involved in
glucosinolate biosynthesis.

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

Supplemental Materials andMethods. Supplemental Materials and Methods
to accompany this article.
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