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As sessile organisms, plants have evolved to adjust their
growth and development to environmental changes. It has
been well documented that the crosstalk between different
plant hormones plays important roles in the coordination of
growth and development of the plant. Here, we describe a
novel recessive mutant, mildly insensitive to ethylene (mine),
which displayed insensitivity to the ethylene precursor, ACC
(1-aminocyclopropane-1-carboxylic acid), in the root under
the dark-grown conditions. By contrast, mine roots exhibited
a normal growth response to exogenous IAA (indole-3-acetic
acid). Thus, it appears that the growth responses of mine to
ACC and IAA resemble those of weak ethylene insensitive
(we) mutants. To understand the molecular events underly-
ing the crosstalk between ethylene and auxin in the root, we
identified the MINE locus and found that the MINE gene en-
codes the pyridoxine 5-phosphate (PNP)/pyridoxamine 5’-
phosphate (PMP) oxidase, PDX3. Our results revealed that
MINE/PDX3 likely plays a role in the conversion of the auxin
precursor tryptophan to indole-3-pyruvic acid in the auxin
biosynthesis pathway, in which 74A7 (TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS 1) and its related
genes (7RYPTOPHAN AMINOTRANSFERASE RELATED 7 and
2. TART and TAR2) are involved. Considering that TAA1 and

TARs belong to a subgroup of PLP (pyridoxal-5"-phosphate)-
dependent enzymes, we propose that PLP produced by
MINE/PDX3 acts as a cofactor in TAA1/TAR-dependent auxin
biosynthesis induced by ethylene, which in turn influences the
crosstalk between ethylene and auxin in the Arabidopsis root.
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INTRODUCTION

Plants, which are sessile in nature, need to adapt their
growth and development to a changing environment for
survival and reproduction. Plant hormones play important
roles in ensuring flexible growth and development by coor-
dinating the interactions between environmental signals and
genetic programs (Wolters and Jiirgens, 2009). Furthermore,
accumulating evidence indicates that the crosstalk between
different hormone pathways is crucial for the plasticity of
plant growth and development under various environmental
conditions (reviewed in Depuydt and Hardtke, 2011; Gaz-
zarrini and McCourt, 2003; Vanstraelen and Benkova, 2012).
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Substantial data have been published on the interactions
between auxin and ethylene in the regulation of Arabidopsis
(Arabidopsis thaliana) root growth (Alonso et al., 2003; He
et al.,, 2011; Luschnig et al., 1998; Pickett et al., 1990; Ro-
bles et al.,, 2013; Roman et al., 1995; RiZicka et al., 2007;
Stepanova and Alonso, 2005; Stepanova et al., 2005; 2007;
2008; Swarup et al.,, 2002; 2007). For example, weak eth-
ylene insensitive 2 (wei2) and wei7 mutants, which have
defects in the a and B subunits of anthranilate (Ant) synthase
(ASA and ASB), a key biosynthetic enzyme for the auxin
precursor tryptophan (Trp), display root-specific insensitivity
to ethylene or its precursor 1-aminocyclopropane-1-
carboxylic acid (ACC) (Stepanova et al., 2005). In addition,
guantitative analysis of auxin in the root under ACC treat-
ment has revealed that ethylene induces auxin biosynthesis
(Ruzicka et al., 2007; Swarup et al., 2007). Interestingly, it
has been demonstrated that mutations in WE/S, which en-
codes TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS
1 (TAA1), a key enzyme converting Trp to indole-3-pyruvic
acid (IPyA) in one of the auxin biosynthesis pathways (Ste-
panova et al., 2008; 2011; Tao et al., 2008), cause root-
specific insensitivity to ethylene. In addition to 74A47,
TRYPTOPHAN AMINOTRANSFERASE RELATED 7 (TAR7) and
TARZ2, two homologs of 7447, have also been shown to play
key roles in ethylene-mediated auxin biosynthesis (He et al.,
2011; Stepanova et al.,, 2008; 2011). Taken together, the
previous studies indicate that ethylene-induced inhibition of
root growth is primarily due to high auxin production at the
root apex, which is substantially induced by ethylene. Like-
wise, auxin can also induce ethylene biosynthesis by activat-
ing transcription of the genes encoding ACC SYNTHASE
(ACS), which catalyzes a rate-limiting step in ethylene pro-
duction (Abel et al., 1995; Stepanova et al., 2008). Thus, the
crosstalk between ethylene and auxin is crucial for growth
and development, including root-specific growth inhibition
via auxin biosynthesis mediated by ethylene (He et al., 2011;
Razicka et al., 2007; Stepanova et al., 2005; 2007; 2008;
Swarup et al., 2007).

ACSs, TAA1 and TARs all belong to the pyridoxal-5-
phosphate (PLP)-dependent class of enzymes (He et al,
2011; Huai et al., 2001; Stepanova et al., 2008; Tao et al.,
2008). PLP, a Bg vitamer, acts as a cofactor in numerous
enzymatic reactions, including ethylene and auxin biosynthe-
sis. Vitamin Bg collectively refers to PLP and its vitamers,
which comprise pyridoxine (PN), pyridoxamine (PM), pyri-
doxal (PL), and their 5" phosphorylated forms: pyridoxine 5’
phosphate (PNP), pyridoxamine 5-phosphate (PMP), and
PLP (Colinas et al., 2016; Fitzpatrick et al., 2007; Rueschhoff
et al, 2013). PLP can be produced by both de novo and
salvage pathways. In Arabidopsis, previous research has
demonstrated that both pyridoxal phosphate synthase 1
(PDX1) and PDX2 play central roles in the de novo pathway
(Boycheva et al., 2015; Chen and Xiong, 2005; Denslow et
al., 2007; Tambasco-Studart et al., 2005; Titiz et al., 2006;
Wagner et al., 2006). In the Arabidopsis genome, there are
three PDX7 homologs (referred to as PDX7.7, PDX7.2, and
PDX1.3), and one PDX2 homolog (Boycheva et al.,, 2015;
Chen and Xiong, 2005; Denslow et al., 2007; Gonzalez et al.,
2007; Tambasco-Studart et al.,, 2005; Titiz et al., 2006;
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Wagner et al., 2006). In the salvage pathway, PN, PM, and
PL can be phosphorylated by the SALT OVERLY SENSITIVE 4
(SOS4) kinase (Gonzalez et al., 2007; Rueschhoff et al,,
2013; Shi and Zhu, 2002; Shi et al., 2002). In addition to
SOS4, the PNP/PMP oxidase, PDX3 (also known as PPOX),
catalyzes the conversion of the phosphorylated forms of PN
and PM into PLP (Colinas et al., 2016; Gonzalez et al., 2007;
Sang et al., 2007; 2011). Intriguingly, it has been shown that
mutations in the PDX7.7 and PDX7.3 genes, which are in-
volved in the de novo pathway, display growth phenotypes
linked to impaired ethylene and auxin biosynthesis (Boyche-
va et al., 2015; Chen and Xiong, 2009a; 2009b). However, it
is currently unknown whether PDX3 in the salvage pathway
is also involved in the biosynthesis of the two hormones.

To identify additional molecular components involved in
ethylene-auxin crosstalk, in this study, we performed a ge-
netic screen for root-specific growth responses to ethylene.
By utilizing the GAL4/UAS activation-tagging system previ-
ously reported (Waki et al., 2013), we identified a novel Ar-
abidopsis mutant with insensitivity to root growth inhibition
in the presence of ACC. Through genetic, physiological, and
molecular analyses, we revealed that the PNP/PMP oxidase
(PDX3) in the salvage pathway plays a role in root-growth
response to ethylene via ethylene-induced auxin biosynthesis.

MATERIALS AND METHODS

Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia-0 (Col) and its deriv-
atives were used in all experiments, except for genetic map-
ping, in which mine was crossed with Landsberg erecta (Ler
to generate a mapping population. The Col T-DNA insertion
mutant, pdx3-3 (SALK_054167C), was identified on the
SIGNAL website (http://signal.salk.edu) and obtained from
the Arabidopsis Biological Resource Center (ABRC). Other
mutant and transgenic lines used in this study have been
described previously: ein2-5 (Alonso et al., 1999; Guzman
and Ecker, 1990), sur2 (Barlier et al., 2000; Delarue et al.,
1998; Stepanova et al., 2011; SALK_028573), wei2-2 (Ste-
panova et al., 2005; SALK_017444C), wei7-4 (Stepanova et
al.,, 2005; CS16700), weiS-4 (Stepanova et al., 2008;
SALK_022743C), CYCBT::GUS (Donnelly et al., 1999), DR5
(Ulmasov et al., 1997), ProSCR.GFP-SCR (Di Laurenzio et al.,
1996, Gallagher et al., 2004), ProSHR.-:SHR-GFP (Helariutta
et al,, 2000; Nakajima et al., 2001), and ProWOX5.:GFP
(Sarkar et al., 2007). Seeds were sterilized with 50% sodium
hypochlorite and 0.15% Tween 20 for 2 min, rinsed with
sterile water for four times, and imbibed at 4C in the dark as
previously described (Lee et al., 2012). Imbibed seeds were
placed onto half-strength (0.5X) Murashige and Skoog (MS)
plates containing 1% sucrose and 1% agar supplemented
with or without aminocyclopropane-1-carboxylic acid (ACQC),
indole-3-acetic acid (IAA), and tryptophan (Trp), and grown
vertically for 4 d in the dark at 22°C after a 6 h-exposure to
light. For multiplication of crossed or transgenic plants, seed-
lings grown in MS agar plates were transferred to soil and
were further incubated to full maturity at 22°C under a long
photoperiod (16 h light/ 8 h dark), as described previously
(Lee etal., 2012).



Screening for mine and isolation of the MINE locus

For identification of mine, approximately 1,000 M, activa-
tion-tagging lines were screened for insensitivity to growth
arrest in the presence of the ethylene precursor ACC. In par-
ticular, the GAL4/UAS activation-tagging system was utilized
for mutant screening. For this, we first generated a driver
line that expressed a synthetic transcriptional activator,
GAL4:VP16 (GV), under the control of the quiescent center
(QQC)-specific WOX5 promoter (ProWOX5::GV). Subse-
quently, this host line was transformed with T-DNA contain-
ing five copies of an upstream activation sequence (pBIB-
UAS) as previously reported (Waki et al., 2013). In the first
round of mutant screening, we identified one line that ex-
hibited mild insensitivity to ethylene-induced inhibition of
root growth. The newly isolated mutant was back crossed to
Col wild-type (WT) plants at least 3 times for further study.
To identify the MINE locus, thermal asymmetric interlaced-
PCR (TAIL-PCR) was conducted as described previously (Liu
etal., 1995). Simultaneously, genetic mapping of F, progeny
of the mutant and Lerwas carried out using CAPS (Cleaved
Amplified Polymorphic Sequences) markers as previously
described (Konieczny and Ausubel, 1993; Lukowitz et al.,
2000). The primer sequences are listed in Supplementary
Table S1.

Growth assay of hypocotyls and roots

Digital images of seedlings at given times were taken with
SP-560UZ digital camera (Olympus, Japan). Lengths of hy-
pocotyls and roots from the digital images were measured
using Image) software (http://rsbweb.nih.gov/ij). There were
three replicates for each experiment and statistical signifi-
cance was determined by the Student’s #test using Excel
(Microsoft, USA), as previously described (Lee et al., 2012).

Error bars represent the standard deviation (SD) of the mean.

To measure the length of fully expanded cortex cells, the
roots were cleared as previously described, with modifica-
tions (Lee et al,, 2012). Seedlings were incubated in 70%,
80%, and 90% ethanol (EtOH) for 30 min, incubated in
100% EtOH for 20 min, and finally in 70% EtOH for 30 min.
After dehydration, the roots were incubated in clearing solu-
tion (5% NaOH and 60% EtOH) for 15 min, incubated in a
series of EtOH/glycerol mixtures (10% glycerol/50% EtOH
and 30% glycerol/30% EtOH) for 30 min each, and finally in
50% glycerol/0.05% Triton X-100 for 30 min. The cleared
roots were mounted in the final solution (50% glycer-
0l/0.05% Triton X-100) and observed with an Axio Imager.A1
microscope (Carl Zeiss, Germany). The lengths of ten ran-
domly picked cells from the elongation zone were measured
and seven independent roots were used in this analysis.

RNA isolation and reverse transcription-associated
quantitative PCR (RT-gPCR)

Total RNA was extracted from roots of 4-d-old WT and mu-
tant seedlings using the RNeasy Plant Mini Kit (Qiagen,
Germany), as previously described (Lee et al., 2012). Ap-
proximately 0.5 ug of the isolated RNA samples were used
for synthesis of ¢cDNA using TOP script™ RT DRY MIX
(d18/dN6 Plus) (Enzynomics, Korea) according to the manu-
facturer's instructions. The RT-gPCR assays were performed
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with an Mx3000P QPCR machine (Agilent Technologies,
USA) using RbTag™ gPCR 2X PreMIX (Enzynomics, Korea).
The UBQ70 (AT4G05320) gene was used as an internal
reference as previously described (Lee et al., 2016). Each
experiment was independently conducted with at least three
biological replicates, and the data were analyzed using Excel
(Microsoft, USA). Error bars represent the SD of the mean.
The PCR primer sequences are listed in Supplementary Table
S1.

Plasmid construction and plant transformation

To generate transgenic plants with a ProMINE..MINE-GFP
fusion, both the MINE promoter (3,012 bp) and the coding
region (1,593 bp) of MINE with no stop codon were ampli-
fied using Phusion High-Fidelity DNA polymerase (Ther-
moFisher, USA) as previously described, but with minor
modifications (Lee et al., 2012). The amplified fragment was
first cloned into the pENTR/D-TOPQ vector (Invitrogen, USA),
and then recombined into the pMDC123 destination vector
(Curtis and Grossniklaus, 2003). The error-free plasmid was
transferred into Agrobacterium tumefaciens (GV3101) and
then introduced into the mine plant by using floral dipping
method (Clough and Bent, 1998). Transgenic plants were
initially selected in the Ty generation by antibiotic- or herbi-
cide-resistance. Homozygous T, plants were identified
through confirmation in the Ts generation, and were used
for further analysis (Lee et al., 2012; Yoon et al., 2016). The
sequence information of the primers used for plasmid con-
structs is listed in Supplementary Table S1.

Histochemical GUS detection and confocal microscopy
The histochemical detection of GUS activity was carried out
as previously described with minor modifications (Lee et al.,
2012; Yoon et al., 2016). Dark-grown seedlings were incu-
bated in GUS staining solution [0.4 mM 5-bromo-4-chloro-
3-indoxyl-b-D-glucuronic acid, 2 mM KsFe(CN)s, 2 mM
KsFe(CN)s, 0.1 M sodium phosphate, 10 mM EDTA, and
0.1% Triton X-100] for 2 h. After GUS staining, samples
were rinsed with 70% EtOH for 30 min. Subsequently, sam-
ples were observed with differential interference contrast
(DIC) optics using an Axio Imager.A1 microscope (Carl Zeiss,
Germany). Digital images of the samples were obtained with
an AxioCam MRCc5 digital camera (Carl Zeiss, Germany). For
GFP images, samples were stained with 10 UM propidium
jodide (Sigma-Aldrich, USA) and observed with an Olympus
FV-1000 confocal laser scanning microscope (Olympus, Ja-
pan).

Staining and detection of 5-ethynyl-2’-deoxyuridine (EdU)
EdU staining was performed as described previously, but
with minor modifications (Choe et al., 2017; Hong et al,,
2015). Four-day-old seedlings were transferred to 0.5X MS
media with 0.8% agar containing 5 uM EdU (Invitrogen,
USA) for 30 min. The seedlings were fixed in fixative solution
(3.7% formaldehyde and 1% Triton x-100 in 1X PBS) for 10
min with vacuum infiltration. After fixation, samples were
incubated for 50 min at room temperature. Subsequently,
samples were washed twice with 3% bovine serum albumin
(BSA) in 1X PBS. Finally, the seedlings were incubated with
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250 uL of freshly prepared Click-iT® reaction cocktail for 2 h
in the dark at room temperature, according to the manufac-
turer’s instructions (Invitrogen, USA). The EdU-stained seed-
lings were washed once with 3% BSA in 1X PBS and stored
in 1X PBS in the dark. Stained seedlings were observed with
an Olympus FV-1000 confocal laser scanning microscope
(Olympus, Japan).

Accession numbers

Sequence data from this article can be found in the Ara-
bidopsis Genome Initiative under the following accession
numbers: EIN2 (AT5G03280), MINE/PDX3 (AT5G49970),
PDX7 (AT5G01410), PDX2 (AT5G60540), SCR (AT3G54220),
SHR (AT4G37650), SUR2 (AT4G31500), 7AR7 (AT1G23320),
TAR? (AT4G24670), UBQT10 (AT4G05320), WEIZ/ASA
(AT5G05730), WEIZ/ASE  (AT1G25220), WEIS/TAAT
(AT1G10560), and WOX5 (AT3G11260).

RESULTS

Identification of a novel mutant mildly insensitive to
ethylene-induced root growth inhibition

Genetic screening for mutants with root-specific ethylene
insensitivity has previously been used to successfully identify
molecular components involved in the ethylene-auxin cross-
talk (Alonso et al., 2003; Stepanova et al., 2005; 2008). To
identify additional root-specific modulators of the ethylene-
auxin crosstalk, we utilized the GAL4/UAS activation-tagging
system. In particular, we used transgenic plants harboring a
driver of the QC-specific WOX5 promoter (ProWWOX5::GV)
and T-DNA with five tandem UAS sequences (pBIB-UAS), as
previously reported (Waki et al., 2013) (see ‘MATERIALS
AND METHODS’). Under dark-grown conditions with the
ethylene precursor ACC, Columbia wild-type (hereafter WT)
seedlings displayed typical triple response phenotypes, in-
cluding exaggerated curvature of the apical hook, radial
swelling of the hypocotyl, and inhibition of root and hypo-
cotyl elongation (Alonso et al., 2003; Bleecker et al., 1988;
Guzman and Ecker, 1990; Roman et al., 1995; Stepanova et
al., 2005; 2008). Initially, we screened a population of ap-
proximately 1,000 M, activation-tagged lines for insensitivity
to root growth inhibition under ACC (10 uM) treatment. In
the genetic screening, we identified one line that exhibited
“‘mild” insensitivity to ethylene-induced inhibition of root
growth. In the presence of ACC, root growth of the newly
isolated mutant showed less inhibition than that of the WT,
but slightly more than that of the ethylene insensitive mu-
tant, en2-5 (Alonso et al., 1999; Roman et al., 1995; Sup-
plementary Fig. S1). We further analyzed the growth pheno-
types of the newly isolated line in comparison with WT and
ein2-5 in varying concentrations of ACC (0, 0.2, 1, and 10
uM). The dark-grown shoot phenotype of the new line was
nearly indistinguishable from that of WT in the range of
concentrations tested (Figs. 1A and 1B). By contrast, we
found that the mutant root showed a mild insensitive phe-
notype to ACC treatment (Figs. 1A and 1C). These findings
suggest that the newly isolated line is preferentially insensitive
to ACC in the root, in which the ProWWOX5..G\V/driver is pre-
sumed to be active. For further genetic analysis, we first

1036 Mol. Cells 2018; 41(12): 1033-1044

2\0/120 *kk
N KKk kKK
5 100
C
2 g0 ns
2 60 e ns
3
S 40 | —wr
= .
o 20 mine
> — ein2-5
5 0
9]
2 0 0.2 1 10 (uM)
o120
S\/ *% *kk
£ 100 Tk
g) *%
L) 80 Kk
o 60
o
—
o 0| —wr
= 20 |=— mine
o) — ein2-5
X o
——1ACC 0 0.2 1 10 (uM)

Fig. 1. The mine mutant shows root-specific insensitivity to ACC.
(A) Growth phenotypes of 4-d-old etiolated WT, mine, and
ein2-5seedlings grown in MS plates supplemented with increas-
ing concentrations of ACC (0, 0.2, 1, and 10 uM). Scale bars=
0.5 cm. (B) The graph illustrates relative hypocotyl responses of
4-d-old etiolated WT, mine, and ein2-5to ACC, with increasing
concentrations. (C) Relative root responses of 4-d-old etiolated
WT, mine, and ein2-5 seedlings to ACC, with increasing concen-
trations. Error bars indicate +SD from three biological replicates.
Asterisks indicate statistically significant differences compared to
WT, as determined by Student’s #test (**P < 0.01 and ***P <
0.001; ns: statistically not significant).

backcrossed the line to WT. Because of its insensitivity to
ACC in the root, we found that the mutant was reproducibly
identified in the F, progeny of the cross, regardless of the
presence of the ProWOX5::GV/ driver. In the presence of
ACC, the line segregated in the typical 3:1 (WT:mutant)
Mendelian ratio, indicating inheritance of a single recessive
mutation. Therefore, we concluded that the causal root-
specific phenotype was not due to overexpression by the
ProWOX5..GV driver but instead was likely due to insertional
mutation by pBIB-UAS. Furthermore, we generated a map-
ping population by crossing the mutant line to Landsberg
erecta (Len plants. In our genetic mapping, we found that
the locus responsible for the root-specific insensitivity to ACC
mapped to the bottom of chromosome 5, which did not
include the known W&/ loci (Supplementary Fig. S2).

Taken together, our genetic and physiological results sug-
gest that the mild insensitive phenotype is likely due to an
insertional mutation, which results in a defect in the root-
specific ethylene response. Therefore, we named the newly
isolated loss-of-function mutant as midly insensitive to eth-
yilene (mine).
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Fig. 2. The mine mutant exhibits normal
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growth responses to IAA. (A) The graph illus-
trates relative hypocotyl responses of 4-d-old
etiolated WT, mine, wei2/asal, and weiS/taal
to IAA, with increasing concentrations. (B)
Relative root responses of 4-d-old etiolated
WT, mine, weiz/asal, and weiS/taal to IAA
with increasing concentrations. Error bars

0
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MINE likely plays a role in ethylene-induced auxin
biosynthesis

Previous studies have reported that under IAA treatment,
wel mutants showed similar growth phenotypes to WT
seedlings (Stepanova et al., 2005; 2008). Considering that
the ethylene response of dark-grown mine seedlings resem-
bled that of we/ mutants, we examined auxin responses of
mine seedlings in the presence of IAA. In varying concentra-
tions (0, 0.01, 0.1, and 1 uM), dark-grown mine seedlings
displayed nearly identical responses to those of WT and we/
(wei2/asal and weiS/taal) seedlings in both hypocotyls and
roots (Fig. 2).

Given that the root growth phenotypes of dark-grown
mine seedlings were reminiscent of those of we/ mutants
under ACC or IAA treatment (Stepanova et al., 2005; 2008;
Fig. 2), we hypothesized that M/NE might be involved in
ethylene-induced auxin biosynthesis. To test this, we first
analyzed expression of an auxin maximum marker (DR5),
which was previously shown to be induced by ethylene and
auxin (He et al,, 2011; Stepanova et al., 2005; 2008). In the
mine mutant background, the reporter expression of either
DR5.:GUS or DR5.:GFP was similar to that of WT, both in
the absence and presence of IAA (100 nM) (Fig. 3). In con-
trast, the auxin maxima in the mine root tip were discernibly
attenuated by exogenous ACC (10 uM) (Fig. 3).

To further evaluate the role of mine, we performed genet-
ic analyses by constructing double mutants, with lines
known to have defects in auxin biosynthesis. First, we
crossed mine with an auxin-overproducing superroot 2
(sur2) mutant, which is flawed in the enzyme P450
CYP83B1 involved in the auxin biosynthesis pathway (Barlier
et al., 2000; Boerjan et al., 1995; Delarue et al., 1998; Pacu-
rar et al., 2014, Stepanova et al.,, 2005; 2011). In the presence
of ACC, growth inhibition of mine sur2 roots was indistin-
guishable from that of sur2 (Figs. 4A and 4B). This finding
suggests that sur2-mediated auxin overproduction caused

indicate +SD from three biological replicates.
(C-F) Growth phenotypes of 4-d-old etiolat-
ed WT, mine, wei2/asal, and wei8/taal
seedlings grown in MS plates supplemented
with increasing concentrations of IAA (0,
0.01, 0.1, and 1 uM). Scale bars = 0.5 cm.

100 nM IAA

10 uM ACC

) WT mine WT

Fig. 3. The mine mutant shows aberrant expression of auxin max-
ima monitored by DR5 under ACC treatment. DR5::GUS and
DR5.:GFP markers examined in 4-d-old etiolated WT and /mine
roots in the absence or presence of IAA (100 nM) or ACC (10
uM). The mine roots specifically display attenuated expression of
both DR5::GUS and DR5::GFP compared with WT roots in the
presence of ACC. Scale bars =50 um.

mine to respond to growth inhibition under ACC treatment.
Next, we crossed mine with the wei8/taa’ mutant, which is
defective in an auxin biosynthesis gene encoding a PLP-
dependent tryptophan aminotransferase (Stepanova et al.,
2008). Unlike in mine sur2, the root growth response of
mine weiS8 double mutants was marginally but significantly
more insensitive to ACC than mine and wei8/taal single
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10 uM ACC

Fig. 4. Genetic analysis of ethylene-induced auxin bio-
synthesis in mine roots. (A) Growth phenotypes of 4-d-
old etiolated WT, mine, sur2, and mine sur2 seedlings
in the presence of ACC (10 uM). (B) The graph illus-
trates relative growth inhibition of WT, mine, sur2, and
mine sur? roots under 10 uM ACC treatment. (C)
Growth phenotypes of 4-d-old WT, mine, weiS/taal,
and mine wei8 seedlings in the presence of 10 uM

ACC. (D) Relative growth inhibition of WT, mine,
weiS/taal, and mine wei8 roots under 10 uM ACC

Growth inhibition
3

mine wei8/  mine
taat wei8 0

WT mine weig/
taat

mutants (Figs. 4C and 4D), implying that MINE might play a
role in a TAA1-dependent auxin biosynthesis pathway.

Collectively, our results strongly support the hypothesis
that MINE is involved in ethylene-induced auxin biosynthesis
in the root.

The mine mutant exhibits growth retardation under
normal growth conditions

In a root growth assay, besides its insensitive root growth to
ethylene under dark-grown conditions, we found that mine
showed a short-root phenotype under normal growth con-
ditions (Fig. 5A). As seedlings grew, the root growth rate of
mine gradually decreased in comparison with that of WT
seedlings (Fig. 5B). To investigate whether mine has devel-
opmental defects in the root, we analyzed the expression of
SCARECROW (SCR), SHORT-ROOT (SHR), and WOX5 (Di
Laurenzio et al., 1996; Gallagher et al., 2004, Helariutta et
al., 2000; Nakajima et al., 2001; Sabatini et al., 2003; Sarkar
et al., 2007). Under normal growth conditions, the stem cell

niche of mine, monitored by expression of the marker genes,

was nearly indistinguishable from that of WT seedlings, sug-
gesting that the retarded root growth of mine is not due to
defects in the stem cell niche (Supplementary Fig. S3).

When measured as described previously (Achard et al.,
2009; Dello loio et al., 2007; Heo et al., 2011; Lee et al.,
2012; Ubeda-Tomas et al., 2009), the root meristem size of
mine was smaller than that of WT (Figs. 5C, 5D, and 5I),
suggesting a reduction of cell division in the meristem zone.
To further characterize this defect, we monitored cell division
with EdU, a thymidine analog (S-phase marker) (Choe et al.,
2017, Hong et al, 2015; Kotogany et al., 2010) and
CYCB1.:GUS (G2/M-phase marker) (Donnelly et al., 1999).
Cell division potential in mine roots was slightly decreased
compared with that in WT (Figs. 5E-5H, 5J, and 5K). Next, in
addition to cell division, we analyzed cell elongation in the
mine root as root growth also depends on the extent of
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treatment. Error bars indicate +SD from three biologi-
cal replicates. Statistically significant differences were
determined by Student’s #test (x**P < 0.001). Scale
bars =0.5 cm.

mine
wei8

elongation of cells exiting the meristem zone (Beemster and
Baskin, 1998). We found that under normal growth condi-
tions, the length of mine root cells was considerably reduced
compared with that of WT (Figs. 5L-5N). Taken together,
these findings strongly suggest that the retarded root
growth observed in mine mutants is attributable to reduc-
tion in both cell division and cell elongation.

Molecular cloning of the MINE gene

To identify the locus responsible for the mine phenotype, we
used a TAIL-PCR method (Liu et al., 1995) as the mutant
contained a pBIB-UAS tag. Through TAIL-PCR, we found a T-
DNA insertion in the ninth exon of the locus (AT5G49970)
encoding the PNP/PMP oxidase, PDX3 (also known as
PPOX) (Colinas et al., 2016; Gonzalez et al., 2007; Sang et
al., 2007; Fig. 6A), which is known to convert PMP and PNP
into PLP through a salvage pathway (Colinas et al., 2016;
Gonzalez et al., 2007; Sang et al., 2007). In the SALK data-
base (http://signal.salk.edu), we identified another T-DNA
insertion allele of PDX3 pdx3-3 (SALK_054167C). Under
normal growth conditions, the root growth of pax3-3 was
also reduced as in the mine mutant (Fig. 6B). Next, the levels
of PDX3 transcripts were analyzed in WT, mine, and pdx3-3
roots by RT-gPCR. Consistent with our genetic analysis of
mine, the level of PDX3 mRNA was substantially reduced in
mineroots, confirming that mineis indeed a loss-of-function
mutant (Fig. 6C). As in mine, we found that PDX3 expres-
sion was also attenuated in padx3-3 roots when compared
with WT (Fig. 6C). Subsequently, we reciprocally crossed
these two mutants for a complementation test. In the pres-
ence of ACC, the Fy progeny (mine/pax3-3) of the cross
between mine and pax3-3 was also insensitive to ethylene-
induced inhibition of root growth compared to each paren-
tal line under dark-grown conditions (Figs. 6D and 6E), cor-
roborating their allelic relationship.
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To further verify whether mutations in the PDX3 locus
cause the root growth insensitivity to ethylene in mine mu-
tants, we introduced a translational fusion, which includes
the MINE/PDX3 promoter, coding region, and GFP
(ProMINE::MINE-GFP), into the mine mutant by the floral
dipping method (Clough and Bent, 1998). Under normal
growth conditions, Arabidopsis transgenic seedlings with
the translational fusion were also practically indistinguishable
from WT (Figs. 6F and 6G), and the transgenic plants exhib-
ited a similar phenotype to that of WT under ACC treatment
(Figs. 6H and 6l). Consequently, our results strongly suggest
that the mine phenotypes, in the presence of ACC under
dark-grown conditions and in the absence of ACC under
light-grown conditions, are indeed due to an insertional
mutation in the PDX3 locus, which encodes the PNP/PMP
oxidase involved in the PLP salvage pathway (Colinas et al.,
2016; Gonzalez et al., 2007; Sang et al., 2007).

MINE/PDX3 likely plays a role in the TAA1/TAR-dependent
auxin biosynthesis pathway induced by ethylene

QC to the point at which cell size starts to
increase (arrowheads demarcate the meristem
zone). (E, F, J) CYCB1.:GUS expression in 5-d-
old WT and mineroots. (G, H, K) EdU assays in
WT and mineroots at 5 dpg. (L, M, N) Analysis
of cortex cell elongation in the elongation
zone (arrowheads indicate the boundaries of a
cortex cell). Error bars indicate £SD from three
biological replicates. Asterisks indicate statisti-
cally significant differences compared to WT,
as determined by Student’s #test (P < 0.05,
*%P < 0.01, and ***P < 0.001). Scale bars =
0.5cminAand50uminE, F, G, H, L, M.

WT mine

Previous studies have shown that by adding Trp or IAA, we/
mutants can be correctly placed in the Trp-dependent auxin
biosynthesis pathway (Stepanova et al., 2005; 2008; 2011).
For example, both Ant and Trp could rescue the ethylene
sensitivity of wei2 and wei7 roots to WT levels (Stepanova et
al., 2005). On the other hand, defects in the ethylene-
induced root responses of weiS/taal could be restored by
exogenous IAA, but not by Trp, suggesting that 7447 and its
related genes (74Rs) play key roles in the IPyA-dependent
route of the conversion of Trp to IAA (Stepanova et al.,
2008). Therefore, we examined growth responses of mine
roots under ACC (10 uM) only, Trp (10 uM) only, IAA (10
nM) only, ACC plus Trp (ACC+Trp), and ACC plus IAA
(ACCHIAA) conditions. With ACC+Trp, mine seedlings exhib-
ited a similar insensitive phenotype in the roots, as compared
to those with only ACC, which is reminiscent of that seen in
werlS/taal seedlings (Fig. 7A). Interestingly, the root re-
sponses of mine seedlings were rescued in the presence of
both ACC and IAA (ACC+IAA condition) (Fig. 7B). These
findings strongly suggest that MINE/PDX3 is likely involved in
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Fig. 6. The MINE gene encodes the PNP/PMP oxidase,
PDX3. (A) The MINE locus (AT5G49970) with loca-
tions of T-DNA insertion. The boxes depict the cod-
ing regions, whereas the lines represent the non-
coding regions. The triangles indicate T-DNA inser-
tions in mine isolated from our activation-tagging
population and in pax3-3 identified from the SALK
T-DNA database. The arrows show the location of
PCR primers used for RT-gPCR. (B) Growth assay of
WT, mine, and padx3-3 roots under normal growth
conditions. (C) Expression levels of PDX3 in WT,
mine, and padx3-3 roots. (D, E) Allelism test of mine
and pax3-3 in the absence or presence of 10 uM
ACC treatment. From left to right, WT, mine, pax3-
3 and F; progeny (mine/padx3-3) of crosses between
mine and pax3-3. The Fy progeny show insensitivity
to root growth inhibition under ACC treatment. (F,
G) Molecular complementation of mine. Under
normal growth conditions, the reduced root growth
phenotype of mineis rescued by the MINE transgene
(ProMINE::MINE-GFP). (H, 1) Root responses of mine
are restored to WT levels by the MINE transgene
(ProMINE::MINE-GFP) in the presence of 10 uM
ACC. Error bars indicate £SD from three biological
replicates. Statistically significant differences were
determined by Student’s #test (*P < 0.05, **P <
0.01, and ***P< 0.001). Scale bars=0.5 cm in D, F,
H.

mControl mIAA BACC mACC+IAA

WT

*kk

weisg/
taat

wei2/
asat

mine

Fig. 7. Ethylene-insensitive responses of mine roots are restored by IAA, but not by Trp. (A) Growth inhibition of 4-d-old etiolated WT,
mine, weiZ/asal, and weiS/taal roots grown in MS plates only (control; blue), or MS plates supplemented with Trp (10 uM; orange)
only, ACC (10 uM; purple) only, or ACC+Trp (10 uM:; yellow). (B) Root growth inhibition of WT, mine, weiz/asal, and weiS/taal seed-
lings grown in MS plates only (control; blue), or MS plates with IAA (10 nM; red) only, ACC (10 uM; purple) only, or ACC+HAA (10 nM;
green). Error bars indicate +SD from three biological replicates. Asterisks indicate statistically significant differences compared to WT, as
determined by Student’s #test (* < 0.05, **P< 0.01, and ***P< 0.001; ns: statistically not significant).
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ethylene-induced auxin biosynthesis downstream of Trp, in
which 7AA7/WEIS and its related genes (74/s) participate
(Stepanova et al., 2008; 2011).

DISCUSSION

We had initially attempted to tissue-specifically overexpress
T-DNA with tandem UAS sequences (pBIB-UAS) by using the
QC-specific driver (ProWOX5::GV) (Waki et al., 2013). Un-
expectedly, we identified a novel recessive mutant, named
mildly insensitive to ethylene (mine), which showed insensi-
tivity to growth inhibition in the presence of the ethylene
precursor, ACC. Under dark-grown conditions supplement-
ed with ACC, mine roots were insensitive to ethylene-
induced inhibition. By contrast, mine hypocotyls displayed
typical triple responses in a similar manner to those of WT.
The root-specific insensitivity of mine seedlings to ethylene-
induced growth inhibition is reminiscent of that seen in wes
mutants (Alonso et al., 2003; Stepanova et al., 2005; 2008).
Therefore, we also investigated the growth response of mine
seedlings to auxin, and found that mine seedlings exhibited
normal response phenotypes to exogenous IAA, as did we/
(wei2 and wei8) mutants (Stepanova et al., 2005; 2008;
2011). Considering the mine phenotypes under ACC and
IAA treatments, we hypothesized that MINE might play a
role in ethylene-induced auxin biosynthesis. The auxin max-
ima in the root, monitored by DR5:GUS and DR5:GFP,
were indeed attenuated in mine, when compared with WT
under ACC treatment. In our genetic analysis, we found that

Ethylene-induced IAA biosynthesis
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root growth of mine seedlings in the auxin-overproducing
sur2 background (Barlier et al., 2000; Boerjan et al., 1995;
Delarue et al., 1998; Pacurar et al., 2014, Stepanova et al.,
2005; 2011) was substantially inhibited in the presence of
ACC. This finding suggests that in the sur2 background,
auxin overproduction likely causes /mine roots to respond to
growth inhibition by ethylene. Moreover, the growth re-
sponse of mine wei8 double mutants was discernibly insensi-
tive to exogenous ACC compared with that of mine and
weiS/taal single mutants (Stepanova et al., 2008). Previous
work has shown that WE/S encodes a PLP-dependent tryp-
tophan aminotransferase, 7447, which is involved in the
conversion of Trp to IPyA in the Trp-dependent auxin biosyn-
thesis pathway (Stepanova et al., 2008; Fig. 8). Thus, this
result suggests that loss of both MINE and 7AA7 has com-
pound effects on the root growth response to ethylene.
Taken together, our results lend strong support for the hy-
pothesis that MINE likely plays a role in the ethylene-induced
auxin biosynthesis pathway.

Ethylene is known to inhibit root growth primarily by af-
fecting cell elongation (Alarcon et al., 2014; Bleecker and
Kende, 2000; Le et al., 2001; RiZicka et al., 2007; Swarup et
al., 2007). We also found that cell elongation in the mine
root was substantially reduced under normal growth condi-
tions. Previous studies have demonstrated that auxin redis-
tribution into the root elongation zone is attributable to
ethylene-induced inhibition of root cell elongation (RiiZicka et
al., 2007; Swarup et al., 2007). Given that the auxin maxima
were discernibly attenuated in the mine root by exogenous

Fig. 8. A schematic model for the involvement
of MINE/PDX3 in ethylene-induced auxin bio-
synthesis. Anthranilate synthase (ASA and
ASB), encoded by WEL2 and WE/7, is a key
biosynthesis enzyme for the auxin precursor,
Trp. By contrast, 7447 and its related genes
(7ARs) are involved in the conversion of Trp to
IPyA in the auxin biosynthesis pathway. The
MINE gene, which encodes the PNP/PMP oxi-
dase (PDX3) in the PLP salvage pathway, likely
plays a role in ethylene-induced auxin biosyn-
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ACC, it is tempting to speculate that auxin redistribution
from the auxin maxima in the root tip is likely affected in the
mine seedling as well.

Vitamin Be plays crucial roles in plant development and
hormone homeostasis (Boycheva et al., 2015; Chen and
Xiong, 2005; Percudani and Peracchi, 2003; Titiz et al,,
2006). Therefore, a complete loss of de novo vitamin Bg
biosynthesis results in embryonic lethal (Colinas et al., 2016;
Tambasco-Studart et al., 2005; Titiz et al., 2006). Previous
studies have reported that mutations in the PDX7.7 and
PDX1.3 genes, which are involved in the de novo PLP bio-
synthesis pathways, promote growth phenotypes linked to
impaired ethylene and auxin biosynthesis that require PLP as
a cofactor (Boycheva et al., 2015; Chen and Xiong, 2009a;
2009b; Colinas et al., 2016). However, it remains unclear
whether PDX3 in the salvage pathway is also involved in the
biosynthesis of the two hormones.

Our genetic, physiological, and molecular analyses provide
important information on the role of MINE/PDX3 in eth-
ylene-induced auxin biosynthesis and plant growth, with a
focus on the root. Subsequent molecular cloning led us to
the conclusion that the insensitivity of mine roots to eth-
ylene-induced growth inhibition resulted from the loss of
PDX3 activity, which catalyzes the conversion of the phos-
phorylated forms of PN and PM into PLP (Colinas et al.,
2016; Gonzalez et al., 2007; Sang et al., 2007; 2011). When
complemented with the MINE/PDX3 genomic fragment or
supplemented with exogenous IAA, defects in the ethylene-
induced growth inhibition of mine/pax3 roots were rescued
to levels indistinguishable from WT seedlings. It has previ-
ously been shown that the level of PLP was reduced, and the
levels of PMP and PNP increased in pax3 mutants when
compared with WT (Colinas et al., 2016). Moreover, Soeno
et al. (2010) demonstrated that PLP is required in IPyA for-
mation in both Arabidopsis and wheat /7 vitro. By adding Trp
or IAA along with ACC to mine/pdx3 seedlings, we were
able to speculate in which step in ethylene-induced auxin
biosynthesis MINE/PDX3 is likely involved (Fig. 8). For in-
stance, under ACC+Trp conditions, mine/pdx3 seedlings still
displayed insensitivity in roots like wei8/taal seedlings. By
contrast, root growth responses of mine/pax3 seedlings
were restored under ACCHIAA conditions. Therefore,
MINE/PDX3 likely plays a role in the IPyA-dependent route of
the conversion of Trp to IAA, like TAAT and TARs (Stepanova
et al, 2008; 2011). Considering that TAA1 and TARSs belong
to a subgroup of PLP-dependent enzymes (He et al., 2011;
Huai et al., 2001; Stepanova et al., 2008; Tao et al., 2008), it
is tempting to speculate that PLP produced by MINE/PDX3
acts as a cofactor in TAA1/TAR-dependent auxin biosynthesis
induced by ethylene.

In summary, this study provides lines of evidence that
MINE/PDX3-mediated production of PLP in the salvage
pathway participates in TAA1/TAR-dependent auxin biosyn-
thesis induced by ethylene, which in turn influences the
crosstalk between ethylene and auxin in the Arabidopsis
root.

Note: Supplementary information is avalilable on the Mole-
cules and Cells website (www. molcells.org).
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