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SI Materials and Methods 
Plant materials and growth conditions. The rice (Oryza sativa L.) mutants mhz3, mhz7-1/Osein2-1, mhz7-2/Osein2-2 and 
mhz6/Oseil1 were previously identified in our laboratory (1, 2). The root-specific ethylene-insensitive mutant mhz12/Osers2d was 
identified in our genetic screen, which harbors a dominant gain-of-function mutation A32V that is equivalent to Arabidopsis etr1-3 
(3). T-DNA insertion knockout mutants of Osers2 and Osetr2 were obtained from the POSTECH Biotech Center and identified 
previously (4). For material propagation and crossing, rice plants were grown in the Experimental Farm Stations of the Institute of 
Genetics and Developmental Biology in Beijing from May to October and in Hainan from November to next April. Ethylene 
treatment of rice seedlings was performed as previously described (5). Briefly, rice seedlings were grown on stainless steel 
sieves that were placed in 5.5-L air-tight plastic containers supplied with various concentrations of ethylene. The seedlings were 
incubated for 2 to 3 days at 28 °C in the dark. At least 30 seedlings were measured for root and coleoptile lengths. For qRT-PCR 
analysis of ethylene-inducible genes in WT and mhz3, 2-d-old etiolated seedlings were treated with 10 ppm ethylene for 8h. For 
qRT-PCR analysis of MHZ3 in the shoots and roots of WT and Osein2-1 and in the roots of WT, Osers2d and Oseil1, 2-d-old 
etiolated seedlings were treated with 10 ppm ethylene for 0-12 h and 12 h, respectively. For qRT-PCR analysis of Arabidopsis 
MHL1/2, 5-d-old etiolated seedlings of Col-0 and ein2-5 were treated with 10 ppm ethylene for 0-12 h. For immunoblot analysis of 
MHZ3 level in response to ethylene, 2-d-old etiolated rice seedlings were treated with 10 ppm ethylene for 0-24 h for WT and 
Osein2-1 and 24 h for WT, Osers2d and Oseil1. For MG132 treatment, 3-d-old etiolated rice seedlings were treated with 50 µM 
MG132 (474790, Calbiochem) or 0.1% DMSO (mock) dissolved in deionized water for 4 h at 28°C in the dark. For triple response 
assay of Arabidopsis, the seeds were surface-sterilized and sown on 1/2 MS (1% sucrose, 0.8% agar, pH 5.7). After 3 days of 
stratification at 4 °C, the plates were incubated in the dark at 22 °C for 4 days in the absence (air) or presence of 10 ppm ethylene. 
Hypocotyl length and root length were measured using ImageJ software (National Institutes of Health). Angles of apical hooks 
were assayed as previously described (6). 
 
Map-Based Cloning of MHZ3 Gene. Previous study revealed that mhz3 is a recessive mutation at a single nuclear locus (1). 
Using F2 mapping populations derived from crosses between mhz3-1 and indica varieties 93–11, MH63, TN1 and ZF802, mhz3 
locus was mapped to chromosome 6 within a 1.18Mb region between Idl6-0.72 and Idl6-1.9 markers (Table S1). The candidate 
gene was determined by DNA sequencing of all the genes in this region. The mutation sites in mhz3 allelic mutants were 
identified by DNA sequencing and confirmed by PCR-based analysis using CAPS or dCAPS primers (Table S1).  
 
Epistasis analysis. Osetr2 and Osers2 mutants are in Dongjin (DJ) background, and mhz3 in Nipponbare (Nip) background. 
Osers2 mhz3 and Osetr2 mhz3 double mutants were generated by crossing the corresponding single mutants. WT (Nipponbare) 
rice plants were transformed with 35S:OsEIN2 transgene (35S:OsEIN2/WT), and 35S:OsEIN2/mhz3 was generated by crossing 
the mhz3 mutant with the 35S:OsEIN2/WT plant. The WT, Osein2-1, Osein2-2 and Oseil1 rice plants were transformed with 
35S:MHZ3 transgene and the transgenic lines in different backgrounds with similar expression levels of MHZ3 gene were used 
for ethylene-response analysis. The WT and mhz3 plants were transformed with 35S:OsEIL1 transgene and the transgenic lines 
in different backgrounds with similar expression levels of OsEIL1 gene were used for ethylene-response analysis. 
 
Gene expression analyses. Total RNAs were isolated from rice seedlings using a TRIZOL reagent (Invitrogen) according to the 
manufacturer’s instructions. cDNAs were synthesized using Maxima First Strand cDNA Synthesis Kit (Thermo Scientific). 
qRT-PCR analyses were performed with three biological replicates and two technical replicates. GUS staining assay and 
RNA-seq analysis were performed as described previously (7). 
 
Plasmid construction and rice transformation. To generate MHZ3-complementation construct, a 6400-bp genomic DNA of 
MHZ3 (2509 bp before the start codon and 1965 bp after the stop codon) was PCR-amplified and cloned into Hind III/Bsa I 
digested pCAMBIA2300 vector. To construct MHZ3pro-GUS, a 2000-bp promoter region was PCR-amplified and cloned into Hind 
III/Bam HI digested pCAMBIA2300-35S-GUS vector to replace the CaMV35S promoter. The MHZ3 coding sequence was 
PCR-amplified and digested by Xba I/Bsa I and cloned into Xba I/Sal I digested pCAMBIA2300-35S vector to generate 
35S:MHZ3 construct for MHZ3 overexpression. The GFP fragment was cut from a pUC18-based vector and inserted into Sal 
I/Pst I-digested pCAMBIA2300-35S vector to generate pCAMBIA2300-35S-GFP plasmid. To construct 35S:MHZ3-GFP, MHZ3 
coding sequence was PCR-amplified and cloned into Kpn I/Xba I-digested pCAMBIA2300-35S-GFP vector. The coding 
sequences of OsEIN2 and OsEIN2-C (489-1281 aa) were PCR-amplified and cloned into Sma I/Sal I digested 



pCAMBIA2300-35S-GFP vector to generate 35S:OsEIN2-GFP and 35S:OsEIN2-C-GFP constructs. The coding sequence of 
OsEIN2-1 was PCR-amplified from Osein2-1 mutant and subcloned into pENTR/D-TOPO vector (Invitrogen) then cloned into 
pGWB405 (Invitrogen) vector by homologous recombination. For interaction domain mapping assays, the full length or truncated 
versions of MHZ3 and OsEIN2 coding sequences were PCR-amplified and cloned to Bam HI-digested 
pCambia2300-35S-cYFP-Myc and pCambia2300-35S-nYFP-FLAG by homologous recombination, respectively. To generate 
OsERS2-Myc, the coding sequence was PCR-amplified and cloned into Bam HI/Sal I-digested pCAMBIA1300-35S-10xMyc 
vector. To generate OsETR2-Myc, the coding sequence was PCR-amplified and cloned into Xba I/Sal I digested 
pCAMBIA1300-35S-10x Myc vector. To generate OsCTR2-GFP, the coding sequence of OsCTR2 (Loc_Os02g32610) was 
PCR-amplified and cloned into Bam HI/Sal I-digested pUC18-35S-GFP vector through homologous recombination. The primers 
used for the plasmid constructions are listed in Table S1. Agrobacterium-mediated rice transformation was performed as 
described previously (7). 
 
Antibody generation and immunoblot analysis. For preparation of MHZ3 antibody, the cDNA fragment encoding 21 to 270 
amino acids of MHZ3 was cloned into pQE30 Xa vector (Qiagen) and expressed in E. coli M15. The recombinant protein was 
purified using HisTrap-HP column (Amerhsam) under denaturing conditions and used to raise polyclonal antiserum in mice. For 
OsEIN2 antibody generation, a synthetic KLH-conjugated peptide (PNILESDNKPLGGNNPS) was used as an immunogen to 
raise polyclonal antiserum in mice. For immunoblot analysis, proteins were heated with SDS-PAGE loading buffer at 65°C for 5 
min and separated using SDS-PAGE. Primary antibody dilutions were in PBS containing 3% milk and 0.1% Tween 20. For 
OsEIN2 detection, the primary antibody was diluted in Immunoreaction Enhancer Solution I (Toyobo). The primary antibodies 
used include: anti-MHZ3 (1:2,000), anti-OsEIN2 (1:10,000), anti-GFP (7G9) (1:5,000; M2004, Abmart), anti-H+-ATPase (1:2,000; 
PM marker; AS07 260, Agrisera), anti-BiP (1:5,000; ER marker; AS09 481, Agrisera), anti-UGPase (1:5,000; cytoplasm marker; 
AS05 086, Agrisera), anti-histone H3 (1:10,000; nuclear marker; AS10 710, Agrisera), anti-c-Myc (9E10) (1:1000; sc-40, Santa 
Cruz), anti-FLAG (FLA-1) (1:10,000; M185-3, MBL). Secondary goat anti-rabbit or anti-mouse-IgG-horseradish peroxidase 
(M210011, M210021, Abmart) antibodies were used at 1:10,000 dilutions in PBS. The signals were detected by 
chemiluminescence method using SuperSignal West Pico kit (34080, Thermo Scientific) or Smart-ECL Super kit (S32500-1, 
Smart-Lifesciences). When needed, the signal intensities were quantified by ImageJ software with default parameters (National 
Institutes of Health). 
 
Total and membrane protein isolation. To isolate microsomal membrane proteins, five grams of etiolated rice seedlings were 
ground in liquid nitrogen to a fine powder and dissolved in 10 mL extraction buffer [100 mM Tris-HCl (pH 8.0), 150 mM KCl, 5 mM 
EDTA, 10% Glycerol (v/v), 3.3 mM dithiothreitol (DTT), 0.6% (w/v) polyvinylpyrrolidone (PVPP), 1% (v/v) protease inhibitor 
cocktail (Sigma)]. The homogenates were filtered through two layers of miracloth (Calbiochem) and centrifuged at 10,000 g for 5 
min at 4°C twice to remove debris. The supernatants were recovered and centrifuged at 100,000 g for 60 min at 4°C to pellet the 
microsomal membranes. The membrane pellets were washed three times with extraction buffer and dissolved in 200 µL 
extraction buffer containing 1% (v/v) Triton X-100 and 0.1% (w/v) SDS by incubating on ice for 30 min. For PNGase F treatment, 
the membrane pellets (30 µg) from WT seedlings were denatured and then incubated at 37ºC for 2 h in the presence of 1/10 
volume of PNGase F (P0704S, NEB) or 50% glycerol (mock).  
   For analyses of OsEIN2 protein, total proteins were isolated as described by Li et al. (8) with minor modifications. Etiolated 
rice seedlings were ground in liquid nitrogen and homogenized in 1/2 volume (0.5 mL/gram) of extraction buffer [50mM Tris-HCl 
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 5% β-mercaptoethanol, 10% (v/v) Glycerol, 0.5% (v/v) NP-40, 2 mM PMSF, 2x complete 
protease inhibitor (Roche)]. The homogenates were centrifuged at 12,000 g for 10 min at 4°C. The supernatants were recovered 
and frozen in liquid nitrogen until use.  
 
Nuclear protein isolation. The nuclei isolation was performed using the CelLytic PN Plant Isolation/Extraction Kit (CELLYTPN1, 
Sigma-Aldrich). Five grams of shoot tissues of 3-d-old etiolated rice seedlings were ground in liquid nitrogen, homogenized in 15 
ml nuclei isolation buffer (NIB), and passed through a 100-mesh filter plus 1-layer miracloth. The lysates (total protein) were 
separated into cytoplasmic fractions and nuclear pellets by centrifugation at 1,260 g for 20 min. The cell membranes were lysed 
with NIBA containing 0.3% Triton X-100. Crude nuclei were washed 8-10 times with NIBA. Semi-pure preparation of nuclei was 
performed with a cushion of 2.3 M sucrose. Nuclear proteins were extracted from the nuclei suspended in NIBA-diluted 1x 
SDS-PAGE loading buffer. 
 
Two-phase partitioning. Twenty grams of 3-d-old etiolated rice seedlings of WT were ground in liquid nitrogen to a fine powder 
and dissolved in 40 mL of homogenization buffer [50 mM HEPES-KOH (pH 7.5), 0.5 M sucrose; 5 mM ascorbic acid; 1 mM DTT, 
0.6% (w/v) PVPP, 1x complete protease inhibitor (Roche)]. Aqueous two-phase partitioning was performed using a Dextran 
T500/PEG3350 phase system as previously described (9).  
 
Subcellular localization. For analyses on subcellular localization of MHZ3, the plasmid DNAs of 35S:MHZ3-GFP, 
35S:mCherry-HDEL and 35S:GFP were transiently expressed in tobacco (Nicotiana benthamiana) leaf epidermal cells by 
microprojectile bombardment as previously described (9). The images were taken using a confocal microscopy (Zeiss LSM 710). 
Excitation/emission wavelengths were set at 488 nm/500–530 nm for GFP, 561 nm/582-654 nm for RFP, and 561 nm/582-639 
nm for mCherry. 
 
Membrane-based Y2H assay. MHZ3-coding sequence was cloned into the bait vector pBT3-SUC (MHZ3-Cub) and OsEIN2 into 



the prey vector pPR3-N (NubG-OsEIN2) from the DUAL membrane starter kit SUC (Dualsystem Biotech) following the 
manufacturer's instructions. Yeast strain NMY32 cells were cotransformed with the bait and prey constructs. To detect 
self-activation, the empty bait and prey vectors were cotransformed with the NubG-OsEIN2 and MHZ3-Cub constructs, 
respectively. The wild type N-terminal half of ubiquitin NubI (pOst1-NubI) was cotransformed with MHZ3-Cub to detect functional 
expression of MHZ3 protein. Combination of pTSU2-APP and pNubG-Fe65 (provided in the kit) was used as a positive control for 
protein-protein interaction. Positive transformants were selected on SD-Trp-Leu medium, and protein-protein interactions were 
detected on SD-Trp-Leu-His-Ade medium. The growth of yeast colonies was investigated after 4 d incubation at 30°C. 
 
BiFC assays. For interaction domain-mapping studies, the full length or truncated versions of MHZ3 and OsEIN2 coding 
sequences were fused to the C-terminal half (cYFP) and N-terminal half of YFP (nYFP), respectively. The cYFP and nYFP were 
tagged with Myc and FLAG respectively. BiFC constructs were cotransformed into rice shoot protoplasts isolated from 7-d-old 
etiolated seedlings of mhz3 Osein2 double mutant as previously described (10). The protoplasts were incubated at 28°C for 
12-16 h in the dark. YFP fluorescence was detected using a confocal microscopy (Leica TCS SP5) with 514 nm/525-565 nm 
excitation/emission wavelengths. For BiFC assays in tobacco leaf cells, plasmids were introduced into Agrobacterium strain 
EHA105 by electroporation. Tobacco (Nicotiana benthamiana) leaves of 4-week-old plants were infiltrated with different 
combinations of Agrobacterium. The samples were observed 48 h after Agrobacterium infiltration. 
 
Co-IP assays. For coimmunoprecipitation of MHZ3 with OsEIN2 in planta, transgenic rice seedlings stably expressing 
35S:OsEIN2-GFP or 35S:GFP (as negative control) were grown in the presence of 10 ppm ethylene for 3 days in the dark. One 
gram of shoot tissues was ground in liquid nitrogen and homogenized in 0.5 mL IP buffer [50 mM HEPES (pH 7.5), 150 mM NaCl, 
0.5 mM EDTA, 0.5% NP-40, 50 μM MG132, 2% (v/v) protease inhibitor cocktail (Sigma)]. The samples were incubated on ice for 
15 min to dissolve the ER membranes and then centrifuged at 20,000 g for 5 min at 4°C twice. The supernatants were incubated 
with 30 μL of GFP-Trap_A (gta-20, Chromotek) beads by tumbling end-over-end for 1 h at 4°C. The beads were washed six times 
with washing buffer [10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, 1x complete protease inhibitor (Roche)] by tumbling 
end-over-end for 5 min at 4°C and then centrifuging at 2,500 g for 2 min at 4°C. The beads were resuspended with 50 μL 2x 
SDS-PAGE loading buffer and heated at 65°C for 5 min. The eluted immunoprecipitates were immunoblotted with anti-GFP, 
anti-MHZ3, and anti-BiP antibodies. 

For Co-IP assays using protoplast transient expression system, the constructs in various combinations were cotransformed 
into rice shoot protoplasts. The protoplasts were incubated at 28°C for 16 h in the dark. Total proteins were immunoprecipitated 
with anti-c-Myc affinity gel (E6654, Sigma-Aldrich) according to the manufacturer's instructions or with GFP-Trap_A beads as 
described above. The IP and washing buffers for anti-c-Myc IP were same as that for anti-GFP IP. 
 
In vivo ubiquitination analysis. To detect the ubiquitination states of OsEIN2 in different genetic background of MHZ3, 
35S:OsEIN2-GFP or 35S:OsEIN2-C-GFP combined with 35S:FLAG-Ub (11) were cotransformed into etiolated shoot protoplasts 
of WT, mhz3 and MHZ3-OX22 seedlings. The protoplasts were incubated for 16 h in the presence of 3 μM MG132. Total proteins 
were immunoprecipitated with GFP-Trap_A beads as described above and immunoblotted with anti-FLAG, anti-GFP, anti-MHZ3 
and anti-BiP antibodies. 
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Fig. S1. Identification of mhz3 allelic mutants. (A) Ethylene-response phenotypes of wild-type (WT) and mhz3-2,-3,-4,-5 etiolated seedlings
grown in the air or 10 ppm ethylene for 3 days. Scale bar=10 mm. (B) Ethylene dose-response curves for coleoptile length (left) and
relative root length (right) in WT and mhz3 seedlings. Rice seedlings were grown in the dark for 3 days in the presence of various
concentrations of ethylene. Means ± SD (n>30). (C) Confirmation of mhz3 mutation sites by PCR-based analysis using genomic DNA as
templates. The mutation in mhz3-1 was confirmed using a pair of dCAPS primers. The PCR products were digested with Hind III, resulting
in a 27bp-deletion in the mutant but not in WT. The point mutations in mhz3-2,-3 were confirmed using a pair of CAPS primers. The PCR
products were digested with Nco I, resulting in a 26bp-deletion in WT but not in the mutants. The mutation in mhz3-4 was confirmed using
a pair of dCAPS primers. The PCR products were digested with Bam HI, resulting in a 22bp-deletion in WT but not in the mutant. The point
mutation in mhz3-5 were confirmed using a pair of dCAPS primers. The PCR products were digested with Nco I, resulting in a 22bp-
deletion in WT but not in the mutant.

A

C

WT mhz3-2

Air ET Air ET

mhz3-4

Air ET

mhz3-5

Air ET

mhz3-3

Air ET

5

10

15

20

25

30

35

40

0 0.1 1 10 100

C
ol

eo
pt

ile
 le

ng
th

 (m
m

)

Ethylene (ppm)

WT
mhz3-2
mhz3-3
mhz3-4
mhz3-5

0

20

40

60

80

100

120

140

0 0.1 1 10 100

R
el

et
iv

e 
ro

ot
 le

ng
th

 (%
)

Ethylene (ppm)

B

200

100

300

WT WT

mhz3-1 mhz3-2, -3

WT

mhz3-4

mutant 3-2 3-3 mutant WT mutant

mhz3-5

400

500

600
700

(bp)



Fig. S2. Spatiotemporal expression analysis of MHZ3 gene. (A) MHZ3 expression in different rice organs revealed by qRT-PCR analysis.
(B) Tissue-specific expression of MHZ3 revealed by promoter-GUS analysis. Transgenic plants expressing MHZ3pro::GUS were used for
analysis. Rice organs/tissues were stained for GUS for 48 h. At least 10 samples for each organ/tissue were observed and representative
ones are presented. (i) 3 day-old etiolated seedling. (ii) GUS staining in cutting edge of mature leaf blade. (iii) GUS staining in young stem.
(iv) GUS staining in stem node and the base of axillary bud. (v) GUS staining in the anthers of young flower. (vi) GUS staining in the top
and bottom of an ovary. Bars=2mm.
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Fig. S3. Alignment of MHZ3 protein sequences from different species reveals several conserved domains or motifs. MHZ3 homologous
protein sequences were searched in Phtozome v9.1 (http://www.phytozome.net) or in NCBI (http://blast.ncbi.nlm.nih.gov) with MHZ3 as
the query sequence. The sequences were aligned using ClustalX version 1.8. The numbers indicate the positions of amino acid residues.
Black and gray shadings indicate identity and similarity of amino acid residues, respectively. Signal peptide and transmembrane domain
are highlighted by a line above the sequences. Notably, micromonas has no transmembrane domain. Red dots indicate putative
glycosylation sites (NxS/T). The mutation sites in mhz3-4 and mhz3-5 are indicated. Accession numbers are as follows: Apple, Malus
domestica MDP0000283359, Arabidopsis, Arabidopsis thaliana AT1G75140, Barley, Hordeum vulgare BAJ86926, Brachypodium,
Brachypodium distachyon Bradi1g50520, Cassava, Manihot esculenta cassava4.1_003423m, Castor bean, Ricinus communis
30170.m014014, Citrus, Citrus clementina Ciclev10000534m, Cocoa bean, Theobroma cacao Thecc1EG034012t1, Cotton, Gossypium
raimondii Gorai. 010G011100.1, Cucumber, Cucumis sativus Cucsa.232290.1, Eucalyptus, Eucalyptus grandis Eucgr.F01908.1, Eutrema
salsugineum, Eutrema salsugineum Thhalv10018268m, Flax, Linum usitatissimum Lus10007163, Grapevine, Vitis vinifera XP_002281580,
Maize, Zea mays GRMZM2G095211_T01, Micromonas, Micromonas pusilla 63794, Millet, Setaria italica Si006045m, Moss, Physcomitrella
patens Pp1s40_71V6.2, Peach, Prunus persica ppa002747m, Poplar, Populus trichocarpa Potri.002G262900.1, Sorghum, Sorghum
bicolor Sb10g001250.1, Soybean, Glycine max Glyma14g08250.1, Strawberry, Fragaria vesca mrna15125.1-v1.0-hybrid, Tomato,
Solanum lycopersicum Solyc04g080180.1.1.



Fig. S4. Phylogenetic analysis of MHZ3 homologous proteins. A neighbor-joining tree was constructed using MEGA6.0 program
(http://www.megasoftware.net) with a bootstrap setting of 1000.
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Fig. S5. Identification of mhl1 mhl2 double mutant of Arabidopsis. (A) Schematic representation of gene structures of MHL1 (MHZ3-like1,
At1g75140) and MHL2 (At1g19370). The T-DNA or Ds transposon insertion sites and the primer positions are indicated. (B) PCR
genotyping for mhl1 [SALK_118778, Columbia (Col) background] and mhl2 [CSHL_GT12967, Landsberg (Ler) background] single mutants
and mhl1 mhl2 double mutant which is generated by crossing and back crossing. (C) Expression levels of MHL1 and MHL2 genes in the
single and double mutants detected by RT-PCR analysis with amplification of the full-length cDNA. AtActin2 was used as an internal control.
(D) qRT-PCR analysis for the expression of MHL1/2 in response to ethylene. ERF1 served as a positive control. Data are means ± SD,
n=3 (P<0.01; Student’s t-test; Compared to “0h”).
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Fig. S6. The localization pattern of MHZ3 is not altered by ethylene treatment and Osein2 mutations. (A) Transformation with 35:MHZ3-
GFP fusion gene rescued the ethylene-insensitive phenotype of mhz3-1, suggesting GFP tagging does not affect MHZ3 function. Two
transgenic lines (#30 and #31) were analyzed for ethylene response. Etiolated rice seedlings were grown in the air or 10 ppm ethylene for
2.5 days. Representative seedlings are shown. Coleoptile and root lengths are means ± SD (n=20). Asterisks indicate significant
difference between Air and ET (P<0.01; Student’s t-test). Scale bar=10 mm. (B) The localization pattern of MHZ3 was unaffected by
ethylene treatment. Dark-grown 1-d-old seedlings of 35S:MHZ3-GFP transgenic line (#30) were treated without (Air) or with (ET) 10 ppm
ethylene for 12 h. The fluorescence in coleoptile cells was detected using confocal microscopy. Scale bars=10 µm. (C) The localization
pattern of MHZ3 was unaffected by Osein2 mutations. 35S:MHZ3-GFP and 35S:mCherry-HDEL (an ER marker) constructs were
cotransformed into shoot protoplasts isolated from WT, Osein2-1 and Osein2-2 seedlings. The fluorescence was detected using confocal
microscopy. Scale bars=10 µm.
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Fig. S7. MHZ3 overexpression confers ethylene hypersensitivity. (A) Transcript levels of MHZ3 in WT and MHZ3-overexpressing (OX) lines.
Total RNAs were isolated from 3-d-old etiolated rice seedlings and subjected to qRT-PCR analysis. Data are the means ± SD of three
biological replicates with two technical replicates. The expression level in WT was set to 1. (B) Protein levels of MHZ3 in WT and
overexpressing lines. Membrane proteins were isolated from 3-d-old etiolated rice seedlings and immunoblotted with anti-MHZ3 antibody.
Bottom: coomassie brilliant blue (CBB) staining of the gel was used as a loading control (30µg proteins were loaded for WT and OX26, and
5µg for OX21, OX22 and OX24). (C) Ethylene response phenotypes of MHZ3-OX lines. Etiolated seedlings of WT and MHZ3-OX were
treated with various concentrations of ethylene or 10 ppm 1-MCP for 2.5 days. Representative seedlings are shown. Coleoptile and root
lengths are means ± SD (n>25). Asterisks indicate significant difference compared to WT (*P<0.05, **P<0.01; Student’s t-test). Scale
bars=10mm.
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Fig. S8. Phenotypic analysis for field-grown plants of MHZ3-overexpressing lines. (A) MHZ3 overexpression reduced rice plant height.
Representative adult plants are shown. The plant heights are means ± SD (n=20). Asterisks indicate significant difference compared to
WT (P < 0.01; Student’s t-test). (B) MHZ3 overexpression accelerated leaf senescence of field-grown rice plants. The leaves were cut from
the same plants shown in (A). (C) Grain size and weight were increased by MHZ3 overexpression and reduced by mhz3 mutation.
Representative grains are shown. Each value is average of 20 plants with 50 to 100 grains per plant and error bars indicate SD. Asterisks
indicate significant difference compared to WT (P<0.01; Student’s t-test).
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Fig. S9. Genetic interaction of MHZ3-like (MHL) genes with CTR1 in Arabidopsis. (A) Ethylene response phenotype of wild types, ctr1,
mhl1 mhl2, mhl1 mhl2 ctr1. The triple mutant mhl1 mhl2 ctr1 was generated by crossing mhl1 mhl2 double mutant with ctr1-1 and
backcrossed with Columbia. Etiolated seedlings were treated without (Air) or with 10 ppm ethylene for 4 days. Representative seedlings
are shown. (B) Measurement of hypocotyl length and root length. The data are means ± SD (n=25). Different letters above each column
indicate significant difference (P < 0.01; Student’s t-test).
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Fig. S10. Comparison of MHZ3- and OsEIN2-regulated ethylene-response genes. Two-day-old etiolated rice seedlings of WT, mhz3-1 and
Osein2-2 were treated with air or 10 ppm ethylene for 8 h. The shoots and roots were subjected to RNA-seq analysis with two biological
replicates. Ethylene-response genes (ERGs) were identified in WT according to the gene expression levels with at least relative1.5-fold
changes in ethylene treatment compared to those in the air. A total of 5109 and 1045 ERGs were identified in the WT shoot and root,
respectively.



Fig. S11. BiFC assays for interaction between MHZ3 and OsEIN2. (A) BiFC assay in tobacco leaf epidermal cells shows interaction of
MHZ3 and OsEIN2. Agrobacterium-infiltrated leaves were observed using confocal microscopy. MHZ3-nYFP + cYFP and nYFP + OsEIN2-
cYFP were used as negative controls. Scale bars=10 µm. (B) BiFC assays for interaction domain-mapping of MHZ3 and OsEIN2. The full
length or truncated versions of MHZ3 and OsEIN2 coding sequences were fused to the C-terminal half (cYFP) and N-terminal half of YFP
(nYFP), respectively. The negative control SP-TM-cYFP-Myc contains the signal peptide (SP) and transmembrane domain (TM) of MHZ3.
The constructs in indicated combinations were cotransformed into shoot protoplasts isolated from etiolated seedlings of mhz3 Osein2
double mutant. YFP fluorescence were detected using confocal microscopy. Scale bars=10 µm.
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Fig. S12. MHZ3 does not affect the ER localization and nuclear translocation of OsEIN2 protein. (A) Transformation with 35S:OsEIN2-GFP
fusion gene rescued the ethylene-insensitive phenotype of Osein2-1, indicating GFP tagging does not affect OsEIN2 function. Two
transgenic lines (#1-1 and #1-4) were subjected to ethylene-response assays. Etiolated rice seedlings were grown in the air or 10 ppm
ethylene for 3 days. Representative seedlings are shown. Coleoptile and root lengths are means ± SD (n>30). Asterisks indicate
significant difference between Air and ET (P<0.01; Student’s t-test). Scale bar=10 mm. (B) The ER localization pattern of OsEIN2 was
unaffected by mhz3 mutation. 35S:OsEIN2-GFP and 35S:mCherry-HDEL (an ER marker) constructs were cotransformed into shoot
protoplasts of WT and mhz3 etiolated seedlings. The fluorescence was detected using confocal microscopy. The percentages of florescent
cells are means ± SD, n=7 (P<0.01; Student’s t-test). Scale bars=10 µm. (C) Nuclear translocation of the C-terminal OsEIN2 fragments
were unaffected by mhz3 mutation. Total proteins isolated from 3-d-old etiolated seedlings of OsEIN2-GFP/WT and OsEIN2-GFP/mhz3
transgenic lines and WT (negative control) were fractionated into nucleus and cytoplasm fractions and immunoblotted with anti-GFP, anti-
UGPase and anti-Histone H3 antibodies. Histone H3 and UGPase served as nuclear and cytosolic markers, respectively. * indicates non-
specific bands.
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Fig. S13. Relative expression level of OsEIN2 is unaffected by MHZ3. Total RNAs from 3-d-old etiolated seedlings were subjected to qRT-
PCR analysis. The expression level in WT was set to 1. Data are means ± SD of three biological replicates with two technical replicates.
The letters “a” above each column indicate no significant difference between the compared pairs (P>0.01; Student’s t-test).
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Fig. S14. MHZ3 dos not influence the protein levels of OsETR2, OsERS2 and OsCTR2. The constructs were cotransformed into shoot
protoplasts isolated from etiolated seedlings of WT, mhz3 and OX22. The nYFP-FLAG was used as control for normalizing transformation
efficiency. Total proteins were immunoblotted with anti-c-Myc, anti-GFP, anti-FLAG and anti-MHZ3 antibodies. The values at the bottom
indicate averages of relative protein levels of OsETR2, OsERS2 and OsCTR2 from three independent replicates.
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Table S1. Primers used in this study. 

Genes or constructs Forward primer (5’-3’) Reverse primer (5’-3’) 

Map-based cloning 

Idl6-0.72 

Idl6-1.9 

 

gtcctcaacagtcctgacgt 

gaacaccgtggtgttcttcgag 

 

gtgaagaaacataacactatg 

ggcttcagcttgcaagtgtct 

qRT- PCR 

MHZ3 

 

tggtgagcgaggctatgttg 

 

taggtccacacccctggtag 

OsEIN2 aactgcggagacgactgcat aggatgccctgaagacggtt 

OsERF063 acgtgatggacagcctcctc gggaagtctgaaatggacatg 

OsERF073 aatgataatcaaggcaccac acccgaataagtgttgataac 

SHR5 aataccagctatgttaccagcc caccattacaaattacaaggagc 

Germin-like gctaattgattggctccaatc tagcaacatatcgtgacacac 

OsActin2 ttatggttgggatgggaca agcacggcttgaatagcg 

MHL1 

MHL2 

ERF1 

AtActin2 

attcggcgcttggcattttt 

gctagcgacagggaaaacct 

aatcgagcagtccacgcaa 

atgcccagaagtcttgttcc 

gctccaggaggataccgaga 

tggcaaagaaatgccaagcc 

taggctaaagccgcctcttc 

tgctcatacggtcagcgata 

CAPS or dCAPS 

mhz3-1 

mhz3-2 

mhz3-4 

mhz3-5 

 

atgcagggtccgggcaatcaagaaagc 

actcccgctccgctgtcact 

tgtcctgcgactccggcggccggat 

tccttccgagcgcttcaaggcccatg 

 

ccagaacccgcaaacacagact 

gacggacttggcgagcgact 

ggccctcgcatggtgtctcgcg 

caaggatcttatcttggctggctacc 

Identification of mhl1 mhl2   

mhl1 PR1: atcgtccgtcttagtcattcg PR2: tcaaacttgccaacattttcc 

 LB: tggttcacgtagtgggccatcg  

 MHL1-F: ctcctgtagatctgcataaatggc MHL1-R: agaaaattttcaagcgttgaccgg 

mhl2 PR3: actcgttaagaatctgacggaa PR4: gcttaaatcagtcgccaatata 

 Ds: taccgaccgttaccgacc  

 MHL2-F: aaatggcggttacgtactgattcag MHL2-R: ttgaagtaagtggtgattaacgtgc 

Plasmid construction   

Genetic transformation   

MHZ3 complementation gggcaagcttcatatgaacagcaagcgaagaagac tagtcgacgagaccggatccttcgccattgcttacctgtg 

MHZ3pro-GUS aagcttcacacgccttcctcctatcg ggatccggttgtcagtgacagcggag 

35S:MHZ3 tctagaatggcccaccacgtcgctcc gagacctcaatcaacatgatcatcta 

35S:MHZ3-GFP ggtaccatggcccaccacgtcgctcc tctagaatcaacatgatcatctactactgt 

35S:OsEIN2-GFP 

Y2H 

cccgggatggatgggcagcagctacg gtcgacttgttgtcccttgctcgaga 

MHZ3-Cub 

NubG-OsEIN2 

aaggccattacggccatggcccaccacgtcgctcccctcctcct 

aaggccattacggccatggatgggcagcagctacg 

ccggccgaggcggccccatcaacatgatcatctactactgtctggttgc 

ccggccgaggcggccttgttgtcccttgctcgagag 

BiFC and CoIP   

MHZ3-cYFP-Myc gacagggtacccggggatccatggcccaccacgtcgctcc acgctgcccatagaggatccatcaacatgatcatctacta 

MHZ3-N-cYFP-Myc gacagggtacccggggatccatggcccaccacgtcgctcc acgctgcccatagaggatccatccttcttctttacataga 

MHZ3-C-cYFP-Myc gacagggtacccggggatccatgtcgttgggctggactcc acgctgcccatagaggatccatcaacatgatcatctacta 



Table S1. Cont. 

 

Genes or constructs Forward primer (5’-3’) Reverse primer (5’-3’) 

OsEIN2-nYFP-FLAG gacagggtacccggggatccatggatgggcagcagctacg ttgctcaccatagaggatccttgttgtcccttgctcgaga 

OsEIN2-N-nYFP-FLAG gacagggtacccggggatccatggatgggcagcagctacg ttgctcaccatagaggatccctctttctgagaaggcacag 

OsEIN2-1-N-nYFP-FLAG gacagggtacccggggatccatggatgggcagcagctacg ttgctcaccatagaggatccctctttctgagaaggcacag 

OsEIN2-C-nYFP-FLAG gacagggtacccggggatccatgctcttgaatactactca ttgctcaccatagaggatccttgttgtcccttgctcgaga 

SP-TM-cYFP-Myc cgtcggaggaggcggcgccggagagcaatgctgtg 

gacagggtacccggggatccatggcccaccacgtcgctcc 

cacagcattgctctccggcgccgcctcctccgacg 

acgctgcccatagaggatccatagacttgccaaatgccaa 

GST-cYFP gacagggtacccggggatccatgtcccctatactaggtta acgctgcccatagaggatccagaattcggggatcccaggg 

GST-nYFP gacagggtacccggggatccatgtcccctatactaggtta ttgctcaccatagaggatccagaattcggggatcccaggg 

OsEIN2-C-GFP ggtacccggggatcctctatgctcttgaatactactcaagac atgcctgcaggtcgactctttacttgtacagctcgtccatgc 

OsEIN2-1-GFP caccatggatgggcagcagctacg ttgttgtcccttgctcgagag 

OsETR2-Myc gctctagaatgccaccgatcccatctctgt acgcgtcgacattgttttgaaggactctatacagt 

OsERS2-Myc cgggatccatggatggatcatgtgattgca acgcgtcgactacgcttgattggtagcgaacc 

OsCTR2-GFP ggcgcgccactagtggatccatgaaggccgacgccaag catcccgggagcggtaccactgatatcctcttgaagttgatgg 


