
Figure 8. Accumulation of STOP1 protein in the nucleus of root cells of different genotypes. A and C, Morphologies of 6-d-old
seedlings of the various genotypes grown on +Pi and2Pi media. B, GFP signals of STOP1::GFP-STOP1in roots of wild-type (WT)
and als3 seedlings grown on +Pi and 2Pi media. D, GFP signals of STOP1::GFP-STOP1in roots of wild-type and 35S::ALS3-
STAR1seedlings. For the observation of GFP signals, seeds with different genotypes were germinated on +Pi medium and grown
for 3 d. The seedlings then were transferred to +Pi or 2Pi medium for 24 h before they were photographed. The cell walls were
stained with propidium iodide (shown in magenta). The insets in B and D show closeup views of representative root cells.
Bars = 1 cm (A and C) and 100 mm (B and D).
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A and B). The Fe staining pattern in LPR1-OX-1 stop1
and LPR1-OX-1 almt1was similar to that in stop1 and
almt1 (Fig. 9E), which occurred with the reversion of
the hypersensitive PR growth phenotype of LPR1-
OX-1 to the insensitive PR growth phenotypes of
stop1 and almt1 (Fig. 9, C and D). Together, these
results indicated that the interdependence of LPR1
and STOP1/ALMT1 in regulating PR growth under
Pi deficiency involves the promotion of malate-
dependent Fe accumulation in roots. Because the
Fe accumulation pattern in LPR1-OX was differ-
ent from that in STOP1-OX-1 and ALMT1-OX-
1 (Fig. 9E), we also concluded that LPR1 and STOP1/
ALMT1 regulate Fe accumulation in roots via dif-
ferent mechanisms.

DISCUSSION

The inhibition of PR growth is amajor developmental
response of Arabidopsis to Pi deficiency. Although
several key components (i.e. the LPR1 ferroxidases, the
ALS3/STAR1 transporter complex, and the STOP1-
ALMT1 regulatory module) have been identified to
regulate PR growth under Pi deficiency (Svistoonoff
et al., 2007; Müller et al., 2015; Balzergue et al., 2017;
Dong et al., 2017), how these components interact with
each other to exert their effects is unclear.
To search for the molecular components that interact

with ALS3/STAR1, we performed a genetic screen for
the suppressors of als3. One group of suppressors that
displayed insensitive PR growth phenotypes under Pi

Figure 9. Morphologies and Fe staining patterns of the roots of 6-d-old seedlings of various genotypes. A to D, Morphologies of
6-d-old seedlings of the wild type (WT), various mutants and overexpressing lines, and the lines derived from various genetic
crosses grown on +Pi and2Pimedia. E, Fe accumulation as indicated by Perls/DAB staining in the roots of 6-d-old seedlings of the
various genotypes grown on 2Pi medium. The top and bottom rows are photographs of the root MZ and the root apex, re-
spectively. Roots of representative seedlings are shown. Bars = 1 cm (A–D) and 100 mm (E).
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deficiency contained a mutation in the STOP1, ALMT1,
or LPR1 gene (Fig. 1; Supplemental Fig. S2). In contrast,
transgenic plants overexpressing any of these three
genes exhibited opposite phenotypes. These results
further confirmed the roles of STOP1, ALMT1, and
LPR1 in regulating PR growth under Pi deficiency.
Using genetic and molecular approaches, we had three
main findings. First, STOP1, ALMT1, and LPR1 act
downstream of ALS3/STAR1 in mediating PR growth
under Pi deficiency (Fig. 1; Supplemental Fig. S2).
Second, ALS3/STAR1 suppresses the transcription of
ALMT1 by repressing the accumulation of STOP1 pro-
tein in the nucleus, but the transcription of ALS3 and
STAR1 is not affected by STOP1 or ALMT1 (Figs. 7 and
8; Supplemental Figs. S9 and S13). Third, the reciprocal
suppression of the hypersensitive PR growth pheno-
types and Fe overaccumulation of STOP1/ALMT1-OX
and LPR1-OX lines by LPR1 and STOP1/ALMT1 mu-
tations under Pi deficiency demonstrated that the
functions of these two components are interdependent
(Fig. 9). This functional interdependence is not due to
their effects on each other’s transcription, which differs
from the report of Mora-Macías et al. (2017). Based on
these three results, we propose aworkingmodel of how
these molecular components mediate PR growth under
Pi deficiency, as illustrated in Figure 10 and discussed
in the following two paragraphs.

Under Pi sufficiency, the active ALS3/STAR1 trans-
porter complex transports an unidentifiedmetabolite or
ion into vacuoles, which reduces the concentration of
this unknown substrate in the cytosol. The low con-
centration of this metabolite or ion in the cytosol di-
rectly or indirectly reduces the accumulation of STOP1
protein in the nucleus, which, in turn, suppresses the
transcription of ALMT1. The suppression of ALMT1
transcription results in a decreased excretion of malate
into the apoplast of the root apex. The low level of
malate in the apoplast, therefore, is unable to form
enough malate-Fe3+ complex to allow Fe3+ to enter re-
dox cycling to generate ROS, which could cross-link the
cell wall components to inhibit cell elongation or to
interfere with cell division in the RAM. The level of
malate in the apoplast, however, might not be the only
factor that determines the final amount of the malate-
Fe3+ complex in the apoplast under Pi sufficiency. This
is because the STOP1- and ALMT1-OX lines, which
presumably accumulate high levels of malate in the
apoplast of the root apex, still have similar levels of Fe
accumulation and root growth phenotypes to the wild
type. More likely, the microenvironment of the root
apoplast under Pi sufficiency does not favor the binding
of malate to Fe3+ to form the malate-Fe3+ complex;
therefore, PR growth is not inhibited in the STOP1- and
ALMT1-OX lines under Pi sufficiency.

Under Pi deficiency, an unknown mechanism re-
duces the protein level or the activity of the ALS3/
STAR1 transporter, which results in the overaccumulation
of that unidentified metabolite or ion in the cytosol.
The increased accumulation of the metabolite or ion
promotes the accumulation of STOP1 protein in the

nucleus. The elevated abundance of STOP1 protein in
the nucleus, in turn, increases the transcription of
ALMT1, resulting in a high efflux of malate into the
apoplast. At the same time, the microenvironment of
the root apoplast becomes more favorable for the for-
mation of the malate-Fe3+ complex. In addition, the
expression of Fe acquisition genes, such as IRON
REGULATED TRANSPORTER1 and FERRIC RE-
DUCTION OXIDASE2, is suppressed dramatically in
Pi-deficient roots (Misson et al., 2005; Thibaud et al.,
2010; Lei et al., 2011; Li and Lan, 2015; Hoehenwarter
et al., 2016) The suppressed expression of FERRIC
REDUCTION OXIDASE2, which functions in reduc-
ing Fe3+ to Fe2+, also helpsmaintain a high level of Fe3+
in the root apoplast. Together, these changes accelerate
the formation of the malate-Fe3+ complex in an LPR1-
dependent manner. The formation of malate-Fe3+ com-
plexes channels Fe3+ into redox cycling to generate ROS,
which then inhibit PR growth. The requirement of the
simultaneous presence of malate and Fe3+ to inhibit PR
growth can well explain the nature of the interdepen-
dence of the functions of STOP1-ALMT1 and LPR1. That
exogenous application of malate to 2Pi medium can
restore the PR growth of stop1 and almt1 single mutants
and stop1 als3 and almt1 als3 double mutants to that of
the wild type further supports this notion (Fig. 2;

Figure 10. Working model showing ALS3/STAR1, STOP1, ALMT1, and
LPR1 interactions to regulate PR growth under Pi deficiency. Arrows
indicate promotion, and perpendicular lines indicate suppression.
Dotted lines indicate indirect interactions. X, An unidentified metabo-
lite or ion; gray line surrounding the cell, the plasma membrane; light
blue line surrounding the cell, the cell wall.
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Balzergue et al., 2017; Mora-Macías et al., 2017). Our
model also explainswhy themutation of LPR1 could still
suppress the hypersensitive PR growth phenotype of
als3, although ALS3 and LPR1 do not affect each other’s
transcription (Supplemental Fig. S16). This is because in
the l1 suppressor, the root apoplast cannot maintain a
basal level of Fe3+ to form the malate-Fe3+ complex, al-
though the l1 suppressor has a superinduction ofALMT1
transcription (Supplemental Fig. S17D). Similarly, the
STOP1-OX lpr1 lpr2 and ALMT1-OX lpr1 lpr2 lines have
an insensitive PR growth phenotype, because these lines
lack enough Fe3+ to form the malate-Fe3+ complex even
though they contain high levels of malate in the root
apoplast.
Although our work has elucidated the genetic rela-

tionship among ALS3/STAR1, STOP1-ALMT1, and
LPR1 and has further confirmed the role of Fe in me-
diating Pi deficiency-induced inhibition of PR growth,
how the inhibition of PR growth is linked to changes in
Fe accumulation in roots is still an open question.
Müller et al. (2015) reported that when wild-type Ara-
bidopsis seedlings were transferred from +Pi to 2Pi
medium, within 20 h, Fe accumulation was increased
greatly along the whole root axis, including the EZ and
the stem cell niche. By comparing the Fe staining pat-
terns in the wild type and themutants with opposite PR
growth phenotypes, Müller et al. (2015) hypothesized
that the degree of inhibition of PR growth by Pi defi-
ciency is simply linked to the levels of Fe accumulation
in the stem cell niche and the EZ (i.e. the more Fe ac-
cumulated in the stem cell niche and the EZ, the more
severe the inhibition of PR growth by Pi deficiency).
Mora-Macías et al. (2017) found that the mutation in
STOP1 and ALMT1 reduced Fe accumulation in the
stem cell niche in seedlings that had been exposed to Pi
deficiency for 5 d and that exogenous application of
malate to2Pi medium restored Fe accumulation in the
stem cell niche. Therefore, they proposed that Fe accu-
mulation in the stem cell niche was responsible for the
inhibition of PR growth by Pi deficiency. Balzergue
et al. (2017), however, noticed that at 2 d after seed-
lings were transferred to2Pi medium, the level of Fe in
the stem cell niche of stop1 and almt1 did not obviously
differ from that in the wild type. Instead, they found
that the Fe staining in the EZ was stronger in the wild
type than in stop1, almt1, or lpr1. Therefore, they pro-
posed that the rapid inhibition of PR growth during
plant early exposure to Pi deficiency was caused by the
increased accumulation of Fe in the EZ but not in the
stem cell niche. Because all three hypotheses or infer-
ences (Müller et al., 2015; Balzergue et al., 2017; Mora-
Macías et al., 2017) were based on samples taken at only
one or two time points after plants were exposed to Pi
deficiency, or due to the different experimental condi-
tions (e.g. different recipes were used for 2Pi medium
by the different research groups), the results from these
studies still might not be sufficient to provide a definite
answer about the relationship between the degree of
inhibition of PR growth and the levels of Fe accumu-
lation in the stem cell niche and the EZ.

To further investigate the relationship between Fe
accumulation and the Pi deficiency-induced inhibition
of PR growth in more detail, we carried out a time-
course analysis of the Fe accumulation patterns in
roots. During the first 2 d after seedlings were trans-
ferred from +Pi to 2Pi medium, the overall Fe staining
in the RAM and the EZ was largely decreased (Fig. 4;
Supplemental Fig. S7). The levels of Fe in the stem cell
niche, however, did not obviously change, which was
consistent with the results reported by Balzergue et al.
(2017). Furthermore, we found that, at 2 DAT, the Fe
staining intensity in the stem cell niche of the wild type
and various mutants and overexpressing lines was
similar even though the inhibition of PR growth had
already occurred (Balzergue et al., 2017; Supplemental
Fig. S6B). Therefore, these results demonstrated that the
rapid inhibition of PR growth by exposure to Pi defi-
ciency was not linked to the level of Fe in the stem cell
niche. We also noticed that 2 d after seedlings were
transferred from +Pi medium to 2Pi medium, the Fe
staining intensity in the EZ and the RAM did not ob-
viously differ among the wild type, als3, stop1, and
almt1 (Fig. 5). This indicated that the degree of the in-
hibition of PR growth by Pi deficiency also is not simply
linked to the level of Fe in the EZ. Therefore, the great
reduction of Fe accumulation in the root apex in the first
2 DAT to 2Pi medium might be regarded as an early
stress response that prevents the damage that would
result from the rapid and high production of ROS. In-
stead, we found that the sensitivity of PR growth of
various genotypes occurred with the level of Fe in the
MZ at 6 DAG. At this stage, almost the entire RAM and
EZ underwent premature differentiation (Fig. 6). Be-
cause the cells in the MZ no longer elongate, the level of
Fe in theMZ cannot be used to explain the differences in
the sensitivity of PR growth under Pi deficiency (i.e. the
level of Fe in the MZ is probably a consequence rather
than a cause of the sensitivity of PR growth to Pi defi-
ciency). In other words, the level of Fe in the MZ,
therefore, might be used as an indicator of the sensi-
tivity of PR growth to Pi deficiency. The increased ac-
cumulation of Fe in theMZ of2Pi rootsmight be due to
the increased activity of LPR1 and ALMT1, which
increased the formation of the Fe-malate complex in
the root apoplast. Alternatively, the increased accu-
mulation of Fe in the MZ of2Pi roots might be due to
the increased uptake of Fe by roots because of the
increased formation of root hairs induced by P defi-
ciency. Determining the exact cause of the over-
accumulation of Fe in theMZ of2Pi roots will require
further investigation.
In summary, this study has elucidated the genetic

relationship among the three key components in the
regulatory pathway that controls the Pi deficiency-
induced inhibition of PR growth. Our detailed analy-
ses of the dynamic changes in Fe accumulation during
plant exposure to Pi deficiency also indicate that the
degree of the inhibition of PR growth is not simply
linked to the level of Fe accumulated in the RAM or EZ.
The next challenge will be to understand the molecular
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mechanism of how the mobilization of Fe accumulation
in roots affects PR growth under Pi deficiency.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) plants used in this study were in the
Columbia-0 background. The T-DNA insertion lines SALK_004094 (als3-3),
SALK_114108 (stop1), SALK_009629C (almt1), SALK_016297 (lpr1), and
CS384144 (star1) were obtained from the Arabidopsis Biological Resource
Center. The lpr1 lpr2 mutant and the STOP1::GUS, ALMT1::GUS, and STOP1::
GFP-STOP1 lines were generated as reported previously (Svistoonoff et al.,
2007; Balzergue et al., 2017). The LPR1::GUS line was a kind gift from Dr.
Steffen Abel. All double or triple mutants were generated by genetic crosses
between these lines. The presence of the T-DNA in the genomic DNA of the
SALK lines was confirmed by PCR analysis using primers specific for each
T-DNA insertion. The primers used to confirm the T-DNA insertion are listed in
Supplemental Table S1.

Arabidopsis seedswere surface sterilized in 20% (v/v) bleach for 10min and
thenwashed three timeswith sterile-distilledwater. After being stratified at 4°C
for 2 d, the seeds were sown on petri plates containing +Pi medium or 2Pi
medium. The standard +Pi medium was one-half-strength Murashige and
Skoog medium with 1% (w/v) Suc, 0.1% (w/v) MES, and 0.8% (w/v) agarose
(Biowest Regular Agarose G-10) or 1.2% (w/v) agar (Sigma-Aldrich). For the
2Pi medium, KH2PO4 in the +Pi medium was replaced with K2SO4. The pH
was adjusted to 5.8 for both +Pi and2Pi media. All experiments used agarose-
containing medium, except that agar-containing medium was used for the
experiments concerning the analysis of the expression of the promoter::GUS
transgene. The plates with seedswere placed vertically in a growth roomwith a
photoperiod of 16 h of light and 8 h of dark at 22°C to 24°C. The light intensity
was 100 mmol m–2 s–1.

Mutagenesis and Suppressor Screening

The als3mutant was used for suppressor screening. About 100,000 als3 seeds
(M1 seeds) were incubated with 0.6% (v/v) EMS (Sigma-Aldrich; catalog no.
M0880) for 10 h with gentle agitation. EMS was inactivated with 100 mM

sodium thiosulfate for 10 min. The seeds were washed 10 times with sterile-
distilled water and sown on +Pi medium. At 6 DAG, the seedlings were
transferred to soil and grown tomaturity. TheM2 seedswere harvested in 1,200
pools with each pool containing seeds from 150M1 plants. For each pool, 50M2
seeds were grown on2Pi medium for 6 d. The seedlings with an insensitive PR
growth phenotype were selected and grown in soil to produce seeds. The in-
sensitive PR growth phenotype of each putative suppressor line was confirmed
in the next generation.

Identification of stop1, almt1, and lpr1 Mutations

Genomic DNAs were extracted from the leaves of all suppressor lines. For
each genomic DNA, the STOP1,ALMT1, and LPR1 geneswere sequenced using
primers specific for these three genes. The sequences of the primers used for
sequencing are listed in Supplemental Table S1.

Quantification of PR Length

For the quantification of PR length, the seedlingswere photographed and the
images of roots were analyzed by the software ImageJ. For each genotype, 15
roots were used for analysis. The experiments were repeated three times, and
representative results are shown.

Vector Construction and Plant Transformation

Forplant overexpressionvector construction, thewild-typeSTOP1 andLPR1
genes were PCR amplified from genomic DNA extracted from Columbia-0
plants and were cloned into the site between the CaMV 35S promoter and the
NOS terminator on the pZH01 vector using the Gibson assembly cloning method
(Gibson et al., 2009). The resulting constructs 35S::STOP1 and 35S::LPR1 carried
a hygromycin-resistant gene as the selectable marker for plant transformation.

For the construction of the plant vector expressing an ALS3-STAR1 fusion
gene, theALS3 coding sequence (CDS) was PCR amplified from the Columbia-0
cDNA using ALS3 fusion LP/RP primers and cloned into the site between the
CaMV 35S promoter and the NOS terminator on the pCAMBIA1300 vector
using the Gibson assembly cloning method, which resulted in a 35S::ALS3
vector. Then, the STAR1 CDS was PCR amplified from the Columbia-0 cDNA
using STAR1 fusion LP/RP primers and cloned into the site between the ALS3
CDS and the NOS terminator on the 35S::ALS3 vector using the Gibson as-
sembly cloning method, which resulted in a 35S::ALS3-STAR1 vector. Finally,
two oligonucleotides were annealed to form a double-stranded DNA fragment
that encodes a 15-amino acid linker sequence. This DNA fragment was inserted
into the site between the ALS3 CDS and the STAR1 CDS on the 35S::ALS3-
STAR1 vector, which resulted in the final 35S::ALS3-STAR1 plant transforma-
tion vector. This vector also carried a hygromycin-resistant gene as the
selectable marker for plant transformation.

These three constructs were mobilized into the Agrobacterium tumefaciens
strain GV3101 and transformed into Arabidopsis plants using the floral dip
method (Clough and Bent, 1998). The stable transgenic lines were selected on
hygromycin-containing medium. The primers used for the construction of the
vectors are listed in Supplemental Table S2.

RT-qPCR

Total RNAs in roots of 6-d-old seedlings were extracted using the Highpure
Total RNA Mini kit (Magen). A 2-mg quantity of RNA was reverse transcribed
to cDNAs usingMoloneymurine leukemia virus reverse transcriptase (Takara).
RT-qPCR was performed as described by Song et al. (2016). SYRB Fast qPCR
Master Mix (KAPA) was used for RT-qPCR analyses on a Bio-Rad CFX96 real-
time PCR system. ACTIN2 was used as an internal control. Each experiment
was repeated three times with three technical replicates, and similar results
were obtained. Representative results are shown. The primers used for RT-
qPCR are listed in Supplemental Table S3.

Perls and Perls/DAB Staining Assays

Perls staining was performed as described previously with minor modifi-
cations (Roschzttardtz et al., 2009). In brief, the roots were excised from the
seedlings and submerged directly into the staining solution of a Perls stain kit
(Solarbio). After 30 min in the staining solution, the samples were rinsed with
sterile-distilled water two times.

Perls/DAB staining was performed according to Balzergue et al. (2017) with
minor modifications. The final concentration of DAB solution used for staining
was 0.025%. The roots stained by both Perls and Perls/DAB methods were
stored in 0.1 M Na-Pi buffer (pH 7.4) before being photographed. All stained
samples were cleared on glass slides with an 80% (v/v) chloral hydrate glycerol
clearing solution (diluted with 0.1 M Na-Pi buffer, pH 7.4). The Fe staining
patterns in roots were examined using a 203 objective with a differential in-
terference contrast microscope (Olympus BX51) equipped with a camera
(Olympus DP71). For each genotype, 15 roots were subjected to Fe staining. The
experiments were repeated three times, and representative results are shown.

GUS Histochemical Staining Assays

The histochemical staining and analyses of GUS activity were carried out as
described by Jefferson et al. (1987). To avoid overstaining, 6-d-old STOP1::GUS,
ALMT1::GUS, and LPR1::GUS seedlings in all genetic backgrounds were
stained for 50 min, 3 h, and overnight, respectively.

Confocal Microscopy

Roots excised from 6-old-seedlings were dipped in 30 mM propidium iodide
for 10 s to stain cell walls. The stained samples were washed twice in sterile-
distilled water before the fluorescence signals were observed with an LSM710
confocal microscope (Zeiss). The excitation and emission wavelengths were 488
nm and 491 to 535 nm for GFP and 561 nm and 600 to 675 nm for propidium
iodide staining, respectively. The captured fluorescence images were processed
and analyzed with Zen Black and Zen Blue software. GFP signals shown in the
same figure were collected using the same parameters. The intensity of GFP
fluorescence signals wasmeasured using Zen Blue software. For each genotype,
five roots with 10 cells per root were used to measure the intensity of GFP
fluorescence. The experiments were repeated three times.
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Accession Numbers

Sequence data from this article can be found in the TAIR database under
the following accession numbers: ALS3 (AT2G37330), STAR1 (AT1G67940),
LPR1 (AT1G23010), LPR2 (AT1G71040), STOP1 (AT1G34370), and ALMT1
(AT1G08430).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Morphologies of M2 seedlings of EMS-
mutagenized als3 grown on 2Pi medium.

Supplemental Figure S2. Morphologies of wild-type, als3, lpr1, l1, and
LPR1-OX seedlings grown on +Pi and 2Pi media.

Supplemental Figure S3. PR length of 6-d-old seedlings of the wild type,
various mutants and overexpressing lines, and the als3 suppressors
grown on +Pi and 2Pi media.

Supplemental Figure S4. Relative expression levels of STOP1, LPR1, and
ALMT1 in roots of wild-type and overexpressing line seedlings.

Supplemental Figure S5. PR lengths of 6-d-old seedlings of the wild type
and various mutants grown on +Pi and 2Pi media with or without
malate.

Supplemental Figure S6. Change in PR length over time of wild-type
seedlings grown on +Pi and 2Pi media.

Supplemental Figure S7. Fe accumulation patterns in roots of wild-type
seedlings exposed to Pi deficiency.

Supplemental Figure S8. Fe accumulation patterns in roots of the wild
type, various mutants and overexpressing lines, and als3 suppressors.

Supplemental Figure S9. Expression levels of STOP1 and ALMT1 in star1
seedlings and of ALS3 in stop1 and almt1 seedlings.

Supplemental Figure S10. Expression levels of ALS3 and STAR1 in wild-
type and 35S::ALS3-STAR1 seedlings.

Supplemental Figure S11. PR lengths of the wild type, als3, star1, and
various transgenic lines grown on +Pi and 2Pi media.

Supplemental Figure S12. Expression levels of STOP1 in wild-type and
STOP1::GFP-STOP1 seedlings and GFP-STOP1 in seedlings of various
genetic backgrounds.

Supplemental Figure S13. Accumulation of STOP1 protein in the nucleus
of root cells of the wild type and star1.

Supplemental Figure S14. Intensity of GFP fluorescence signals in seed-
lings of lines with the pSTOP1::GFP-STOP1 transgene in different genetic
backgrounds.

Supplemental Figure S15. Expression levels of ALMT1 in wild-type, als3,
and stop1 als3 seedlings.

Supplemental Figure S16. Expression levels of LPR1 in wild-type and als3
seedlings and of ALS3 in wild-type and lpr1 seedlings.

Supplemental Figure S17. Effects of mutations in STOP1/ALMT1 and
LPR1 on each other’s transcription.

Supplemental Table S1. Primers used to verify all T-DNA insertion lines.

Supplemental Table S2. Primers used for the construction of plant trans-
formation vectors.

Supplemental Table S3. Primers for RT-qPCR.
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