
 

 

Table S1. Oligonucleotides used in this study. 

Oligos Sequence* 

attB1 adaptor   5'-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3' 

attB2 adaptor   5'-GGGGACCACTTTGTACAAGAAAGCTGGGT-3' 

Pnos-attB4    5'-GGGGACAACTTTGTATAGAAAAGTTGGCTGAGACACTATCATGAGCGGAGAATTAAGG-3' 

Pnos- attB1r    5'-GGGGACTGCTTTTTTGTACAAACTTGTGACACTAGATCCGGTGCAGATTATTTG-3' 

PAtSEC23A-attB1   5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCGACACTCGGGATTATTGATGGGAAATC-3' 

PAtSEC23A-attB2   5'-GGGGACCACTTTGTACAAGAAAGCTGGGTAGACACTCGGATTCCGAAGTTTCTACTT-3' 

PAtSEC23A-attB4  5'-GGGGACAACTTTGTATAGAAAAGTTGGCTGAGACACTCGGGATTATTGATGGGAAATC-3' 

PAtSEC23A-attB1r   5'-GGGGACTGCTTTTTTGTACAAACTTGTGACACTCGGATTCCGAAGTTTCTACTT-3' 

PAtSEC23D-attB1  5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCGACACTCTGGAAAACCTATTCAAGCCA-3' 

PAtSEC23D-attB2  5'-GGGGACCACTTTGTACAAGAAAGCTGGGTAGACACTTGTTTCAGATCAGATCCTTCC-3' 

PAtSEC23D-attB4   5'-GGGGACAACTTTGTATAGAAAAGTTGGCTGAGACACTCTGGAAAACCTATTCAAGCCA-3' 

PAtSEC23D-attB1r  5'-GGGGACTGCTTTTTTGTACAAACTTGTGACACTTGTTTCAGATCAGATCCTTCC-3' 

AtSEC23A-attB1  5'-AAAAAGCAGGCTCCGACACTATGGCTAACTTACCGAAATC-3' 

AtSEC23A-attB2  5'-AGAAAGCTGGGTAGACACTCCTGGGCTCAGGAGGCAC-3' 

AtSEC23D-attB1  5'-AAAAAGCAGGCTCCGACACTATGGCAGTGAGAGCAACGGT-3' 

AtSEC23D-attB2  5'-AGAAAGCTGGGTAGACACTCTTCATGTATTCAGTGACAC-3' 

RT-AtSEC23A-F  5'-CACATTCAGAAACTCACGAG-3' 

RT-AtSEC23A-R  5'-CCTGGGCTCAGGAGGCAC-3' 

RT-AtSEC23D-F  5'-GCCTCTCTGGAAGATGGAGT-3' 

RT-AtSEC23D-R  5'-CTTCATGTATTCAGTGACAC-3' 

ACT2-F  5'-CATCTTCTTCCGCTCTTTCTTTCCA-3' 

ACT2-R  5'-CTCTTACAATTTCCCGCTCTGCTGT-3' 

GN-AtSEC23A-F  5’-CATAAGGTGAGTCTGCAGCT-3' 

GN-AtSEC23A-R  5’-GACGTCGGTTAATACCACGT-3' 

GN-AtSEC23D-R 5’-GAGATTAGCTTGTAAGCTTG-3' 

T-DNA-LB  5’-GCAATCAGCTGTTGCCCGTCTCACTGGAG-3' 

*Solid and dotted underlines indicate regions corresponding to full-length attB sequences (attB1 and attB2; 25 bp, attB4 and 

attB1r; 22 bp), and regions corresponding to partial attB1 and attB2 sequences (12 bp), respectively.  

 

 

 



ScSEC23 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MD F E T N - - - - - - - - ED I NGVR - - - - - - - - - - - - - - - - - - - - - - - - - F TWNV F P S T - - - - - - - - - - - 22
AtSEC23A MAN L P K S S VN Y PGT L T P L E PNRP S PQPDR T P V PHS P P V V A S P I P PR F PQP S F RPDQMS S P SMK S P S L L S P ANG I R TGS P I PR L S T P PGP P V F N T P V K P A A V P F R T S P A T PQPMA Y S S ANS 120
AtSEC23B - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MS EMA S - - - - - - MDP EG I DGVR - - - - - - - - - - - - - - - - - - - - - - - - - MTWNVWPR T - - - - - - - - - - - 25
AtSEC23C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MA E FGE - - - - - - - - L E AQDGVR - - - - - - - - - - - - - - - - - - - - - - - - - MPWN I I P V A T K - - - - - - - - - 25
AtSEC23D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MA VR - - - - - - - - - - - - - - - - - - - - - - - - - A T V SR F P I D - - - - - - - - - - - 13
AtSEC23E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MA E T AN - - - - - - T D L EG I DGVR - - - - - - - - - - - - - - - - - - - - - - - - - MTWNVWPHS - - - - - - - - - - - 25
AtSEC23F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MA EMADK A K V E EMDWEG I DGVR - - - - - - - - - - - - - - - - - - - - - - - - - MTWN LWPR T - - - - - - - - - - - 31
AtSEC23G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - MD F L E - - - - - - - - L E A I EG L R - - - - - - - - - - - - - - - - - - - - - - - - - WSWNSWP T T - - - - - - - - - - - 22

ScSEC23 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - RSDANSNV V P VGC L Y T P L K - - - - E YDE L NV A P YNP V VCSGPHCK S I L NP YCV I DPRNS SWSCP I CNSRNH L 89
AtSEC23A S L P V S T P S F Y SNGS S VGSQRD L PDV VRME E P I A ADS P Y V L F S ANK V L KQK K L ANV A S L GFGA I V S AGRE - - - I S PGPQ I I QRDPHRC L N - - CGA Y SNP Y S S I L I GSGQWQCV I CENMNGS 235
AtSEC23B - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K V E A S KCV I P V A AC I S P I R - - - - YHRD I P S V E Y A P L RCR - - I C T A A L NP F ARVD F L A K I W I CP I C FQRNH F 90
AtSEC23C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K EQS I DS E V P V S A I Y T P L K P - - - L RSQS L L L P Y S P L RCR - - T CRS V L NP Y S V VD F S ACNWGCP F C F NRNP F 91
AtSEC23D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - SDAQE A SG L PWG L T V T P F A A KDENG I GP ACGSNGH L L PRCENC Y A Y F N T YCE L D - - QWAWNCS L CGT L NG L 82
AtSEC23E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K A E A S KCV I P L A AC I S P I R - - - - RHAD I P T L P Y A P L RCR - - T CS A A L NA Y AQVD F T A K LW I CP F C YQRNH F 90
AtSEC23F - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K V E A S KCV I P L A A S I S P I R - - - - RHP L I L D L P Y A P L DCK - - T CK A L L NA F ARVD F A AMNWVCP F C YHRNH F 96
AtSEC23G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K SDCE S L V V P L S I MY T P LM - - - - H F S E L P T I P YDP L I CS - - RCGA V L NP Y ARVD YQSR I WSCP F C F HKN L F 87

ScSEC23 P PQY T N - L SQENMP L E L - - QS T T I E Y I T NK P - - - - - - - - - - - - - - - - - - - - - - - - - - V T V P - - - - - - - - - - - - - - - - - - - - - - P I F F F V VD L T S E T EN L DS L K E S I I T S L S L L P PNA L I G 158
AtSEC23A KGE Y V A - S S KNE L QN F P E L S L P L VD Y VQTGNKRPG - - - - - - - - - - - - - - - - F V P A SDSR T S - - - - - - - - - - - - - - - - - - - - - - A P V V L V I DEC L DE PH L QH L QS S L HA F VDS L PQT T R L G 316
AtSEC23B P PH YHV - MS E T NV PCE L Y PQY T T V E Y T L PNP SQP - - - - - - - - - TGVGN F DQTGA V SGQP S P - - - - - - - - - - - - - - - - - - - - - - S V F V F V L D T CM I E E E FGY A K S A L KQA I G L L P ENA L VG 178
AtSEC23C P L N Y S S - V ADNN L P P E L F PHS T T V E Y L CDS - - - - - - - - - - - - - - - - - - - - - - - - - F S S P S P - - - - - - - - - - - - - - - - - - - - - - P V F L F V VD T C L I S E E L D F L K S S L FQA L D L L PD T S I L G 163
AtSEC23D P SDA I AR Y SNPHS I P EMT S S F I D L EMP L DGS - - - - - - - - - - - - - - - - - - - - - - - E E EMTQAR - - - - - - - - - - - - - - - - - - - - - P V Y V A A I D I S S S E E F L E L T K S A L L A A L E A L S PGA L FG 158
AtSEC23E P PH YHV - I S E T N L PGE L Y PQY T T V E Y T L P P P - - - - - - - - - - - - - - - - - - - - V ANGEG L VDP - - - - - - - - - - - - - - - - - - - - - - P V F V F V L D T CM I E E E L D F A K S A L KQA I G L L P ENA L VG 167
AtSEC23F P SH YHS - I S E I N L PGE L Y PQY T T V E Y T L P P - - - - - - - - - - - - - - - - - - - - - - - DP SRV P P P - - - - - - - - - - - - - - - - - - - - - - P V F V F V L D T CM I E E E L GY A K S A L KQA I G L L P ENA L VG 170
AtSEC23G PRS Y SG - I T E T N L P A E L F P T Y S A V E Y S P L P SRQSGSN T T T P T A A A SWSNGF NQGVRSMP SNS S F S S L A S S T VGGGGGV I S E L GP A F V F V VDA SMV EDE L RA VRSDV L F V I EQ L P ENC L V A 206

ScSEC23 L I T YGNV VQ L HD L S - - S E T I DRCNV F RGDRE YQ L E A L T EML TGQK P TGPGGA A SH L PNAMN - - K V T P F S L NR F F L P L EQV E F K L NQ L L EN L S PDQWS V P AGHRP L - - - - - - - - - RA TGS A 265
AtSEC23A I I L YGR T V S I YD F S - - EDS V A S ADV I SGA K S P S A E SMK A L I YGTG - - - - - - - - - - - - - - - - - - - - - - - - - - V Y L S PMHA S L K V AHE I F S S L RP Y T L NV P E A SRD - - - - - - - - - - RC L GT A 398
AtSEC23B F V S FGTQAHVHE L G - - F SD L T K V Y V F RGDK E I S KDQV L EQ L G L GA SGRRNP VGGF PMGRDNS AN FGY SGVNR F L L P A SDCE F T I D L L L E E L QT DQWP VQAGRRQS - - - - - - - - - RC TGV A 287
AtSEC23C L I T F DS L VRV Y E L G - - F PHC T K S Y F F HGNKDC T KDQ L L DQ L S F F V KNP K - P S SGV I AGARD - - G L S SDD I AR F L L P A SDCH F T L HS V L E E L GNS PWP V A ADHRP A - - - - - - - - - RC TGV A 269
AtSEC23D L V T F SHK I G L YDVQGP I P V V KNV F I P PDGE S S L S L E L EDVMP - - - - - - - - - - - - - - - - - - - - - - - - - - - L L QF L A P V E T CKDR I A A A L E T L RP I T SWERS AGAGQGMDS V LMGGRGFGT A 251
AtSEC23E F V S FGTQAHVHE L G - - F S EMS K V F V F KGDK E I S KDQ I L DQ L G L GGS SRR - - - - GGS KGPQN - - GF P S SG L NR F L L P A S ECE F T L NS L L DE L QSDQWP V K PGHRSQ - - - - - - - - - RC TGV A 270
AtSEC23F F V S FGTQAHVHE L G - - F S EMS K V F V F KGNK E V T KDQ I L DQ L G L GS S SRRA P T SGF S KGAQN - - GFQS SGVDR F L L P A S ECE Y T L D L L L DE L QSDQWP VQPGHRPQ - - - - - - - - - RC TGV A 277
AtSEC23G L I T F DSMVRV YD L G - - F S ECS K V V V F HGERD L S PDQ I QQF L G L G - - - - - - - - - - Y S KQF HHG - KMS A I RKQS F L L P L V ECE F N L T S A F E E I I P - L VDV K PGHRPH - - - - - - - - - RS TGA A 303

ScSEC23 L N I A S L L L QGC Y - - KN I P AR I I L F A SGPGT V A PG L I VNS E L KDP L RSHHD I DSDHAQH Y K K ACK F YNQ I AQRV A ANGH T VD I F AGC YDQ I GMS EMKQ L T DS TGGV L L L T DA F S T A I F KQS 383
AtSEC23A V E A A L A I I QGP S - - A EMSRGV VRRAGGNSR I I VCAGGP I T YGPGS V PHSMSHPN Y P YME K T A I KWMEN L GRE AHRHN T V VD I L CAGT CP L RV P I L QP L A K A SGGV L V L HDD FG - E A FGVD 515
AtSEC23B I S V A TG L L GAC F - - PGTGAR I V A L I GGPCS EGPGT I V S KD L S E P L RSHKD L DKDA A P F Y K K A E K F YDA L ANQ L VNQGHV L D L F A S A L DQVGV A EMK A A V ER TGG L V V L S E S FGHS V F KDS 405
AtSEC23C L R I A A S L L GAC F - - PGS A AR I MA F I GGP S TQGPGA I V SRE L SDP I RSHKD I DKDS AMY YHK A V E F Y EML A KQ L VHQGHV L DV F A S S VDQVG I A E L K V A V EQTGGF V V L A E S FGHS V F RDS 387
AtSEC23D ME A L F N Y L GS E FGN T F A L ARV F A F L SGP PD YGRGQ L D T SR YGEQY A S KRVDADR - - A L L P EQT P F Y KD L A T I A VQSGVCVD L F A V T NE Y T D L A S L K F L S I E SGGS L F L Y S S T DDS T L PQD 369
AtSEC23E L S V A AG L L GAC L - - PGTGAR I V A L I GGPC T EGPGT I V S KD L SDP VRSHKD L DKDA A P Y Y K K A V K F YDS I A KQ L V TQGHV L D L F A S A L DQVGV A EMK V A V ER TGG L V V L S E S FGHS V F KDS 388
AtSEC23F L S V A AG L L GAC L - - PGTGAR I V A L VGGPC T EGPGT I I S KD L SDP VRSHKD L DKDA A P Y Y K K A V K F YDS I A KQ L V AQGHV L D L F A S A L DQVGV A EMK V A V E S TGG L V V L S E S FGHS V F KDS 395
AtSEC23G I S T A L G L L EGCS - - V T TGSR I MV F T SGP A T RGPG I I VDSD L SNS I R T HRD I I TGHV S Y YDK SCGF Y K K L A KR L CDS S V V L DV F ACS L DQVGA A E L R Y A V EMSGGF L L L GE T F E S EQF K KC 421

ScSEC23 Y L R L F A KDE EGY L KMA F NGNMA V K T S KD L K VQG L I GHA S - A V K K T DANN I S E S E I G I GA T S TWKMA S L S P YHS Y A I F F E I AN T A ANSNPMMS A PGS ADRPH L A Y TQF I T T YQHS SGT NR I 502
AtSEC23A L QRA A T - - - - - - RA AGSHG L L E VRCSDD I L I TQV I GPGE - E AHS E T HE - - - - - T F K SDA A L S I QML S V E E TQS F S L SME - - - - - - NKRD I K SD - - - - - - - - HV F FQF A F H Y SDV YQADV S 609
AtSEC23B F KRV F E - DGE E S L G L C F NGT L E I CCS KD I K I QG I I GPCA - S L QK KGP S - V AD T V I GEGN T TQWKMCG L DKR T C L T V F F D L S S SDQS S A PGGVN - - - - - - - NQ L Y L QFMT S YQNS KGK T L Q 515
AtSEC23C L KRVCQ - SGEND L G L S SCG I F E I NCS KD I K VQG I I GPCA - S L E K KGP L - CSD T A I GQGH T S AWKMCG L DNN T S I C L V F E I A K I D T ADV V L QSQS - - - - - - NQF Y FQF L T Y YQHSNGQT R L 498
AtSEC23D MF RML N - - - - - - RP Y A F NCV L R L R T S T E F K PGNS FGH F F PDPQY EN L QH I I CCDS Y A T Y A YD F E F ADN TGF SRHSGEQP V VQ I A FQY T V V V P P - - - - - - - - EG L SNS EMS S S SRGKH T L Q 475
AtSEC23E F KRV F E - DGDQA L G L C F NGT L E I CCSQD I K I QGA I GPCS - S L E K KGA S - V AD T V I GEGN T S AWR L CG L DK T T C L T I F F D I S S SG - SN T PGA AN - - - - - - - PQF Y L QF L T S YQNP EGQT L L 497
AtSEC23F F KRMF E - DGEHS L G L C F NGT L E I NCS KD I K I QGV I GPCS - S L E K KGPN - V AD T V I GEGN T S AWK L CG L DK S T C L T V F F D L S S TG - S T A PGA L N - - - - - - - QQ L Y L QF I T R YQNS EGK S L A 504
AtSEC23G L RH I F I RDADGN L SMY F DV S L E V V T T KDMR I CGA L GP V V - S L RQKND I - V S E T E I GEGGT YMWK T S T V T NK T CV S F F F HV SNEQ - NRK PQPGS - - - - - - - - A F F I QF I T R YR YGNGAMRK 530

ScSEC23 RV T T V ANQ L L P FGT P - - A I A A S F DQE A A A V LMAR I A VHK A E T D - DGADV I RWL DR T L I K L CQK Y A - - - - - - - - - - - - - D YNKDDPQS F R L A PN F S L Y PQF T Y Y L RRSQF L S V F NN - - S PD 604
AtSEC23A RV I T F K - - - L P T VDS I S A Y L QS V EDE A S A V L I S KR T L L L A KNQKDA VDMRA T VDER I KD I A L K FG - - - - - - - - - - - - - SQV P - K S K L Y S F P K E L S S L P E L L F H L RRGP L L GN I I G - - HED 710
AtSEC23B RV T T V T RQWVD TG L S T E E L VQGF DQE T A A V V V AR L A S L KME T E - EGF DA T RWL DRN L I R L CS K FG - - - - - - - - - - - - - D YRKDDP A S F T L NPN F S L F PQF T F N L RRSQF VQV F NN - - S PD 619
AtSEC23C RV T T L SRRWVMGT E S L QE L SNGF DQE A A A V VMAR L I S S KME TQ - P E F NPQRWVDK A L I N L C TWFG - - - - - - - - - - - - - D YQKGNP S S F S L S SQ L S I F PQF V F H L RRSQF VQV F NN - - S PD 602
AtSEC23D RR L R I R TMQFGT AHN I NE I YDS VDHE V V L S L L VHK V I L A S L ED - GVREGRA L L HDWL V I L T AQYNDA F N L VQY KNGNK SMS SQ I D I T F SQCPQ L E P L PR L V F A L L RNP L L R F HE EGVHPD 594
AtSEC23E RV T T VCRQW I DS A V S S E E L VQGF DQE T A A V VMAR L A S L KME S E - EGF DA T RWL DRN L I R L CS K FG - - - - - - - - - - - - - D YRKDDP A S F T L NP Y F S L F PQF I F N L RRSQF VQV F NN - - S PD 601
AtSEC23F RV T T L T RQWVD T A V S T EN L VQGF DQE T A A V VMAR L T S L KME T E - EGF DA T RWL DR T L I R L CS K FG - - - - - - - - - - - - - E YRKDDP T S F T L K P Y L T L F PQFMF N L RRSQF VQV F NN - - S PD 608
AtSEC23G RV T T V ARRWV AGK S P - - E I S S S F DQE T A A S VMAR L A I NRA E EC - HARDV I TWL DNG L I R F A SR FG - - - - - - - - - - - - - D Y I QEDP S S F R L T PN F S L Y PQFMF Y L RRSQF L DV F NN - - S PD 632

ScSEC23 E T A F YRH I F T RED T T NS L I M I QP T L T S F SMEDDPQP V L L DS I S V K PN T I L L L D T F F F I L I YHGEQ I AQWRK AGYQDDPQY AD F K A L L E E P K L E A A E L L VDR F P L PR F I D T E AGGSQAR F L 724
AtSEC23A ERS V L RN L F L NA S F D L S L RMV A PRC LMHQEGGT F E E L P A YD L SMQSDK A V I L DHGT DV F I WL GA E L S - - - - - - - - - - ADE V K S A A V L A ACR T L A E E L T E F R F P A PR I L A F K EGS SQAR Y F 820
AtSEC23B E T A YNRML L NREN I SNA A VM I QP S L T T Y S F NS L PQP A L L DV A S I GADR I L L L DS Y I S V V V F HGMT I AQWRN L GYQNQP EHQA F AQ L L E A PQEDAQM I I RDR F P V PR L V VCDQHGSQAR F L 739
AtSEC23C E T A Y F RM I L YRENV SNS V VM I QP S L I S F S F HS P P E P I L L DV A S I A ADR I L L L DS Y F T L V I F HGS T I AQWRK AGYHNQP EHQA FGH L L QS PRD Y AD T I MS ER F P T PR L V I CDQYGSQAR F L 722
AtSEC23D YR I Y L QC L F S V L DP S S L HCG I Y P A LMS Y S - - - T PD T L A Y PRHS L SRA A L I T SGS P I F F L DA Y T T L I V F Y S S T ADP S I P F P P PQDC L L R - - - QT I NK V KQERS I T P K L V F I RGGRDDA T V F 708
AtSEC23E E T A Y F CML L NREN I SNA T VM I QP S L T T Y S F NS P A E P A L L DV A S I A ADR I L L L DA Y F S V V V F HGMT I AQWRNMGYHHQP EHQA F A E L L QA PQEDSQM I VRER F P V PR L V VCDQHGSQAR F L 721
AtSEC23F E T A Y F RML L NREN I SNA I VM I QP S L T S Y S F NSGPQA A L L DV A S I A ADK I L L L DA Y F S V V V F HGMT I SQWRNMGYHHQP EHE A F AQ L L QA PQEDSQML VRER F P V PR L V VCDQHGSQAR F L 728
AtSEC23G E TGF F R LML NREGV VNS I I M I QP T L L R Y S F DGP P V P V L L D I RS V T PDV I L L F DS Y F Y V V I HHGS K I AQWRK L E YHKDP SHE T F RN L L E A P E I DA AQ L V T DR I PMPR I VRCDQHGSQAR F L 752

ScSEC23 L S K L NP S - - - - - - - - - - - - - - - - - DN YQDMARGGS T I V L T DDV S L QN FMT H L QQV A V SGQA
AtSEC23A VCR L I P AHKDP P Y EQE AR F PQ I R T L T T EQRMK L K S S F I E F DE A S F CEWMRS L K V V P P E PR -
AtSEC23B L A K L NP S A - - - - - - - - - - - - - - - T YNNA S EMNAGSD I I F T DDV S L QV F FQH L QK L A VQS - -
AtSEC23C L A K L NP - - - - - - - - - - - - - - - - - - - CDGDAH F SGQSNV F T DDV S L S V F L DH L RR L I VH - - -
AtSEC23D EN Y L I E EQ - - - - - - - - - - - - - - - - DVDGNGF A S AMGF V S F L DD I SQRV T E YMK - - - - - - - -
AtSEC23E L A K L NP S A - - - - - - - - - - - - - - - T YNNANEMS TGSDV I F T DDV S L QV F F EH L QK L V VQS - -
AtSEC23F L A K L NP S A - - - - - - - - - - - - - - - T YNNANEMS AGSD I I F T DDV S L QV F I EH L QK L A VQS - -
AtSEC23G L A K L NP S - - - - - - - - - - - - - - - - - V TQK T DH TGGSD I V L T DDMS L QD F L ED L QS L A V KG - - 794

745

880

772

768

765

783
761



Supplementary Fig. S1. Multiple sequence alignment of SEC23 family proteins in yeast and 

A. thaliana. The yeast and A. thaliana amino acid sequences identical to those used in Fig. 

1A were re-aligned by the ClustalW ver. 1.83 program (http://clustalw.ddbj.nig.ac.jp/). The 

five domains shown in Fig. 1 are indicated by colored letters: zinc finger (orange), trunk 

(green), β-barrel (blue), all-helical (red), and gelsolin-like (purple). The previously-reported 

conserved amino acid residues are highlighted by yellow. 



  



Supplementary Fig. S2. Pollen morphology in T-DNA insertion lines for the remaining 

AtSEC23s and in complemented atsec23a and atsec23d lines. (A-E) SEM micrographs of 

pollen grains in T-DNA insertion lines for the AtSEC23B, AtSEC23C, AtSEC23E, AtSEC23F 

and AtSEC23G. The lines, SALK_051290 (atsec23b), SALK_075252 (atsec23c), 

SALK_080595 (atsec23e), SALK_104305 (atsec23f), and SALK_027036 (atsec23g) were 

used. (F-G) SEM micrographs of pollen grains in complemented atsec23a (F) and atsec23d 

(G) lines. Scale bars = 50 µm in (A, C, D, F and G; upper panels), 100 µm in (B, E; upper 

panels), and 10 µm in the lower panels.  



 

Supplementary Fig. S3. Normal functionality of the female gametophyte of atsec23ad. (A) 

An atsec23ad branch with normal elongated siliques after pollination with WT pollen grains. 

Arrows and arrowheads indicate crossed and self-pollinated siliques, respectively. (B, C) 

Seed development in siliques of WT and atsec23ad pollinated by WT pollen grains. Lower 

panels are magnifications of the boxed areas in upper panels. Scale bars = 2 cm in (A), 1 mm 

in (B, C; upper panels), and 0.5 mm in (B, C; lower panels).  



 

Supplementary Fig. S4. Phenotypes in the atsec23ad double mutant. (A) Alexander’s 

staining of atsec23ad anthers showing a few positively stained pollen grains (arrows). (B) 

Technovit semi-thin sections of atsec23ad anthers showing a few intact pollen grains 

indicated by arrows. (C) TEM micrographs of atsec23ad microspores at the bicellular stage 

showing the severe defects. Stars and asterisks show naked microspores with no walls and 

empty walls without microspore cells, respectively. Scale bars = 50 µm in (A, B) and 10 µm 

in (C). 



 

 

Supplementary Fig. S5. Sporophytic control of AtSEC23A and AtSEC23D. (A-F) SEM 

micrographs of pollen grains and their surface structure in heterozygous lines of atsec23a 

(+/atsec23a) (A-C) and atsec23d (+/atsec23d) (D-F). (G-O) Tetrad analysis of heterozygous 

lines of atsec23a in the background of atsec23d and qrt1-2. SEM micrographs of pollen-

tetrads of qrt1-2/qrt1-2 (G-J) and heterozygous line of atsec23a in the atsec23d and qrt1-2 

background (+/atsec23a, atsec23d/atsec23d, qrt1-2/qrt1-2) (L-N). Alexander’s staining of 

pollen-tetrads of qrt1-2/qrt1-2 (K) and +/atsec23a, atsec23d/atsec23d, qrt1-2/qrt1-2 (O). 

Scale bars = 50 µm in (A, D, G, and L), 10 µm in (B, E, I, and M), 3 µm in (C, F, J, and N), 

and 20 µm in (K and O). 

  



 

 

Supplementary Fig. S6. Quantitative co-localization analyses of AtSEC23A and AtSEC23D. 

(A) Fluorescent images of an epidermal cell co-expressing AtSEC23D-G3GFP and 

AtSEC23A-TagRFP. (B, C) Fluorescent images of epidermal cells co-expressing AtSEC23A-

G3GFP (B) or AtSEC23D-G3GFP (C) with the ERES marker AtSEC24A-TagRFP. 

Fluorescence intensity on regions of interest (ROIs) indicated in each image was quantified 

by the software, LAS AF (Leica Microsystems, Wetzlar, Germany) and was plotted on right 

graphs. 

  



 

 

Supplementary Fig. S7. Co-localization analyses of AtSEC23A and AtSEC23D in N. 

benthamiana leaf epidermal cells. Confocal images of N. benthamiana leaf epidermal cells 

co-expressing AtSEC23A-G3GFP (A) or AtSEC23D-G3GFP (B) with the cis-Golgi marker 

SYP31-TagRFP. Arrowheads label the ERESs. Scale bars = 20 µm. 

  



  

 

Supplementary Fig. S8. Aniline blue staining of microspores at the tetrad stage. Aniline 

blue staining at the tetrad stage of WT, atsec23a, atsec23d, and atsec23ad. Scale bars = 10 

µm.   



 

Supplementary Fig. S9. Abnormal thickening of the intine in atsec23a pollen grains and 

defective wall development in atsec23ad pollen grains. (A-C) SEM micrographs comparing 

intine of WT (A), atsec23a (B), and atsec23d (C) mature pollen grains at the tricellular stage. 

(D, E) SEM micrographs showing defective walls of atsec23ad pollen grains at the tricellular 

stage. Lower panels are magnifications of pollen-surface structures in the upper panels. Ba, 

baculum; En, endodermis Ep, epidermis; In, intine; Lo, locule; Ne, nexine; PC, pollen coat. 

Scale bars = 10 µm in (A-C), 2 µm in (D, E: upper panels), and 1 µm in (D, E: lower panels). 



Supplementary Movie S1. Time-lapse confocal imaging of N. benthamiana leaf epidermal 

cells co-expressing AtSEC23A-G3GFP and the ERES marker AtSEC24A-TagRFP. Scale bar 

= 25 µm. 

 

  



Supplementary Movie S2. Time-lapse confocal imaging of N. benthamiana leaf epidermal 

cells co-expressing AtSEC23D-G3GFP and the ERES marker AtSEC24A-TagRFP. Scale bar 

= 25 µm. 
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