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Supplemental Figure S1. MdSIZ1 is an important protein in the response to Fe 23 

deficiency in apple. 24 

A. MdSIZ1 expression in óGalaô apple cultivars treated with or without Fe deficiency. 25 

The óGalaô cultures were subcultured on Fe-deficient medium for different durations 26 

after growth under normal conditions for 14 days to collect leaves for MdSIZ1 27 

transcript levels detection by RT-qPCR. Mock treatment is the same without Fe 28 

supply changes. Error bars indicate the SD for three biological replicates in which the 29 

experiments were carried out three times using the apple plants.  30 

B. The specific detection of MdSIZ1 antibody. The 2-week-old apple calli, especially 31 

WT, MdSIZ1-OE, and antiMdSIZ1 (MdSIZ1-knock down) were treated with 32 

Fe-sufficient or Fe-deficient conditions for 5 days and then used for protein extraction. 33 

The MdSIZ1 proteins were detected by anti-MdSIZ1 specific antibodies. The Actin 34 

was used as a loading control. IB: Immunoblot.  35 

C. MdSIZ1 protein levels detected using anti-MdSIZ1 antibodies in óGalaô apple 36 
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cultivars treated with Fe-deficient conditions. The óGalaô cultures were subcultured on 37 

Fe deficiency medium for different durations after growth under normal conditions 38 

for 14 days to collect leaves for MdSIZ1 protein levels detection by western blot assay. 39 

ACTIN was used as a loading control. IB: Immunoblot.  40 

D. Quantification of MdSIZ1 protein level changes in C. The experiment in C was 41 

carried out 3 times and the protein quantities relative to the levels at initial time 0 42 

(Control) were counted and used to calculate the standard deviation (SD), which were 43 

indicated by Error bars. Different letter codes have significant difference (p < 0.01, 44 

ANOVA, Tukey correction). 45 

 46 

Supplemental Figure S2. The transcript levels of MdSIZ1 were inhibited in 47 

transgenic hair roots of MdSIZ1-RNAi chimeric plants 48 

After 28 days of subculture, óGalaô apple cultures were infected with Agrobacterium 49 

tumefaciens containing empty vector (Control) and MdSIZ1-RNAi silencing vector to 50 

induce hair root, respectively. Thereinto, the infection of MdSIZ1-RNAi was carried 51 

out twice, and each batch of 15 cultures was denoted as #1 and #2 respectively. Each 52 

batch of 15 cultures were randomly divided into 5 groups, and one of these groups 53 

was chosen for RNA extraction to detect the transcript levels of MdSIZ1. Biological 54 

replicates were carried out with the 3 cultures in each group to calculate the standard 55 

deviation (SD), which are indicated by error bars. Different letter codes have 56 

significant difference (p < 0.01, ANOVA, Tukey correction). 57 
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Supplemental Figure S3. MdSIZ1 promotes PM H
+
-ATPase activity and Fe 59 

acquisition in apple calli. 60 

A. MdbHLH104 expression in WT and MdbHLH104-OE (35S:MdbHLH104-GFP) 61 

transgenic calli. The 2-week-old calli subcultured on Fe-sufficient conditions were 62 

used for RNA extraction to detect the transcript levels of MdbHLH104. Error bars 63 

indicate the SD for three biological repelicates in which the experiments were carried 64 

out three times using the calli of each line. Samples denoted by different letters are 65 

significantly different (p < 0.01, ANOVA, Tukey correction). 66 

B. MdSIZ1 expression in WT, MdSIZ1-OE (35S:MdSIZ1-MYC), antiMdSIZ1, and 67 

Control (35S:MYC) transgenic calli. The 2-week-old calli subcultured on Fe-sufficient 68 

conditions were used for RNA extraction to detect the transcript levels of MdSIZ1. 69 

Error bars indicate the SD for three biological repelicates in which the experiments 70 

were carried out three times using the calli of each line. Samples denoted by different 71 

letters are significantly different (p < 0.01, ANOVA, Tukey correction). 72 

C. PM H
+
-ATPase H

+
-transport activity of WT, MdSIZ1-OE, antiMdSIZ1, 73 
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MdbHLH104-OE, and Control (35S:MYC) transgenic calli. The 2-week-old calli were 74 

treated at pH 6 or pH 8 conditions for 5 days and then used for PM H
+
-ATPase 75 

H
+
-transport activity detection. Error bars indicate the SD for three biological 76 

repelicates in which the experiments were carried out three times using the calli of 77 

each line. Samples denoted by different letters are significantly different (p < 0.01, 78 

ANOVA, Tukey correction). 79 

D. Acidification of transgenic apple calli. The 2-week-old transgenic calli were treated 80 

at pH 6 or pH 8 conditions for 5 days and then transferred to bromocresol purple 81 

medium for 36 h. Acidification is indicated as a yellow color around the apple calli.  82 

E. Fe contents of WT, MdSIZ1-OE, antiMdSIZ1, MdbHLH104-OE, and Control 83 

(35S:MYC) transgenic apple calli. The 2-week-old transgenic calli were treated at pH 84 

6 or pH 8 conditions for 5 days and then used for Fe contents measurement. Error bars 85 

indicate the SD for three biological repelicates in which the experiments were carried 86 

out three times using the calli of each line. Samples denoted by different letters are 87 

significantly different (p < 0.01, ANOVA, Tukey correction). DW, dry weight. 88 

F. Visualization of ferrous iron in transgenic apple calli. Ferrous iron is indicated by a 89 

red-colored complex formed by the Ferrozine reagent. 90 

G. Quantified measurements of ferrous complex of ferrozine in F. The optical density 91 

(OD) of the complex was measured at 562 nm wavelength, and the concentration of 92 

the complex was calculated according to Lambert-Beer law. Error bars indicate the 93 

SD for three biological repelicates in which the experiments were carried out three 94 

times using the calli of each line. Samples denoted by different letters are significantly 95 

different (p < 0.01, ANOVA, Tukey correction). 96 
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Supplemental Figure S4. MdSIZ1 specifically interacts with MdbHLH104 in 98 

yeast cells. 99 

A. Sequence alignment between full  length MdbHLH104 and truncated fragment of 100 

MdbHLH104 identified in the Y2H screen using MdSIZ1 as a bait. 101 

B. Interactions among MdSIZ1 and 6 IVc subgroup bHLH TFs, specifically 102 

MdbHLH104, MdbHLH105, MdbHLH115, MdbHLH11, MdbHLH121, and MdPYE, 103 

in yeast cells. Dilution series of yeast cells co-expressing the indicated proteins were 104 

grown for 2 days at 28 . SD/-T/-L indicates Leu and Trp dropout synthetic dropout 105 

medium; SD/-T/-L/-H/-A indicates Leu, Trp, His, and Ade dropout synthetic dropout 106 
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medium. MdSCE1 (SUMO E2 conjugating enzyme1) was used as a positive control. 107 

The empty pGAD vector was used as a negative control. 108 

 109 

Supplemental Figure S5. Potential sumoylation site consensus sequences 110 

predicted in MdbHLH104 proteins. 111 

Two potential sumoylation sites with high conservation among different plant species 112 

in MdbHLH104. Red pentagram points out the SUMO conjunction residue. The 113 

putative sumoylation site consensus sequence ű-K-X-E/D are indicated by black 114 

boxes. Md, Malus domestica; At, Arabidopsis thaliana; Gm, Glycine max; Mt, 115 

Medicago truncatula; Nt, Nicotiana tomentosiformis; Pb, Pyrusbetulaefolia bunge; Sl, 116 

Solanum lycopersicum; Os, Oryza sativa; Ta, Triticum aestivum; and Zm, Zea mays.  117 
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Supplemental Figure S6. Identification of  transgenic apple calli. 119 

A. Expression levels of MdbHLH104 in PMdAHA8:GUS, 120 

PMdAHA8:GUS/MdbHLH104-GFP, and PMdAHA8:GUS/MdbHLH104
K139R/K153R

-GFP 121 

transgenic apple calli under Fe-sufficient normal conditions. The 2-week-old calli 122 

subcultured on Fe-sufficient conditions were used for RNA extraction to detect the 123 

transcript levels of MdbHLH104. Error bars indicate the SD for three biological 124 
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repelicates in which the experiments were carried out three times using the calli of 125 

each line. Samples denoted by different letters are significantly different (p < 0.01, 126 

ANOVA, Tukey correction). The relevant transgenic calli were used for promoter 127 

activity assays in figure 6. 128 

B. MdbHLH104 and MdSIZ1 expression in Control (35S:GFP), MdbHLH104-OE, 129 

MdbHLH104-OE/MdSIZ1-OE, MdbHLH104-OE/antiMdSIZ1, and 130 

MdbHLH104
K139R/K153R

-OE transgenic calli under Fe-sufficient normal conditions. 131 

The 2-week-old calli subcultured on Fe-sufficient conditions were used for RNA 132 

extraction to detect the transcript levels of MdSIZ1 and MdbHLH104. Error bars 133 

indicate the SD for three biological repelicates in which the experiments were carried 134 

out three times using the calli of each line. Samples denoted by different letters are 135 

significantly different (p < 0.01, ANOVA, Tukey correction). 136 

C. MdbHLH104-GFP and MdSIZ1 protein levels in Control (35S:GFP), 137 

MdbHLH104-OE, MdbHLH104-OE/MdSIZ1-OE, MdbHLH104-OE/antiMdSIZ1, and 138 

MdbHLH104
K139R/K153R

-OE transgenic calli under Fe-sufficient normal conditions. 139 

The 2-week-old calli subcultured on Fe-sufficient conditions were used for protein 140 

extraction to detect the protein levels of MdbHLH104-GFP and MdSIZ1 using 141 

anti-GFP and anti-MdSIZ1 specific antibodies, respectively. The Actin was used as a 142 

loading control. IB: Immunoblot. The relevant transgenic calli were used for PM 143 

H
+
-ATPase activity assay and Fe contents measurements in figure 6. 144 

 145 

Supplemental Figure S7. The transcript levels of MdbHLH104 were not 146 

influenced by MdSIZ1. 147 
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MdbHLH104 expression in WT, MdSIZ1-OE, and antiMdSIZ1 transgenic calli under 148 

Fe-sufficient or deficient conditions respectively. The 2-week-old transgenic calli 149 

were treated in Fe-sufficient or deficient conditions for 5 days and then used for RNA 150 

extraction to detect the transcript levels of MdbHLH104. Error bars indicate the SD 151 

for three biological repelicates in which the experiments were carried out three times 152 

using the calli of each line. Samples denoted by different letters are significantly 153 

different (p < 0.01, ANOVA, Tukey correction).  154 

 155 

 156 

Supplemental Figure S8. Interactions among MdSIZ1 and 7 MdAHA proteins. 157 

Interactions among MdSIZ1 and 7 MdAHA proteins, specifically MdAHA1, 158 

MdAHA3, MdAHA7, MdAHA8, MdAHA9, MdAHA11, and MdAHA12, in yeast 159 

cells. Dilution series of yeast cells co-expressing the indicated proteins were grown 160 

for 2 days at 28 . SD/-T/-L indicates Leu and Trp dropout synthetic dropout 161 

medium; SD/-T/-L/-H/-A indicates Leu, Trp, His, and Ade dropout synthetic dropout. 162 

MdSCE1 (SUMO E2 conjugating enzyme1) was used as a positive control. The 163 

empty pGAD vector was used as a negative control.  164 

 165 
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Supplemental Figure S9. The transcript levels of MdbHLH38 and MdbHLH39 167 

were up-regulated by MdbHLH104 and MdSIZ1 . 168 

A and B. Expression levels of MdbHLH38 and MdbHLH39 in WT, MdbHLH104-OE, 169 

MdSIZ1-OE, and antiMdSIZ1 transgenic apple calli at pH 6 or pH 8, respectively. The 170 

2-week-old transgenic calli were treated at pH 6 or pH 8 for 5 days and then used for 171 

RNA extraction to detect the transcript levels of MdbHLH38 and MdbHLH39. Error 172 

bars indicate the SD for three biological repelicates in which the experiments were 173 

carried out three times using the calli of each line. Samples denoted by different 174 

letters are significantly different (p < 0.01, ANOVA, Tukey correction). 175 

 176 

 177 
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Supplemental Figure S10. The expression levels of MdSCE1. 179 

A. MdSCE1 expression in óGalaô apple cultivars treated with Fe deficiency for 3 h. 180 

The óGalaô cultures were subcultured on Fe-deficient or sufficient medium for 3h after 181 

growth under normal conditions for 14 days to collect leaves for MdSCE1 transcript 182 

levels detection by RT-qPCR. +Fe, Murashige and Skoog (MS) media containing 100 183 

ɛM Fe(II)-EDTA. -Fe, without Fe(II)-EDTA. Error bars indicate the SD for three 184 

biological repelicates in which the experiments were carried out three times using the 185 

apple plants. Samples denoted by different letters are significantly different (p < 0.01, 186 

ANOVA, Tukey correction). 187 

B. MdSCE1 expression in Control (35S:MYC) and MdSIZ1-OE (35S:MdSIZ1-MYC) 188 

transgenic calli under Fe-sufficient conditions. The 2-week-old transgenic calli 189 

subcultured on Fe-sufficient conditions were used for RNA extraction to detect the 190 

transcript levels of MdSCE1. Error bars indicate the SD for three biological 191 

repelicates in which the experiments were carried out three times using the calli of 192 

each line. Samples denoted by different letters are significantly different (p < 0.01, 193 

ANOVA, Tukey correction). 194 

 195 

 196 

 197 

 198 
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Supplemental Table S1. Primers used for gene cloning 199 

Primers name Primers sequence (5`Ÿ3`) 

MdSIZ1-F ATGGATTTGGTAGCTAGTTGCAAG 

MdSIZ1-R CTATTCAGAGTCCGAGTCAATAGA 

MdSCE1-F AAAAAACCCCCAAAAGGAGACGA  

MdSCE1-R TGCATTACACAAGAGGTGGGTA 

MdbHLH104-F ATGGGGGAATGGATAGAGTAT 

MdbHLH104-R AGCAGCAGGGGGCCTAAG 

asMdbHLH104-F ATATGCAGCTGGTACTGCTGGGT 

asMdbHLH104-R CAGGGGCAAAAGCTTGCCGTGAG 

asMdSIZ1-F TAGTCTTAACTCGCCAAGACCCA 

asMdSIZ1-F ATGTGTTGGTGGTGGGACTGCTA 

RNAi-MdSIZ1-F 
AAGGAGCCCTTCACC 

TAGTCTTAACTCGCCAAGACCCA 

RNAi-MdSIZ1-R 
GGCGCGCCCACCCTT 

ATGTGTTGGTGGTGGGACTGCTA 

MdbHLH105-F ATGGCCTCCCCGGAAAAC 

MdbHLH105-R AGCAACCGGTGGGCGGAGT 

MdbHLH115-F ATGGGTTCCCCGCCGCAG 

MdbHLH115-R AGCAACAGGAGGGCGGAG 

MdbHLH11-F ATGGATCATTGGAAATCCG 

MdbHLH11-R GCAGTTCGATGAAGTCAGAAG 

MdbHLH121-F ATGCCCGGTGGCACCGGGCG 

MdbHLH121-R GTCGTCAGCCTTTTTGCCAC 

MdPYE-F ATGGGTTCACCGGATCCT 

MdPYE-R CATATTACTAGGGTCGCTT 

MdAHA1-F ATGGTCTTGTTTGGTTTAAAGCTAGA 

MdAHA1-R TCAAACTGTATAATGTTGTTGGATTG 

MdAHA3-F ATGGAAGAAGAGGTGGAAGGGA 
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MdAHA3-R TTACACTGTATAATGCTGCTGGATTGT 

MdAHA7-F ATGGCCAACATCTCCTTAGAAGAC 

MdAHA7-R CTAAACAGTGTAGTGTTGTTGGATGGT 

MdAHA8-F ATGACCGTCACTGATTCCC 

MdAHA8-R CGCTTCATCATCATCGTCA 

MdAHA9-F ATGCGGTTTAAATATCGGTGCTGCA 

MdAHA9-R TCAAACTGTATAATGTTGTTGGA 

MdAHA11-F ATGTCCCTCGGACCTTGTTTAATG 

MdAHA11-R TCAAACAGTGTAGTGCTGTTGA 

MdAHA12-F ATGTGGAATCCTCTATCATGGGTCA 

MdAHA12-R CTAGTAATCATCTTCTTCTTCGTCT 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 
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 214 

 215 

 216 

 217 
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Supplemental Table S2. Primers used for qRT-PCR 218 

Primers name Primers sequence (5Ÿ̀3`) 

QS-F AATTCTAGAATGCAAATGCCATCC 

QS-R AGAGATTCTATTCAGAGTCCGAG 

Q104-F CCAACGACACCCCTTCTTT 

Q104-R CACTCCTTTTCCTGTGACTGTG 

Q105-F GAAGGGACAGGCTAAATGACAA 

Q105-R CTCAAACAAGAGGGAGAGAAGAG 

QI-F TTTCTGGCTTTGTGGCTATGTT 

QI-R GGCTGGAGTTTCACCATTATCT 

QF-F ACCGGACAGTGTCAATTTTAA 

QF-R TGCTTTGTAAGTTGGGCATCC 

QA1-F CCAGAGAAAACAAAAGAGAGTCAAG  

QA1-R TTCACATTCACACCGAGATTG 

QA3-F TATTCTCTGCCTGTTGGTCATC 

QA3-R GCTCACTCCATTTTCCATCTCT 

QA7-F CGCACAGCAATCACCTACAT 

QA7-R TCTTCCTTGTTTCTCCCTTGAG 

QA8-F TCGGTGTGAATGTGAAGATGAT 

QA8-R TCAGGAAATACTCCAGCAAATC 

QA9-F TTCATGGTCTTCAGCCACCT 

QA9-R TCACAACTGACTCGACGTGA 

QA11-F CTGACGAGCAGAGCCATCTT 

QA11-R ATGAGAGCAAGGAGCAGAAAAC 

QA12-F TATTCTCTGCCTGTTGGTCATC 

QA12-R CGCTCCATTTTCCATCTCTAAG 

Md18S-F ACACGGGGAGGTAGTGACAA 

Md18S-R CCTCCAATGGATCCTCGTTA 

MdActin-F TGACCGAATGAGCAAGGAAATTACT 
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MdActin-R TACTCAGCTTTGGCAATCCACATC 

 219 


