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a b s t r a c t

AGC protein kinases play important roles in plant growth and development. Several AGC kinases in
Arabidopsis have been functionally characterized. However, the “AGC Other” subfamily, including IRE,
IREH1, IRE3 and IRE4, has not been well understood. Here, we reported that ireh1 mutants displayed a
root skewing phenotype, which can be enhanced by ire3 mutation. IREH1 and IRE3 were expressed in
roots, consistent with their function in controlling root skewing. The fluorescence intensities of the
microtubule marker KNpro:EGFP-MBD were decreased in ireh1, ire3 and ireh1 ire3 mutants compared to
wild type. The microtubule arrangements in ireh1 and ireh1 ire3 mutants were also altered. IREH1
physically interacted with IRE3 in vitro and in planta. Thus, our findings demonstrate that IREH1 and IRE3
protein kinases play important roles in controlling root skewing, and maintaining microtubule network
in Arabidopsis.
Copyright © 2019, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and

Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.
1. Introduction

AGC kinases (cAMP-dependent protein kinase A, cGMP-
dependent protein kinase G and phospholipid-dependent protein
kinase C) play crucial roles in regulating plant growth and devel-
opment (B€ogre, 2003; Pearce et al., 2010). The 39 AGC kinases in
Arabidopsis can be divided into six subfamilies: AGC VIIIa, AGC VIIIb,
AGC VII, AGC VI, AGC Other, and PDK1 subfamilies, according to the
protein kinase classification based on the catalytic domain (B€ogre,
2003). Members of the AGC VIIIa subfamily have been shown to
control multiple development processes by modulating auxin ac-
tions, such as PID/PID2/WAG1/WAG2, D6PK/D6PKLs, AGC1-12, and
PAX/PAXL (Christensen et al., 2000; Cheng et al., 2008; Zourelidou
et al., 2009; Willige et al., 2013; Haga et al., 2018; Marhava et al.,
2018). In the AGC VIIIb subfamily, UCN and UCNL redundantly
regulate planar growth of integuments, and PHOT1/2, two blue
light receptors, control phototropism and chloroplast relocation
(Briggs and Christie, 2002; Enugutti et al., 2012). The AGC Other
subfamily has four members: IRE, IREH1, IRE3 and IRE4. It has been
reported that IRE plays a role in root hair growth (Oyama et al.,
2002), but the role of rest members in Arabidopsis development
has not been well understood.
Developmental Biology, Chinese A
Roots are very important especially in anchoring plants and
absorbing nutrition and water from the soil. During plant growth,
roots respond to multiple environmental stimuli, such as gravity,
light, touch, moisture and nutrition. These environmental cues and
intrinsic factors regulate root growth pattern and maintain normal
direction of cell expansion (Roy and Bassham, 2014). Several mu-
tants of microtubule proteins and microtubule-associated proteins
showed root skewing or waving phenotypes, such as the left-
handed mutants lefty1, lefty2, and eb1b (Whittington et al., 2001;
Thitamadee et al., 2002; Bisgrove et al., 2008), and the right-
handed mutants spr1 and spr2 (Nakajima et al., 2004; Shoji et al.,
2004). In the mutants of WVD2 (a microtubule-associated pro-
tein) and TNO1 (a TGN-localized SNARE-interacting protein),
changes of microtubule orientation and dynamics caused root
skewing (Perrin et al., 2007; Roy and Bassham, 2017).

In order to understand the role of IREH1 and IRE3 of AGC Other
subfamily in Arabidopsis growth and development, we isolated and
characterized their loss-of-function mutants. We found that ireh1
mutants displayed a root skewing phenotype, which can be
enhanced by ire3. The arrangements of microtubules and the re-
sponses to the microtubule drug in the ireh1 and ireh1 ire3mutants
were also altered. IREH1 interacted with IRE3 in vitro and in planta.
These findings demonstrate that AGC protein kinases IREH1 and
IRE3 control root skewing and maintain microtubule network in
Arabidopsis.
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2. Results

2.1. Isolation and characterization of ireh1 and ire3 mutants

To investigate the role of IREH1 in Arabidopsis growth and
development, we obtained two T-DNA insertion lines ireh1-1 and
ireh1-2 (in Col-0 background) from the Arabidopsis Stock Center
(Fig. 1A). RT-PCR analysis confirmed that the expression of IREH1 in
both mutant alleles was knocked out (Fig. 1B), indicating that they
were null alleles. When grown vertically on MS plates and observed
from the top, the roots of both ireh1 alleles skewed to the left of the
gravity, while the primary roots of wild-type (WT) seedlings were
basically alongwith thegravity vector (Fig.1CeE). A closer look of the
ireh1 roots revealed that the epidermal cell files rotated to the right
(Fig.1F andG). Because IRE3 is the closest homolog of IREH1 (Fig. S1),
we asked if they have redundant functions. Two T-DNA lines ire3-1
Fig. 1. ireh1 and ireh1 ire3 mutants display root skewing phenotypes. A: Schematic structur
5ʹUTR/3ʹUTR, respectively. T-DNA insertion sites and primer locations are shown as triangle
type (Col-0 or Ws) and mutant seedlings by RT-PCR. ACT2 served as a control. C: Schematic i
D: 6-day-old seedlings grown on vertical plates. Note root skewing in ireh1 and ireh1 ire3 m
rotation in the root maturation zone of ireh1 and ireh1 ire3mutants. G: Quantification of cell
by LSD test. Values are means± SE (n¼ 25). Different letters represent significant differences
1 cm (D) and 100 mm (F).
(in Col-0 background) and ire3-2 (in Ws background) were charac-
terized (Fig. 1A and B). The ire3 singlemutants exhibited similar root
skewing angles and epidermal cell file rotation angles to their WT
seedlings, but the ireh1 ire3 double mutants displayed much bigger
root skewing angles and cell file rotation angles than the ireh1 single
mutants (Figs. 1D, 1E and S2), indicating that IREH1 and IRE3 had an
overlapping function in controlling the root epidermal cell file
rotation. Since all combinations of ireh1 ire3 double mutants dis-
played similar phenotypes, and both ireh1-1 and ire3-1were in Col-
0 background, we used them in the next experiments.

2.2. Expression patterns of IREH1 and IRE3

To reveal the expression patterns of IREH1 and IRE3, we gener-
ated the IREH1-GUS and IRE3-GUS transgenic lines, each of which
harbored a genomic DNA fragment containing the coding and
e of IREH1 and IRE3 genes. Black boxes, lines and grey boxes refer to exons, introns and
s and arrows, respectively. B: Expression analysis of IREH1 and IRE3 in 8-day-old wild-
llustration of root skewing angle (a) and epidermal cell file rotation angle (b). g, gravity.
utants. E: Quantification of the root skewing angles. F: Right-handed epidermal cell file
file rotation angles. Statistical analysis was performed using a one-way ANOVA followed
at P< 0.01. Pictures in D and F were taken from the surface of the medium. Scale bars:
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regulatory sequences of IREH1 or IRE3 immediately followed by the
GUS gene before the stop codon. Over 20 individual 5-day-old T2
transgenic seedlings were analyzed. As shown in Fig. 2, at the
seedling stage, both IREH1-GUS and IRE3-GUS signals were detected
in cotyledons (Fig. 2A and J), new true leaves (Fig. 2B and K), pri-
mary and lateral roots (Fig. 2CeI and LeR). Notably, in the roots,
IREH1-GUS and IRE3-GUS were expressed in the vascular tissues,
root hairs, lateral root primordia and epidermis (Fig. 2CeI and LeR),
consistent with their functions in controlling root cell file rotation.

2.3. The orientation of cortical microtubules was altered in
epidermal cells of ireh1 and ireh1 ire3 roots

The orientation of cortical microtubules is generally believed to
specify the orientation of nascent cellulose microfibrils, thereby
dictating the direction of cell elongation. Several root skewing
mutants showed diverse arrangements of cortical microtubules in
root epidermal cells of elongation zone, and most of them were
sensitive to microtubule drugs, suggesting that most of these genes
were related to microtubule function (Furutani et al., 2000;
Thitamadee et al., 2002). To explore if the root skewing phenotypes
of ireh1 and ireh1 ire3mutants were caused by alteration of cortical
microtubule arrangement, we introduced the microtubule marker
KNpro:EGFP-MBD (Wang and Huang, 2014) into ireh1-1, ire3-1, and
ireh1-1 ire3-1, respectively, by crossing.

In the meristem and elongation zones, the cortical microtubule
arrays of epidermal cells in ireh1-1, ire3-1 and ireh1-1 ire3-1 mu-
tants were similar to those of WT. The directions of microtubules
were almost perpendicular to the direction of root growth and
parallel to each other (Fig. 3A and B). In the maturation zone, the
microtubule arrays of epidermal cells in WT and ire3-1 aligned
Fig. 2. Expression patterns of IREH1 and IRE3. Expression of IREH1-GUS (AeI) and IRE3-GUS
L), root hairs (D and M), lateral roots (EeI and NeR). Scale bars: 1mm (A and J) and 50 mm
obliquely and largely toward one direction, with less than 5% in
different directions; however, in ireh1-1 and ireh1-1 ire3-1mutants,
over 30% of the microtubule arrays were arranged in different di-
rections (Fig. 3C, G and H). The fluorescence intensities of micro-
tubule network in meristem, elongation and maturation zones
were all significantly decreased in ireh1-1, ire3-1 and ireh1-1 ire3-1
mutants compared to WT, but no significant difference was found
between the mutants (Fig. 3DeF). Because the fluorescence in-
tensity reflects the stability and density of microtubules, our ob-
servations on microtubule arrangement and intensity indicate that
both IREH1 and IRE3 are important for maintaining the microtubule
network. Interestingly, the ire3mutant also exhibited the decreased
fluorescence intensities of microtubules; however, it did not display
root skewing, suggesting that the root skewing is unlikely due to
the decreased microtubule intensity.

2.4. ireh1 and ireh1 ire3 were less sensitive to the microtubule drug
treatment

Oryzalin is thought to bind with tubulin and promote depoly-
merization of microtubules (Morejohn, 1991). When applied to
intact plants at concentrations above certain thresholds, it severely
inhibits shoot and root growth, and causes extensive radial swelling
in some types of treated cells (Morejohn, 1991; Baskin et al., 1994;
Hasenstein et al., 1999). To further confirm the association of IREH1
and IRE3withmicrotubules, we examined the root growth response
upon oryzalin treatment. When grown on the plate with 0.1 mM or
0.2 mM oryzalin, the inhibition of primary root elongation in ireh1-1
and ireh1-1 ire3-1mutants was less thanWT and ire3-1 (Fig. 4A and
B). In terms of the root cell swelling, when grown on the plates with
0.2 mMand 0.3 mMoryzalin, ireh1-1 and ireh1-1 ire3-1mutants were
(JeR) in 5-day-old seedlings: cotyledons (A and J), true leaves (B and K), root tip (C and
(BeI and KeR).



Fig. 3. Cortical microtubule arrays in root epidermal cells. AeC: Fluorescence analysis of the cortical microtubule arrangement and intensity of root epidermal cells of 5-day-old
seedlings in the meristem zone (A), elongation zone (B) and maturation zone (C). Microtubule arrangements were largely perpendicular to the direction of cell elongation in WT and
mutants in the meristem and elongation zones. In the maturation zone, microtubule arrangements were nearly in similar directions in WT and ire3-1, but often in different di-
rections in different cells (red arrows) in ireh1-1 and ire1-1 ire3-1 mutants. n¼ 20 seedlings per genotype. Scale bars: 50 mm. DeF: Quantification of the relative fluorescence
intensities of EGFP-MBD in the meristem zone (D), elongation zone (E) and maturation zone (F). The fluorescence intensities in WT were set as an arbitrary unit 1. Statistical analysis
was performed using a one-way ANOVA followed by LSD test. Values are means± SE of 45 cells per genotype in total (15 roots and 3 cells per root). Different letters represent
significant differences at P< 0.01. G: Schematic illustration of the angles between the left side of the cell and microtubule arrays, acute angle (a) and obtuse angle (b). H: Percentage
of microtubule arrangement angles in the maturation zone. 75 cells (25 roots and 3 cells per root) were measured per genotype.
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less sensitive than WT and ire3-1 (Fig. 4C). These results further
demonstrated that IREH1 and IRE3 are related to microtubule
function, although the underlying mechanism is still unclear.

2.5. IREH1 physically interacted with IRE3

The genetic interaction between IREH1 and IRE3 implied that they
may function together to regulate Arabidopsis root skewing. To gain
insights of the underlying mechanisms, we carried out the
immunoprecipitation-mass spectrometry (IP-MS) experiments to
identify the proteins interacting with IREH1. We first generated Ara-
bidopsis transgenic plants by transforming pPZP211-IREH1gDNA-GFP
into ireh1-1 mutant. The transgene was able to rescue the root
skewing phenotype of ireh1-1mutant, indicating that the IREH1-GFP
was functional. The IP-MS experiments were then performed using
the T2 plants with the IREH1-GFP transgene and identified a peptide
fragment of IRE3 (IQEKYLQLCELMDDEKGTIIDEDAPLEDDVVR), sug-
gesting IRE3 is an IREH1-interacting protein. To validate the physical
interactionbetween IREH1and IRE3,wecarriedoutyeast two-hybrid,
Co-IP and luciferase complementation imaging (LCI) assays (Fig. 5).

In the yeast two-hybrid assay, yeast cells co-transformed with
vectors encoding IREH1 fused with AD domain (IREH1-AD) and
IRE3 fused with BD domain (IRE3-BD) were able to grow and
display blue color on the SD quadruple dropout medium supple-
mented with X-a-Gal (Fig. 5A). Similar result was obtained when
the yeast cells were co-transformed with vectors encoding IREH1-
BD and IRE3-AD (Fig. 5A). However, the negative controls were not
able to survive (Fig. 5A). These results indicated that IRE3 can
interact with IREH1 in yeast cells.

We further verified the IREH1-IRE3 interaction by the Co-IP
assay. Two constructs pSuper1300-IREH1-Flag and pSuper1300-
IRE3-GFP were co-transformed into Nicotiana benthamiana leaves
via Agrobacterium-mediated transformation. Three days after
transformation, total proteins were extracted from leaves and Co-IP
was performed using the anti-GFPmAb-agarose. The proteins
associated to the anti-GFPmAb-agarose were separated on the SDS-
PAGE gel and then transferred to a PVDF membrane. The IRE3-GFP
protein was detected with GFP antibody, and IREH1-Flag was
detected by the Flag antibody (Fig. 5B), indicating that IRE3 inter-
acted with IREH1 in the Co-IP assay.

Moreover, we carried out the LCI assay in tobacco leaves. Two
constructs pCAMBIA1300-IREH1-nLUC and pCAMBIA1300-cLUC-IRE3
were co-transformed intoN. benthamiana leaves via Agrobacterium-
mediated transformation, and the luciferase activity signal was
detected in the leaf area three days after transformation; however,
no signals were detected in the leaf areas transformed with other
combinations (Fig. 5C). Thus, the yeast two hybrid, Co-IP and LCI
assays indicated that IREH1 physically interacts with IRE3 to control
root skewing. IREH1 and IRE3 likely have partially overlapping
function in root skewing, and IREH1 plays the dominant role.

3. Discussion

It has been shown that AGC kinases play crucial roles in many
development processes, such as flower, embryo and root develop-
ment (Barbosa et al., 2018). However, little is known about the
function of the AGC Other subfamily. It has been reported that
Arabidopsis IRE plays a role in root hair elongation (Oyama et al.,
2002). In this study, we demonstrated that IREH1 and IRE3 con-
trol root skewing and cell file rotation in Arabidopsis. Several root
skewing mutants have been reported in Arabidopsis, which are
caused by mutations in a-tubulins 6 and 4 (lefty1 and lefty2)
(Thitamadee et al., 2002), microtubule-interacting proteins (spr1
and spr2) (Furutani et al., 2000), a protein similar to MAPK phos-
phatase (phs1-1) (Naoi and Hashimoto, 2004), a microtubule plus-
end tracking protein (eb1b) (Bisgrove et al., 2008), and a KNAT1
transcription factor (bp-1) (Qi and Zheng, 2013). To our knowledge,
IREH1 and IRE3 are the first AGC kinases found to control root
skewing and cell file rotation in Arabidopsis.

The root skewing mutants often display epidermal cell file
rotation, the degree of which correlates with the level of skewing.
The handedness of the cell file rotation also correlates with the
direction of skewing: left-handed cell file rotation for rightward
skewing and right-handed cell file rotation for leftward skewing
(Vaughn and Masson, 2011). This is also true in the ireh1 and ireh1
ire3mutants. When observed from the top of the plate, the roots of
ireh1 and ireh1 ire3mutants skewed to the left of the gravity, while
the epidermal cell files in the mutant roots rotated to the right. The
degree of cell file rotationwas correlated with the level of skewing,
since ireh1 ire3 displayed larger degrees of root skewing and cell file
rotation than those of ireh1 (Fig. 1D‒G).

The cortical microtubules in root meristem and elongation
zones of WT plants are arranged mostly in a transverse orientation,
and mostly in an oblique orientation in root maturation zone
(Vaughn andMasson, 2011). Althoughmany skewing mutants have
abnormal cortical microtubule arrays, some mutants did not
display altered cortical microtubule arrays, including spr2, eb1, spr1
and tno1 (Furutani et al., 2000; Sedbrook et al., 2004; Bisgrove et al.,
2008; Roy and Bassham, 2017). In the ireh1 and ireh1 ire3 mutants,
we found that the cortical microtubule array orientation was
abnormal in the maturation zone but was normal in the meristem
and elongation zones (Fig. 3AeC). Because the cells in maturation
zone already stop growth, it is unlikely that the abnormal orien-
tation of microtubules in this zone directly caused the root skewing.
In the root skewing mutant tno1, microtubule array orientationwas
unaffected in the root meristem, elongation and maturation zones;
however, the maturation zone of mutant roots treated with the
microtubule destabilization drug propyzamide (PPD) displayed
malformed cells. It was proposed that the defects in the maturation
zone of the PPD-treated tno1 roots could then affect how the
growing root interacts with the substrate, which would in turn
affect root skewing (Roy and Bassham, 2017). Similarly, it is possible
that in the root maturation zone of ireh1 and ireh1 ire3mutants, the
alterations in the epidermal cell file rotation and microtubule array
orientation could affect the interaction between growing roots and
the substrate, which would finally affect root skewing in an un-
known mechanism.

IREH1 has been shown to be a protein kinase, at least with
autophosphorylation activity, and the phosphorylation site was
determined by mass spectrometry (de la Fuente van Bentem et al.,
2008; Nemoto et al., 2011). IREH1 has been identified as one of the
closest homologs of animal MASTs (microtubule-associated serine/
threonine-protein kinases) with sequence and structural similarity
(Karpov et al., 2010; Chudinova et al., 2017). In animals, MAST ki-
nases are involved in regulation of microtubule protein phosphor-
ylation (Valiente et al., 2005; Hain et al., 2014). Interestingly, MAST
kinases form a highly conserved subfamily of AGC kinases (Pearce
et al., 2010). We found that the microtubule arrangements were
altered in the epidermal cells of maturation zone in ireh1 and ireh1
ire3 mutants. Moreover, the fluorescence intensities of the micro-
tubule marker were significantly decreased in ireh1, ire3 and ireh1
ire3 mutants compared to wild type. These results suggested that
IREH1 and IRE3 together control root skewing and cell file rotation,
and maintain the cortical microtubule network. IREH1 and IRE3
likely have partially overlapping function in root skewing, and
IREH1 plays the dominant role. It is also possible that both IREH1
and IRE3 are involved in the phosphorylation of unknown substrate
proteins, and control root skewing and cortical microtubule
network in an unknown manner. It would be interesting to explore
the underlying mechanism in the future.



Fig. 4. ireh1 and ireh1 ire3 were less sensitive to the microtubule drug oryzalin. A and B: Representative images (A) and quantification (B) of the relative root elongation assay. The
relative root elongation of ireh1-1 and ireh1-1 ire3-1 mutants were less inhibited than WT and ire3-1 in the presence of 0.1 mM or 0.2 mM oryzalin. Seeds were sowed on 1/2 MS
plates and placed vertically. Five-day-old seedlings were transferred onto 1/2 MS plates containing different concentrations of oryzalin to grow for 3 days. The positions of root tips
were marked after transferring. Primary root length of untreated (mock) seedlings were set as an arbitrary unit 1. C: Root morphology of WT, ireh1-1, ire3-1 and ireh1-1 ire3-1
treated with 0.2 mM and 0.3 mM oryzalin. Statistical analysis was performed using a one-way ANOVA followed by LSD test. Values are means± SE (n¼ 25). Different letters represent
significant differences at P ＜ 0.05. Treatments were repeated three times. Scale bars: 1 cm (A) and 200 mm (C).
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4. Materials and methods

4.1. Plant materials and growth conditions

The T-DNA insertion mutants of ireh1-1 (SALK_017861), ireh1-2
(SALK_069962C), ire3-1 (SALK_123447C), and ire3-2 (FLAG_119B07)
were obtained from Arabidopsis Stock Center. The T-DNA insertion
sites were confirmed by sequencing of the PCR products of ireh1-1
(869 bp after ATG), ireh1-2 (1091 bp after ATG), ire3-1 (4475 bp after
ATG), and ire3-2 (5145 bp after ATG). ireh1-1, ireh1-2 and ire3-1were



Fig. 5. IREH1 physically interacts with IRE3. A: Yeast two-hybrid assay. The 53-
BD þ AD-T and Lam-BD þ AD-T were used as positive and negative controls, respec-
tively. B: Co-IP assay in N. benthamiana. “GFP” in parenthesis denotes the anti-
GFPmAb-agarose used in immunoprecipitation of each sample. Antibodies for
immunoblotting are labeled at the left. The target interaction protein is marked with
an asterisk. C: LCI assay in N. benthamiana leaf cells. Empty vectors were used as
negative controls.
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in the Col-0 background, and ire3-2was in theWs background. ireh1
ire3 doublemutantswere generated by crossing. All T-DNA insertion
lines were genotyped as described previously (Cui et al., 2016). The
genotyping primers are listed in Table S1. Seeds were sterilized and
sowed on 1/2 Murashige and Skoog (MS) plates supplemented with
1.5% (w/v) sucrose and 0.8% (w/v) agar. The plates were kept in 4 �C
for 3 days in dark before germination. Plants were grown under 16 h
light/8 h dark at 22 �C.

For the oryzalin treatment, 5-day-old seedlings from vertical
plates with 1/2 MS were transferred onto 1/2 MS plates containing
different concentrations of oryzalin, and grew vertically for 3 days.
4.2. RNA extraction and reverse transcription

Total RNA of 8-day-old seedlings were isolated using EZgene™
Biozol RNA Kit (Biomiga, USA). Reverse transcription was per-
formed using TransScript® First-Stand cDNA Synthesis Super Mix
(Transgen, China). The RT-PCR primers are listed in Table S2.
4.3. Quantification of root lengths, root-skewing angles and cell file
rotation angles

For relative root elongation measurement, seeds were sowed on
1/2 MS plates and placed vertically. Five-day-old seedlings were
transferred onto 1/2 MS plates containing different concentrations
of oryzalin to grow for 3 days. Root lengths and root widths were
measured using NIH ImageJ software.

For the measurements of root-skewing angles and cell file
rotation angles, seeds were sowed on 1/2MS plates. Seedlings grew
vertically for 6 days. The angles of root skewing and cell file rotation
were analyzed by using NIH ImageJ software.

4.4. Plasmid construction and transgenic plants

To generate the pPZP211-IREH1gDNA-GUS and pPZP211-
IREH1gDNA-GFP constructs, the genomic DNA fragment contain-
ing the 6392-bp coding region and 3788-bp upstream regulatory
sequence of IREH1 and the genomic DNA fragment containing the
609-bp downstream regulatory sequence of IREH1 were amplified,
respectively, by using two gene-specific primer pairs: ireh1gDNA-
B-FP and ireh1gDNA-3P2-XbaI, and ireh1gDNA-5P1-XmaI and
ireh1gDNA-A-RP. The amplified IREH1 genomic DNA fragments
were ligated into the pPZP211 vector (Hajdukiewicz et al., 1994) at
XmaІ and XbaI sites using Gibson assembly method (Gibson et al.,
2009) to produce the pPZP211-IREH1gDNA construct, which was
then designed to introduce an AfeI site immediately before the stop
codon. The resulting construct was digested with AfeI, and then the
GUS gene or the GFP gene was inserted in frame to produce the
pPZP211-IREH1gDNA-GUS or pPZP211-IREH1gDNA-GFP construct.
The GUS gene was amplified by primers AfeI-GUS-5P and AfeI-GUS-
3P(wsc). The GFP gene was amplified by primers AfeI-GFP-5P and
AfeI-GFP-3P(wsc).

To generate pPZP211-IRE3gDNA-GUS construct, three genomic
DNA fragments of IRE3 including a 3098-bp upstream sequence, a
6253-bp coding region, and a 1659-bp downstream sequence were
amplified by the gene-specific primer pairs: ire3gDNA-5P-XmaI
and ire3gDNA-RP1, ire3gDNA-FP1 and ire3gDNA-RP2, ire3gDNA-
FP2 and ire3gDNA-RP-ApaI, and ire3gDNA-FP-ApaI and ire3gDNA-
3P-SalI. The DNA fragments were ligated into the pPZP211 vector at
XmaI and SalI sites to produce the pPZP211-IRE3gDNA construct,
which was then designed to introduce an ApaI site immediately
before the stop codon. The resulting construct was digested with
ApaI, and then the GUS gene was inserted in frame to produce the
pPZP211-IRE3gDNA-GUS construct. The GUS gene was amplified by
primers ApaI-GUS-5P and ApaI-GUS-3P(wsc).

The pPZP211-IREH1gDNA-GUS, pPZP211-IRE3gDNA-GUS and
pPZP211-IREH1gDNA-GFP constructs were transformed into Agro-
bacterium tumefaciens strain GV3101, and then transformed into
Arabidopsis by floral dipping method (Clouth and Bent, 1998).

For the yeast two-hybrid assay, the full-length CDS of IREH1was
amplified by primers ire-h1CDS(A)5P-BamHI and ire-h1CDS(B)3P-
PstI, and cloned into pGBKT7 with BamHI and PstI to generate
pGBKT7-IREH1. The full-length CDS of IREH1 was amplified by
primers ire-h1CDS(A)5P-BamHI and ire-h1CDS(B)3P-SacI, and
cloned into pGADT7 with BamHI and SacI to generate pGADT7-
IREH1. The full-length CDS (without the stop codon) of IRE3 was
amplified by primers IRE3-5P-NcoI and IRE3-3P-SalI(nsc), and
cloned into pGBKT7withNcoI and SalI to generate pGBKT7-IRE3. The
full-length CDS (without the stop codon) of IRE3 was amplified by
primers IRE3-5P-XmaI and IRE3-3P-XhoI(nsc), and cloned into
pGADT7 with XmaI and XhoI to generate pGADT7-IRE3.

For the Co-IP assay, the full-length CDS (without the stop codon)
of IREH1 was amplified by primers ireh1CDS-5P-XbaI and
ireh1CDS-3P-linker-ApaI(nsc), and cloned into pSuper1300-Flag
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with XbaI and ApaI to generate pSuper1300-IREH1-Flag. The full-
length CDS (without the stop codon) of IRE3 was amplified by
primers IRE3-5P-ApaI and IRE3-3P-SalI(nsc), and cloned into
pSuper1300-GFP with ApaI and SalI to generate pSuper1300-IRE3-
GFP.

For the LCI assay, the full-length CDS (without the stop codon) of
IREH1 was amplified by primers IREH1-nLUC-F and IREH1-nLUC-
R(nsc), and cloned into pCAMBIA1300-nLUC to generate pCAM-
BIA1300-IREH1-nLUC by using Gibson assembly method. Similarly,
the full-length CDS of IRE3 was amplified by primers IRE3-cLUC-F
and IRE3-cLUC-R, and cloned into pCAMBIA1300-cLUC to produce
pCAMBIA1300-cLUC-IRE3.

The primers used for generating the constructs are listed in
Table S3.

4.5. GUS staining

GUS assays were carried out as previously described (Cheng
et al., 2006; Cui et al., 2016). To analyze the expression patterns
of IREH1 and IRE3, the transgenic plants harboring pPZP211-
IREH1gDNA-GUS or pPZP211-IRE3gDNA-GUS were observed after
GUS staining.

4.6. Microscopy and image analysis

GUS staining samples and root epidermal cells were photo-
graphed using differential interference contrast (DIC) field on DM
4500 and S8AP0 microscopes (Leica, Germany). The KNpro:EGFP-
MBD signals were observed and captured with FV1000MPE
confocal microscope (Olympus, Japan) following the manufac-
turer's instructions.

For the measurements of fluorescence intensity and arrange-
ment of KNpro:EGFP-MBD labeled microtubules, images were
scanned on confocal microscope with same settings for each root
zone. The fluorescence intensities of merged images (1 mm thickness
in meristem zone, and 2.5 mm thickness in elongation zone and
maturation zone)weremeasured using ImageJ. The value ofWTwas
set as an arbitrary unit 1. The fluorescence signals of 45 epidermal
cells per genotype (15 roots and 3 epidermal cells per root) were
measured. To quantify the microtubule arrangement in the matu-
ration zone, 75 cells per genotype (25 roots and 3 epidermal cells
per root) were measured. The angles were determined by the left
side of the cell and the microtubule arrays (Fig. 3G).

4.7. IP-MS assay

To identify the IREH1-interacting proteins, pPZP211-IREH1gDNA-
GFPwas transformed into ireh1-1 to generate transgenic plants. The
T2 plants with the IREH1-GFP transgene were used as the sample
and the plants with the GFP transgene as a control. Total proteins
were extracted from 1 g of aerial parts of 6-week-old plants with
2.5mL extraction buffer (50mM HEPES pH 7.5, 100mM NaCl, 0.5%
(v/v) Triton X-100, 1mM DTT, 10 mL to 1mL protease inhibitor
cocktail (Sigma, USA), 1� PhosSTOP (Roche, Germany), 50 mM
MG132). The protein extracts were kept on ice for 30min and spun
for 30min at 18,000 g at 4 �C. The supernatant was filtered using
calbiochem miracloth (Millipore, USA) and incubated with anti-
GFPmAb-agarose (MBL, USA) for 1 h at 4 �C with gentle shaking.
The agarose was washed three times with washing buffer (50 mM
HEPES pH 7.5, 100 mM NaCl, 0.5% (v/v) Triton X-100, 1 mM DTT).
Proteins were eluted into 40 mL 2� SDS loading buffer by boiling for
5 min. After separated on SDS-PAGE gel and Coomassie blue
staining, the gel stripes with proteins were cut and in-gel digestion
was performed. Acetonitrile:50 mM ammonium bicarbonate (1:1,
v/v) was added to de-stain the excised gel spots. The gel particles
were dried twice using acetonitrile, and kept in 10mMDTT solution
at 56 �C for 1 h. Subsequently, the same volume of 50 mM iodoa-
cetamidewas added and incubated at room temperature in dark for
1 h. The solution was removed and the gel particles were dried
twice using acetonitrile. The trypsin solution (0.01 mg/mL containing
25 mM ammonium bicarbonate; Promega, USA) was added to the
gel particles, and incubated at 4 �C for 1 h then at 37 �C for 16e18 h.
The candidate IREH1-interacting proteins were identified by Mass
Spectrometry (1D/2D ultra plus/5600þ; AB SCIEX, USA).

4.8. Yeast two-hybrid assay

For the yeast two-hybrid assay, the CDSs of IREH1 and IRE3were
cloned into pGBKT7 and pGADT7, respectively. The interaction of
IREH1 and IRE3 was tested according the manufacturer's user
manual (Matchmaker® Gold Yeast Two-Hybrid System, Clontech,
USA) in AH109.

4.9. Co-IP assay

For the Co-IP assay of IREH1 and IRE3, pSuper1300-IREH1-Flag
and pSuper1300-IRE3-GFP were first transformed into Agro-
bacterium tumefaciens strain GV3101, respectively. The two sus-
pensions of Agrobacterium were mixed equally and injected into
N. benthamiana leaves. Three days after injection, the leaves were
collected and homogenized in liquid nitrogen, re-suspended with
protein extraction buffer (1:1, v/v) (100mM HEPES pH 7.5, 5mM
EDTA, 5mM EGTA, 10mM NaF, 5% Glycerol, 10mM Na3VO4, 10mM
DTT, 1mM PMSF, 10 mL to 1mL protease inhibitor cocktail (Sigma),
0.5% Triton X-100). The supernatant and 5� IP buffer (100mM Tris-
HCl pH 7.5, 750mM NaCl, 5mM EDTA, 5mM EGTA, 5mM Na3VO4,
5mM NaF, 50mM b-glycerophosphate, 0.5% Triton X-100) were
mixed and incubated with anti-GFPmAb-agarose (MBL) for 1 h at
4 �C. The agarose was washed three times using PBS and boiled for
5min in 2� SDS loading buffer. The eluted proteins were examined
by immunoblotting using anti-Flag and anti-GFP antibodies.

4.10. LCI assay

For the LCI assay of IREH1 and IRE3, pCAMBIA1300-IREH1-nLUC
and pCAMBIA1300-cLUC-IRE3 were first transformed into Agro-
bacterium tumefaciens strain GV3101, respectively. The two sus-
pensions of Agrobacterium were mixed equally and injected into
N. benthamiana leaves. Leaves were collected 3 days after injection
and incubated in the D-luciferin solution (Goldbio, USA) for 3min
in dark. The luciferase signals were analyzed by Chemiluminescent
Imaging System (Tanon 5200, China). The exposure time was
5e10min.

4.11. Statistical analysis

Data are presented as mean± SE. Statistical analysis was per-
formed using a one-way ANOVA followed by LSD test.
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