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Supplemental Figure S1. Comparison of the amino acid sequences of β-carotene 

hydroxylases, zeaxanthin epoxidases (ZEPs), violaxanthin de-epoxidases (VDEs), 

9-cis-epoxycarotenoid dioxygenase 1s (NCED1s), carotenoid cleavage dioxygenases 

7s, carotenoid cleavage dioxygenases 8s, and carotenoid cleavage dioxygenases 1s.  

(A) Sequence alignment of β-carotene hydroxylases. The conserved histidine motifs are 

indicated above the sequence. Identical amino acid residues are shaded black and 

conserved amino acid residues, gray. Dashes indicate gaps introduced to optimize 

alignment. . The ORFs of GmBCH4 and GmBCH5 have a high degree of similarity to 

functionally confirmed β-carotene hydroxylases, e. g., 79 % and 73 % to CaCRTR-B 

from Capsicum annuum (Simkin et al., 2008), respectively. A solid line above amino 

acid sequence indicates the region of GmBCH(1+3) probe for in situ hybridization (Fig. 

3, D to E) and a double line above amino acid sequence indicates the region of  

GmBCH2 probe for in situ hybridization (Fig. 3, I to M).  GenBank accession numbers: 

Glycine max GmBCH1 (AY575953); Glycine max GmBCH2 (BT093388); Glycine max 

GmBCH3 (BT098487); Glycine max GmBCH4 (JF970190); Glycine max GmBCH5 

(JF970191); Coffea arabica CaCRTR-B (ABA43903); Arabidopsis thaliana AtCHY1 

(NP_194300).  

Expression of GmBCH4 (B) and GmBCH5 (C), respectively, in soybean tissues 

including 27-day-old nodules. Transcript levels were determined by real time RT-PCR 

and normalized. Data are representative of three independent experiments. Bars 

represent standard deviations (n=3). L, leaf; S, stem; F, flower; R, root; N, Nodule. 

GenBank accession numbers: Glycine max GmBCH4 (JF970190); Glycine max 

GmBCH5 (JF970191). 

(D) Amino acid sequence alignment of zeaxanthin epoxidases (ZEPs). Identical amino 

acid residues are shaded black and conserved amino acid residues are shaded gray. 

Dashes indicate gaps for optimizing alignment. Primers used in real-time PCR are 

indicated by arrows. GenBank accession numbers: Glycine max GmZEP1 (HM366149); 
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Glycine max GmZEP2 (HQ875555); Glycine max GmZEP3 (HQ875556); Prunus 

armeniaca PA-ZE (AAD42899); Arabidopsis thaliana AtABA1 (NP_851285). 

(E)  Amino acid sequence alignment of violaxanthin de-epoxidases (VDEs). Partial 

amino acid sequences of VDEs are aligned. Identical amino acid residues are shaded 

black and conserved amino acid residues are shaded gray. Dashes indicate gaps for 

optimizing alignment. Primers used in real-time PCR are indicated by arrows. GenBank 

accession numbers: Glycine max GmVDE1 (HQ875559); Glycine max GmVDE2 

(HQ875560); Citrus sinensis CsVDE (ADH82116); Arabidopsis thaliana NPQ1 

(NP_172331).  

(F) Amino acid sequence alignment of 9-cis-epoxycarotenoid dioxygenase 1s 

(NCED1s). Partial amino acid sequences of NCED1s are aligned. Identical amino acid 

residues are shaded black and conserved amino acid residues are shaded gray. Dashes 

indicate gaps for optimizing alignment. Primers used in real-time PCR are indicated by 

arrows. GenBank accession numbers: Glycine max GmNCED1a (HQ875557); Glycine 

max GmNCED1b (HQ875558); Phaseolus vulgaris NCED2 (AAY82457); Zea mays 

viviparous14 (vp14) (NP_001105902).  

(G)  Amino acid sequence alignment of carotenoid cleavage dioxygenases 7s. Identical 

amino acid residues are shaded black and conserved amino acid residues are shaded 

gray. Dashes indicate gaps for optimizing alignment. Primers used in real-time PCR are 

indicated by arrows. GenBank accession numbers: Glycine max GmCCD7a 

(HM366150); Glycine max GmCCD7b (JF894312); Solanum lycopersicum SlCCD7 

(ACY39882); Petunia x hybrida RhCCD7 (ACY01408); Arabidopsis thaliana AtCCD7 

(NP_182026).  

(H) Amino acid sequence alignment of carotenoid cleavage dioxygenases 8s. Identical 

amino acid residues are shaded black and conserved amino acid residues are shaded 

gray. Dashes indicate gaps for optimizing alignment. Primers used in real-time PCR are 

indicated by arrows. GenBank accession numbers: Glycine max GmCCD8a 
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(HM366151); Glycine max GmCCD8b (JF894313); Petunia x hybrida PhCCD8 

(AAW33596); Zea mays ZmCCD8 (ACR33785); Arabidopsis thaliana AtCCD8 

(NP_195007). 

(I) Amino acid sequence alignment of carotenoid cleavage dioxygenases 1s. Identical 

amino acid residues are shaded black and conserved amino acid residues are shaded 

gray. Dashes indicate gaps for optimizing alignment. Primers used in real-time PCR are 

indicated by arrows. GenBank accession numbers: Glycine max GmCCD1a 

(FK009136); Glycine max GmCCD1b (JF894311); Medicago truncatula MtCCD1 

(CAR57918); Arabidopsis thaliana AtCCD1 (NP_191911); Coffea arabica CaCCD1 

(ABA43904). 
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Supplemental Figure S2 

Supplemental Figure S2. The upstream region of GmBCH1 isolated by DNA 

walking. 

The 5’ region of GmBCH1 was isolated by using a DNA Walking SpeedUPTM Premix 

Kit (SEEGENE) according to manufacturer’s recommendation.  The underlined is the 

position of primer used in the DNA Walking and the start codon is indicated by shaded 

gray. (B) Genomic PCR analysis of GmBCH1. Genomic DNAs of the cultivar Sinpaldal 

2 (lanes 1 to 3) and the cultivar Williams 82 (lanes 4 to 6) were used, respectively. 

Genomic PCR of GmBCH3 was loaded in lanes 1 and 4 as control and primers used are 

the same indicated in Supplemental Fig. S4. Lanes 2 and 5 show genomic PCR product 

with GmBCH1 forward primer (shown in red color) and GmBCH3-specific reverse 

primer, which serve as negative control. Lanes 3 and 6 indicate the existence of 

upstream region of GmBCH1. Primers used in genomic PCR of GmBCH1 are indicated 

in red (forward primer) and orange (reverse primer) color in panel A. 
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Supplemental Figure S3 

 

 

Suppelemental Figure S3. Assessment of PCR efficiency of primer sets for 

GmBCHs. 

The efficiency of the primer sets used for GmBCHs was tested by plotting the threshold 

cycle (Ct) at each concentration of the samples. The slope of a linear-regression 

trendline indicates the primer efficiency. PCR efficiency of primers was calculated as 

[10(-1/S)-1] × 100%, where S is the slope of the regression line [Hu R, Fan C, Li H, 

Zhang Q, Fu Y-F (2009) Evaluation of putative reference genes for gene expression 

normalization in soybean by quantitative realtime RT-PCR. BMC Mol Biol 10: 93]. 
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Supplemental Figure S4 
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Suppelemental Figure S4. Assessment of probes for in situ hybridization. 

(A and B) Sequence alignment of GmBCH(1+3) probe with GmBCH2 genomic DNA  

(A) and GmBCH2 probe with GmBCH(1+3) genomic DNA (B). (C) Whole-mount in 

situ hybridization of soybean leaves with GmBCH(1+3) sense probe, GmBCH2 sense 

probe, GmBCH(1+3) antisense probe, and GmBCH2 antisense probe. (D) The intensity 

of the images in panel C for GmBCH(1+3) and GmBCH2 expression was measured 

using Image J (National Institutes of Health, Bethesda, MD, USA) as a gray scale value 

and shown as the numbers obtained by subtracting background gray values (Ubuka and 

Bentley, 2009). 
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Supplemental Figure S5 
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Suppelemental Figure S5. Expression of pGmBCH2-GUS and pGmBCH3-GUS in 

transgenic soybean nodules measured by fluorometric assay of GUS. 

For GmBCH2-GUS, a 1,629-bp of 5’ upstream region of GmBCH2 was used (A). For 

GmBCH3-GUS, a 1,596-bp of 5’ upstream region of GmBCH3 was used (B). Primers 

used in cloning upstream regions are indicated by arrows. (C) Fluorometric GUS 

activity in transgenic nodules was measured according to Oh et al., (2001). GUS 

activities in transgenic nodules expressing GmBCH2-GUS and GmBCH3-GUS are 

shown as the means and standard deviations of the means of three independent 

experiments. GmBCH1 promoter-GUS was not examined as the sequence of the 

GmBCH1 promoter was not available. 
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Supplemental Figure S6 

 

 

Suppelemental Figure S6. Subcellular localization of N-terminally deleted 

GmBCH2 and a fusion of GmBCH1 with the transit peptide of GmBCH2. 

(A) The 5’-region corresponding to a putative transit peptide was removed from 

GmBCH2, and the modified GmBCH2 was fused with GFP. (B) The N-terminal region 

of GmBCH2 containing the putative transit peptide was fused with GmBCH1-GFP 

fusion construct. The resulting constructs were introduced into Arabidopsis protoplasts. 

After 16 h, transfected protoplasts were examined by fluorescence microscopy. The red 

signal shows the autofluorescence of chloroplasts (Chl). Scale bar = 10 μm. 
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Supplemental Figure S7 

 

Supplemental Figure S7. DNA sequences used in preparing for GmBCH(1+3)-

RNAi and GmBCH2-RNAi constructs. 

DNA seqeunce alignment of GmBCHs. Boxed areas with a solid line or a dashed line 

indicate DNA regions used in preparing for GmBCH(1+3)-RNAi or GmBCH2-RNAi 

constructs, respectively. Identical DNA sequences in both GmBCH1 and GmBCH3 are 

shaded black. Primers used in real-time PCR are indicated; forward primers for each 

GmBCHs in red color and reverse in orange color. The exact positions of forward and 

reverse primers are as follows; GmBCH1, -12 to 16 and 216 to 243; GmBCH3, -117 to -

89 and 117 to 144; GmBCH2, -52 to -24 and 188 to 215; GmBCH4, -75 to -48 and 113 

to 140; GmBCH5, -51 to -24 and 113 to 140. Initiation codons are indicated by either 

downwards arrow (for GmBCH1) or upwards arrow (for GmBCH2, GmBCH3, 

GmBCH4 and GmBCH5).  
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Supplemental Figure S8 
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Supplemental Figure S8. Statistical analyses of nodule weight and gene expression 

in GmBCH(1+3)-RNAi nodules.  

(A) Distribution of nodule weight between three plant groups. We compared nodule 

weights of those plants, and broken transgenic plants into two groups (say RNAi-type1 

= transgenic plants with nodule weight similar to controls, including #2; RNAi-type2 = 

transgenic plants with nodule weight significantly smaller than controls, including #20, 

#21). In order to verify the statistical significance of this grouping (i.e., control vs 

RNAi-type1 vs RNAi-type2), we conducted analysis of variance(ANOVA) with Tukey’s 

multiple comparison procedure, and found significant difference in nodule weight 

between control and RNAi-type2 (p-value = 0.00005) as well as between RNAi-type1 

and RNAi-type2 (p-value = 0.00636), but not between control and RNAi-type1 (p-value 

= 0.5). (B) Distribution of gene expression level between three plant groups. We 

conducted ANOVA with Tukey’s multiple comparison procedure for difference in gene 



Kim et al.   

 21

expression levels between three groups, and found that significant difference between 

each pair of groups: control and RNAi-type1 (p-value = 0.00083), control and RNAi-

type2 (p-value = 0.0000002), RNAi-type1 and RNAi-type2 (p-value = 0.0294). Based 

on the results of two ANOVAs, we verified the significance of our grouping and 

characterized two groups of transgenic plants as follows: RNAi-type1 = no significant 

decrease in nodule weight with considerably reduced gene expression; RNAi-type2 = 

significant decrease in nodule weight with completely reduced gene expression. (C) 

Correlation between nodule weight and gene expression level. Using all of the 16 plants 

in three groups, we examined the correlation between gene expression levels and nodule 

weights based on Spearman rank correlation coefficient. Strong positive correlation of 

0.76 (p-value = 0.001) was observed. Note that we used Spearman rank correlation, a 

popular correlation measure that can deal with small sample size and requires no 

normality assumption.  
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Supplemental Figure S9 

 

 

Supplemental Figure S9. Electron microscopic analysis of GmBCH(1+3)-RNAi 

nodules.  

GmBCH(1+3)-RNAi nodules often contained empty vesicles without bacteroids (arrow) 

and in severe case, bacteroids without being enclosed by symbiosome membranes 

(arrowhead).  
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Supplemental Figure S10 

 

 

Supplemental Figure S10. Expression of GmZEP3 in Glycine max. 

(A) Expression of GmZEP3 in different tissues. RNA was extracted from different 

tissues including 27-day-old nodules of Glycine max. (B) Expression of GmZEP3 

during nodule development. RNAs were extracted from roots, 2-, 7-, and 27-day-old 

nodules, and transcript levels were determined by real time RT-PCR and normalized. 

Data are from three independent experiments. L, leaf; S, stem; F, flower; R, root, N, 

Nodule. 
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Supplemental Figure S11 

 

Supplemental Figure S11. Functional assay of GmCCD7 and GmCCD8 in β-

carotene-accumulating E. coli. 

Expression of GmCCD7, GmCCD8, and AtCCD7 in E. coli strains that carry 

pACCAR16∆crtX and accumulate β-carotene. The β-carotene-accumulating E. coli 

strain with empty vector alone served as negative control. (A) Proteins from β-carotene-

accumulating E. coli cells expressing HA-GmCCD7 (lane 2), HA-AtCCD7 (lane 3) and 

HA-GmCCD8 (lane 4) or with empty vector alone (lane 1) were isolated (right panel) 

and immunoblotted with HA antibody (left panel). Proteins of the expected sizes 

corresponding to GmCCD7 (70 kDa), AtCCD7 (72 kDa) and GmCCD8 (60 kDa) were 
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detected. Immunodetected bands were indicated by arrowheads. HPLC analysis of 

carotenoids extracted from β-carotene-accumulating E. coli cells expressing HA-

GmCCD7 (C), HA-AtCCD7 (D) and HA-GmCCD8 (E) or with empty vector alone (B). 

The β-carotene peak is indicated by an asterisk (*). mAU, milli-absorbance units.  
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Supplemental Table S1. RNA-seq expression data for soybean genes in various tissues. 

The expression levels were shown according to Severin et al. (2010) (A) and Libault et 

al. (2010) (B) 

(A) RNA-seq expression data for soybean genes from Severin et al. (2010) 
Gene name in the paper Gene model # young_leaf flower root nodule 

GmBCH2 Glyma16g29790 45 12 8 7 

GmBCH3 Glyma10g37560 2 32 7 4 

GmBCH4 Glyma20g30230 2 2 2 1 

GmBCH5 Glyma09g24530 15 5 0 0 

GmZEP1 Glyma17g20020 46 18 0 0 

GmZEP2 Glyma11g05960 1 6 3 1 

GmZEP3 Glyma01g39310 0 0 0 0 

GmVDE1 Glyma03g41420 9 7 0 0 

GmVDE2 Glyma19g44010 14 4 1 0 

GmNCED1a Glyma05g27250 0 1 0 0 

GmNCED1b Glyma08g10190 0 129 0 3 

GmCCD1a Glyma12g36530 2 2 1 0 

GmCCD1b Glyma13g27220 15 19 12 11 

GmCCD7a Glyma11g16370 0 0 4 0 

GmCCD7b Glyma01g14170 0 0 13 0 

GmCCD8a Glyma06g09000 0 0 33 1 

GmCCD8b Glyma04g08910 0 0 19 3 

 

(B) RNA-seq expression data for soybean genes from Libault et al. (2010) 
Gene name in the paper Gene model # leaf flower root nodule 

GmBCH2 Glyma16g29790 33 14 17 9 

GmBCH3 Glyma10g37560 14 40 8 2 

GmBCH4 Glyma20g30230 15 0 3 1 

GmBCH5 Glyma09g24530 2 3 1 0 

GmZEP1 Glyma17g20020 886 273 0 0 

GmZEP2 Glyma11g05960 11 6 5 2 

GmZEP3 Glyma01g39310 0 1 0 0 

GmVDE1 Glyma03g41420 77 47 1 1 

GmVDE2 Glyma19g44010 58 36 3 0 

GmNCED1a Glyma05g27250 0 1 0 0 

GmNCED1b Glyma08g10190 1 469 0 1 
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GmCCD1a Glyma12g36530 16 8 0 1 

GmCCD1b Glyma13g27220 212 79 35 34 

GmCCD7a Glyma11g16370 0 0 7 0 

GmCCD7b Glyma01g14170 0 0 3 0 

GmCCD8a Glyma06g09000 0 0 17 0 

GmCCD8b Glyma04g08910 0 0 9 9 
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Supplemental Table S2. Primers used for gene cloning (A) and gene expression by real 

time RT-PCR (B) 

 

(A) Primers for gene cloning  
Gene Primer sequence (5′-3′) Purpose 

GmBCH2 5’-RACE : GTCTACCAGGCATTCGCTTCAT 
Gene-specific R: GTTAAAGAAACCATAGGAAAGGAGAGCG 

Isolation of the 5’ region of GmBCH2 

F: CTAGTCTAGACATGGCGGTAGGACTCTC 
R: CATTCTGGATCCGTATTAGTTGTTCTCA 

Isolation of the full-length GmBCH2 
cDNA 

F: CTAGTCTAGACATGGCGGTAGGACTCTC 
R: TGATTGGATCCAGTTGTTCTCATTAGC 

Construct for subcellular localization 

F: CTACTCTAGAATGGCGGCAGGACTCTCC 
R: TTGGCGGATCCA TGA ACCGGACCTGATGC 

Cloning of N-terminal end- deleted 
GmBCH2 

F: CTATCTAG ACC ATGGCGGTAGGACTCTC 
R: AAGTTTCTAGATTTTGGGTTCTTGGTGA 

Cloning of N-terminal region of 
GmBCH2 fused to GmBCH1 

Sense F: CTCTCTAGAACACACAAACACTACACAT 
Sense R: GGTCAAGCTTGAGGACACAAACGGTGAA 
Antisense F: TCTCTCGAGAACACACAAACACTACACA 
Antisense R: TTTGGTACCTGCATGAGGACACAAACGGT 

Construct for GmBCH2-RNAi 

F: CTCACAAGCTTTCTTGGATTGCTATACTCTCGTTG 
R: ACCGCCATGGTAGAACTAGAAAGTGTTGAAACTTG 

Isolation of GmBCH2 promoter 

GmZEP1 F1: GTAAAGTTTGATACTTTCACTCCTGCG 
R1: GAAACAAAGTACTGTTTGTGTCCCAAG 

Isolation of a part of GmZEP 

5’-RACE: GTCTACCAGGCATTCGCTTCAT 
R2: ACTGCAGG AGTGAATGTATCAAAATTGA 

Isolation of the 5’ region of GmZEP 

F2: TGCCTGCTGACATTGAAACTGTTGGATA 
3’-RACE: TCGTAGTCGCAGCATTCACAG  

Isolation of the 3’ region of GmZEP  

GmBCH1 F: GGCATTCTAGACATGGGGGATAGGGGAT 
R: GAACCCTAGGAGTACTTGGCCTGG 

Isolation of the full-length GmBCH1 
cDNA 

F: GGCATTCTAGACATGGGGGATAGGGGAT 
R: TTGGCGGATCCATGAACCGGACCTGATG 

Construct for subcellular localization 

Sense F: GATCTCTAGATTCCTTACTCGCAGGCG 
Sense R: ACTCGAAGCTTTGTACTGTGATGGAAACA 
Antisense F: GATCATCTCGAGCCTTACTCGCAGGCGAA 
Antisense R: ACT CGAAGGTACCTACTGTGATGGAAACA 

Construct for GmBCH(1+3)-RNAi 

GmBCH3 F: CTATCTAGACATGGCGGCAGGACTCTCC 
R: GAACCCTAGGAGTACTTGGCCTGG 

Isolation of the full-length GmBCH3 
cDNA 

F: CTACTCTAGAATGGCGGCAGGACTCTCC 
R: TTGGCGGATCCATGAACCGGACCTGATGC-3 

Construct for subcellular localization 

F: TAACAAGCTTGGTTGGACATGTGCAGGCCAAGA 
R: CCGCCATGGAAGGGTAGATAGCTTCGATCGAAT 

Isolation of GmBCH3 promoter 

GmCCD7a F: ACTCAAGCTTAATGCAAGCCAAACCCATT 
R: TTGGGATCCAGCTAATTAGCTGCCCAGA 

Isolation of the full-length GmCCD7a 
cDNA 

GmCCD8a F: CATGTCTAGATATGCTTGTTCCTGACATGCCTCATAACA 
R: TAGGGATCCCTACTCTTTTGGAACCCAGCATCCATGC 

Isolation of the full-length GmCCD8a 
cDNA 

AtCCD7 F: GTTTCTAGAGATGTCTCTCCCTATCCCGCCGAAATTTC 
R: AGAAGGATCCAGCTTGTTGCTTTGCCAATCAT 

Isolation of the full-length AtCCD7 
cDNA 

 

(B) Primers for gene expression by real time RT-PCR 
 Gene         Primer sequence (5′-3′)                           Efficiency* 

GmBCH1 F: GGCATTCTAGACATGGGGGATAGGGGAT                           90.1% 
R: GGGTCGAACTCGAAGGATTGTACTGTGA 

GmBCH2 F: ACACATCACAATCTCACATTGTTCTCAAG                         96.7% 
R: GGCTCAATTTCCATGTGGGTGCCTTGTT 

GmBCH3 F: CTATAATTATATGCAACCTCCCTCTCTTC                            102.7% 
R: GGGTCGAACTCGAAGGATTGTACTGTGA 



Kim et al.   

 29

GmBCH4 F: GATCACATACAACACAAACAGTACTCTG                          89.5% 
R: CGAACTCGAAGGATTGTACTGCGACGGA 

GmBCH5 F: AACAACACAATCTCACACTGTTCCCAAT                          90.1% 
R: TGGGGTATCGGTGATGCTGTGTGATGGA 

GmZEP(1+2) F: GTAAAGTTTGATACTTTCACTCCTGCG                              100.4% 
R: GAAACAAAGTACTGTTTGTGTCCCAAG 

GmZEP3 F: GCCGTTGATATTACTTATCTTGTAAGT                                98.1% 
R: ATCACGCTAGGGCGCTTATGAGTACATA 

GmVDE(1+2) F: GCTATCAAGATGACTGGTATATTTTGTC                             91.0% 
R: CACCTCTTCTTCTAACTGTTCAACTTCC 

GmNCED(1a+1b) F: ACCACCTCTTCGACGGCGACGGAATGGT                         89.2% 
R: ATGGCGAGGAGTTTTCCGTTGAAGAAGA  

GmCCD(1a+1b) F: GGAACCACATTAGACAGCATTGCAAAAGT                      92.3% 
R: TCAAGTATCCATCATCTTCTTCAGAATC 

GmCCD(7a+7b) F: ATCACGGGTCCACGGTGCACCCTCTA                               96.0% 
R: GTGTTAGCCACATTTTTCATGACCTTAGT 

GmCCD(8a+8b) F: AGGAATGGTCCGGGCATGTGGCACATA                            92.7% 
R: TTCGCCGCCTTAGGCACCTCGGAGAACT 

GmLbc F: ATGGGTGCTTTCACTGAGAAGCAAGAGG                        102.7% 
R: TGCTGCTGCCAATTCATCATAGGCTACT 

Ubiquitin F: GGGTTTTAAGCTCGTTGT                                                     104.2% 
R: GGACACATTGAGTTCAAC 

GmELF1b F: GTTGAAAAGCCAGGGGACA                                               89.7% 
R: TCTTACCCCTTGAGCGTGG 

GmActin2/7 F: CTTCCCTCAGCACCTTCCAA                                               90.5% 
R: GGTCCAGCTTTCACACTCCAT 

 

*The efficiency of the primer sets used for GmBCHs was tested by plotting the 

threshold cycle (Ct) at each concentration of the samples. The slope of the linear-

regression trendline indicates the primer efficiency. PCR efficiency of  primer sets was 

calculated as [10(-1/S)-1] × 100%, where S is the slope of the regression line (Hu et al., 

2009). 

 

 

 

 

 

 

 

 


