Table S1. Oligonucleotides used in this study.

Oligos Sequence”
attB1 adaptor 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3
attB2 adaptor 5'-GGGGACCACTTTGTACAAGAAAGCTGGGT-3'
Pos-attB4 5'-GGGGACAACTTTGTATAGAAAAGTTGGCTGAGACACTATCATGAGCGGAGAATTAAGG-3'

Pros- attB1r

Pasecosa-attBl
Pasecosa-attB2
Patsecosa-attB4
Patsecoza-attBlr
Pasecesp-attBl
Pasecesp-attB2
Patsecesp-attB4
Patsecozp-attBlr
AtSEC23A-attB1
AtSEC23A-attB2
AtSEC23D-attB1
AtSEC23D-attB2
RT-AtSEC23A-F
RT-AtSEC23A-R
RT-AtSEC23D-F
RT-AtSEC23D-R
ACT2-F

ACT2-R
GN-AtSEC23A-F
GN-AtSEC23A-R
GN-AtSEC23D-R

T-DNA-LB

5-GGGGACTGCTTTTTTGTACAAACTTGTGACACTAGATCCGGTGCAGATTATTTG-3

5-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCGACACTCGGGATTATTGATGGGAAATC-3'

5'-GGGGACCACTTTGTACAAGAAAGCTGGGTAGACACTCGGATTCCGAAGTTTCTACTT-3'

5-GGGGACAACTTTGTATAGAAAAGTTGGCTGAGACACTCGGGATTATTGATGGGAAATC-3'

5-GGGGACTGCTTTTTTGTACAAACTTGTGACACTCGGATTCCGAAGTTTCTACTT-3'

5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCGACACTCTGGAAAACCTATTCAAGCCA-3'

5'-GGGGACCACTTTGTACAAGAAAGCTGGGTAGACACTTGTTTCAGATCAGATCCTTCC-3'

5-GGGGACAACTTTGTATAGAAAAGTTGGCTGAGACACTCTGGAAAACCTATTCAAGCCA-3'

5-GGGGACTGCTTTTTTGTACAAACTTGTGACACTTGTTTCAGATCAGATCCTTCC-3'

5-AAAAAGCAGGCTCCGACACTATGGCTAACTTACCGAAATC-3'

5'-CACATTCAGAAACTCACGAG-3'

5'-CCTGGGCTCAGGAGGCAC-3'

5-GCCTCTCTGGAAGATGGAGT-3'

5-CTTCATGTATTCAGTGACAC-3'

5-CATCTTCTTCCGCTCTTTCTTTCCA-3'

5-CTCTTACAATTTCCCGCTCTGCTGT-3'

5’-CATAAGGTGAGTCTGCAGCT-3'

5’-GACGTCGGTTAATACCACGT-3'

5’-GAGATTAGCTTGTAAGCTTG-3'

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.
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--------------------------------------------------------------------------------------- FTWNVFPST - - - - - -
MANLPKSSVNVPGTLTPLEPNRPSPQPDRTPVPHSPPVVASPIPPRFPQPSFRPDQMSSPSMKSPSLLSPANGIRTGSPIPRLSTPPGPPVFNTPVKPAAVPFRTSPATPQPMAVSSANS
-MSEMAS MDPEGIDGVR - - - - MTWNVWPRT
B -MAEFGE - -LEAQDGVR- - - - - - -

»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»» RSDANSNVVPVGCLYTPLK- - - -EYDELNVAPYNPVVCSGPHCKS | LNPYCVIDPRNSSWSCP ICNSRNHL
SLF‘VSTF‘SFYSNGSSVGSQRDLF‘DVVRMEEF‘ I AADSF‘YVLFSANKVLKQKKLANVASLGFGA IVSAGRE - - - ISPGPQI IQRDPHRCLN - -CGAYSNPYSS | LIGSGQWQCV ICENMNGS
.- -- - KVEASKCVIPVAACISPIR----YHRDIPSVEYAPLRCR - - ICTAALNPFARVDFLAKIWICPICFQRNHF

KEQSIDSEVPVSAIYTPLKP---LRSQSLLLPYSPLRCR--TCRSVLNPYSVVDFSACNWGCPFCFENRNPF
SDAQEASGLPWGLTVTPFAAKDENG IGPACGSNGHLLPRCENCYAYENTYCELD - -QWAWNCSLCGTLNGL
KAEASKCVIPLAACISPIR----RHADIPTLPYAPLRCR - -TCSAALNAYAQVDFTAKLWICPFCYQRNHF
KVEASKCVIPLAASISPIR----RHPLILDLPYAPLDCK--TCKALLNAFARVDFAAMNWVCPFCYHRNHF
KSDCESLVVPLSIMYTPLM- - --HFSELPTIPYDPLICS--RCGAVLNPYARVDYQSRIWSCPFCFHKNLF

PPOYTN-LSQENMPLEL - -QSTTIEY I TNKP PIFFFVVDLTSETENLDSLKES | ITSLSLLPPNALIG

KGEYVA-SSKNELQNFPELSLPLVDYVQTGNKRPG- - - - - FVPASDSRTS - - - - APVVLVIDECLDEPHLQHLQSSLHAFVDSLPQTTRLG
PPHYHV-MSETNVPCELYPQYTTVEYTLPNPSQP TGVGNFDQTGAVSGQPSP - - - - SVFVFVLDTCMIEEEFGYAKSALKQAIGLLPENALVG
PLNYSS-VADNNLPPELFPHSTTVEYLCDS - - ---- ---- ---FSSPSP- - - - PVFLFVVDTCL | SEELDFLKSSLFQALDLLPDTSILG
PSDAIARYSNPHSIPEMTSSFIDLEMPLDGS - - - -EEEMTQAR - - - PVYVAAIDISSSEEFLELTKSALLAALEALSPGALFG
PPHYHV - ISETNLPGELYPQYTTVEYTLPPP - - VANGEGLVDP - - - - PVFVFVLDTCMIEEELDFAKSALKQAIGLLPENALVG

PSHYHS - I SEINLPGELYPQYTTVEYTLPP - - - - - - oo oo oo e oo o DPSRVPPP - - - - oo om oo PVFVFVLDTCMIEEELGYAKSALKQA IGLLPENALVG
PRSYSG- ITETNLPAELFPTYSAVEYSPLPSRQSGSNTTTPTAAASWSNGFNQGVRSMPSNSSFSSLASSTVGGGGGY | SELGPAFVFVVDASMVEDELRAVRSDVLFV I EQLPENCLVA

LITYGNVVQLHDLS- -SETIDRCNVFRGDREYQLEALTEMLTGQKPTGPGGAASHLPNAMN - -KVTPFSLNRFFLPLEQVEFKLNQLLENLSPDQWSVPAGHRPL - - ---RATGSA
I'LYGRTVSIYDFS- -EDSVASADV I SGAKSPSAESMKAL IYGTG:- - - - ----------mommmmm oo oo VYLSPMHASLKVAHEIFSSLRPYTLNVPEASRD - - - ---RCLGTA
FVSFGTQAHVHELG- -FSDLTKVYVFRGDKE | SKDQVLEQLGLGASGRRNPVGGFPMGRDNSANFGYSGVNRFLLPASDCEFTIDLLLEELQTDQWPVQAGRRQS - - ---RCTGVA
LITFDSLVRVYELG- -FPHCTKSYFFHGNKDCTKDQLLDQLSFFVKNPK-PSSGV IAGARD- -GLSSDDIARFLLPASDCHFTLHSVLEELGNSPWPVAADHRPA - - - -RCTGVA

LVTFSHKIGLYDVQGP IPVVKNVFIPPDGESSLSLELEDVMP

LLQFLAPVETCKDRIAAALETLRPITSWERSAGAGQGMDSVLMGGRGFGTA

FVSFGTQAHVHELG- - FSEMSKVFVFKGDKE | SKDQ | LDQLGLGGSSRR - -GGSKGPQN- -GFPSSGLNRFLLPASECEFTLNSLLDELQSDQWPVKPGHRSQ - - ---RCTGVA
FVSFGTQAHVHELG - - FSEMSKVFVFKGNKEVTKDQ | LDQLGLGSSSRRAPTSGFSKGAQN - -GFQSSGVDRFLLPASECEYTLDLLLDELQSDQWPVQPGHRPQ - - ---RCTGVA
LI TFDSMVRVYDLG- - FSECSKVVVFHGERDLSPDQIQQFLGLG- - - - - - - - - - YSKQFHHG - KMSA IRKQSFLLPLVECEFNLTSAFEEI IP-LVDVKPGHRPH - - - - -RSTGAA

LNIASLLLQGCY - -KNIPARI I LFASGPGTVAPGL I VNSELKDPLRSHHD IDSDHAQHYKKACKFYNQIAQRVAANGHTVDI|FAGCYDQ|IGMSEMKQLTDSTGGVLLLTDAFSTAIFKQS
VEAALA| IQGPS - - AEMSRGVVRRAGGNSR | I VCAGGP I TYGPGSVPHSMSHPNYPYMEKTA | KWMENLGREAHRHNTVVD I LCAGTCPLRVP I LQPLAKASGGVLVLHDDFG-EAFGVD
ISVATGLLGACF - -PGTGARI VAL IGGPCSEGPGT IVSKDLSEPLRSHKDLDKDAAPFYKKAEKFYDALANQLVNQGHVLDLFASALDQVGVAEMKAAVERTGGLVVLSESFGHSVFKDS
LRIAASLLGACF - -PGSAARIMAF IGGPSTQGPGA I VSRELSDP IRSHKD IDKDSAMYYHKAVEFYEMLAKQLVHQGHVLDVFASSVDQVGIAELKVAVEQTGGFVVLAESFGHSVFRDS
MEALFNYLGSEFGNTFALARVFAFLSGPPDYGRGQLDTSRYGEQYASKRVDADR - -ALLPEQTPFYKDLAT IAVQSGVCVDLFAVTNEYTDLASLKFLSIESGGSLFLYSSTDDSTLPQD
LSVAAGLLGACL - -PGTGARIVAL IGGPCTEGPGT IVSKDLSDPVRSHKDLDKDAAPYYKKAVKFYDS | AKQLVTQGHVLDLFASALDQVGVAEMKVAVERTGGLVVLSESFGHSVFKDS
LSVAAGLLGACL - -PGTGARIVALVGGPCTEGPGT | I SKDLSDPVRSHKDLDKDAAPYYKKAVKFYDS | AKQLVAQGHVLDLFASALDQVGVAEMKVAVESTGGLVVLSESFGHSVFKDS
ISTALGLLEGCS- -VTTGSRIMVFTSGPATRGPG!| IVDSDLSNSIRTHRD I I TGHVSYYDKSCGFYKKLAKRLCDSSVVLDVFACSLDQVGAAELRYAVEMSGGFLLLGETFESEQFKKC

YLRLFAKDEEGYLKMAFNGNMAVKTSKDLKVQGL I GHAS - AVKKTDANN | SESEIGIGATSTWKMASLSPYHSYA I FFEIANTAANSNPMMSAPGSADRPHLAYTQF ITTYQHSSGTNRI

LQRAAT - - - - - - RAAGSHGLLEVRCSDDILITQVIGPGE-EAHSETHE - - - - - TFKSDAALSIQMLSVEETQSFSLSME - - - - - - NKRDIKSD- - ------ HVFFQFAFHYSDVYQADVS
FKRVFE -DGEESLGLCFNGTLEICCSKDIKIQGI IGPCA-SLQKKGPS-VADTVIGEGNTTQWKMCGLDKRTCLTVFFDLSSSDQSSAPGGVN- - - - - - - NQLYLQFMTSYQNSKGKTLQ
LKRVCQ-SGENDLGLSSCGIFEINCSKDIKVQGI IGPCA-SLEKKGPL-CSDTAIGQGHTSAWKMCGLDNNTSICLVFEIAKIDTADVVLQSQS- - - - - - NQFYFQFLTYYQHSNGQTRL
MFRMLN- - - - - - RPYAFNCVLRLRTSTEFKPGNSFGHFFPDPQYENLQH I ICCDSYATYAYDFEFADNTGFSRHSGEQPVVQIAFQYTVVVPP - - - - - - - - EGLSNSEMSSSSRGKHTLQ
FKRVFE -DGDQALGLCFNGTLEICCSQDIKIQGAIGPCS-SLEKKGAS-VADTV IGEGNTSAWRLCGLDKTTCLTIFFDISSSG-SNTPGAAN - PQFYLQFLTSYQNPEGQTLL
FKRMFE -DGEHSLGLCFNGTLEINCSKDIKIQGVIGPCS-SLEKKGPN-VADTVIGEGNTSAWKLCGLDKSTCLTVFFDLSSTG-STAPGALN- - - - - - - QQLYLQFITRYQNSEGKSLA
LRHIFIRDADGNLSMYFDVSLEVVTTKDMRICGALGPVV -SLRQKNDI -VSETE IGEGGTYMWKTSTVTNKTCVSFFFHVSNEQ-NRKPQPGS - - - - - - - - AFFIQF I TRYRYGNGAMRK

RVTTVANQLLPFGTP - -AI1AASFDQEAAAVLMAR I AVHKAETD -DGADV IRWLDRTL | KLCQKYA - -
RVITFK---LPTVDSISAYLQSVEDEASAVL ISKRTLLLAKNQKDAVDMRATVDER IKDIALKFG -
RVTTVTRQWVDTGLSTEELVQGFDQETAAVVVARLASLKMETE - EGFDATRWLDRNL IRLCSKFG - -DYRKDDPASFTLNPNFSLFPQFTFNLRRSQFVQVFNN - -SPD
RVTTLSRRWVMGTESLQELSNGFDQEAAAVVMARL | SSKMETQ -PEFNPQRWVDKAL INLCTWFG - -DYQKGNPSSFSLSSQLS I FPQFVFHLRRSQFVQVFNN - - SPD
RRLRIRTMQFGTAHNINE | YDSVDHEVVLSLLVHKVILASLED - GVREGRALLHDWLVILTAQYNDAFNLVQYKNGNKSMSSQ|DITFSQCPQLEPLPRLVFALLRNPLLRFHEEGVHPD
RVTTVCRQW IDSAVSSEELVQGFDQETAAVVMARLASLKMESE - EGFDATRWLDRNL IRLCSKFG- - - - --------- DYRKDDPASFTLNPYFSLFPQF I FNLRRSQFVQVFNN - -SPD
RVTTLTRQWVDTAVSTENLVQGFDQETAAVVMARLTSLKMETE - EGFDATRWLDRTL IRLCSKFG - -EYRKDDPTSFTLKPYLTLFPQFMFNLRRSQFVQVFNN - -SPD
RVTTVARRWVAGKSP - -EI SSSFDQETAASVMARLA INRAEEC -HARDV I TWLDNGL IRFASRFG - -DYIQEDPSSFRLTPNFSLYPQFMFYLRRSQFLDVFNN- -SPD

-DYNKDDPQSFRLAPNFSLYPQFTYYLRRSQFLSVFNN--SPD
-SQVP -KSKLYSFPKELSSLPELLFHLRRGPLLGNI IG--HED

ETAFYRHIFTREDTTNSL IMIQPTLTSFSMEDDPQPVLLDSISVKPNTILLLDTFFFILIYHGEQIAQWRKAGYQDDPQYADFKALLEEPKLEAAELLVDRFPLPRFIDTEAGGSQARFL
ERSVLRNLFLNASFDLSLRMVAPRCLMHQEGGTFEELPAYDLSMQSDKAV I LDHGTDVF IWLGAELS - - - - - - - - - - ADEVKSAAVLAACRTLAEELTEFRFPAPRILAFKEGSSQARYF
ETAYNRMLLNREN I SNAAVMIQPSLTTYSFNSLPQPALLDVASIGADRILLLDSYISVVVFHGMT | AQWRNLGYQNQPEHQAFAQLLEAPQEDAQMI IRDRFPVPRLVVCDQHGSQARFL
ETAYFRMILYRENVSNSVVMIQPSL | SFSFHSPPEP I LLDVASIAADRILLLDSYFTLVIFHGST | AQWRKAGYHNQPEHQAFGHLLQSPRDYADT IMSERFPTPRLV ICDQYGSQARFL
YRIYLQCLFSVLDPSSLHCGIYPALMSYS---TPDTLAYPRHSLSRAAL ITSGSPIFFLDAYTTLIVFYSSTADPSIPFPPPQDCLLR---QTINKVKQERSITPKLVFIRGGRDDATVF
ETAYFCMLLNRENISNATVMIQPSLTTYSFNSPAEPALLDVAS|AADRILLLDAYFSVVVFHGMT | AQWRNMGYHHQPEHQAFAELLQAPQEDSQMIVRERFPVPRLVVCDQHGSQARFL
ETAYFRMLLNRENISNAIVMIQPSLTSYSFNSGPQAALLDVAS|AADKILLLDAYFSVVVFHGMT | SQWRNMGYHHQPEHEAFAQLLQAPQEDSQMLVRERFPVPRLVVCDQHGSQARFL
ETGFFRLMLNREGVVNS | IMIQPTLLRYSFDGPPVPVLLDIRSVTPDVILLFDSYFYVVIHHGSK I AQWRKLEYHKDPSHETFRNLLEAPEIDAAQLVTDRIPMPRIVRCDQHGSQARFL

LSKLNPS - - - - - - - oo oo e e e o DNYQDMARGGST IVLTDDVSLQNFMTHLQQVAVSGQA 768
VCRL I PAHKDPPYEQEARFPQIRTLTTEQRMKLKSSF IEFDEASFCEWMRSLKVVPPEPR- 880
LAKLNPSA TYNNASEMNAGSD | | FTDDVSLQVFFQHLQKLAVQS - - 783
LAKLNP - - - -CDGDAHFSGQSNVFTDDVSLSVFLDHLRRL I VH - 761
ENYLIEEQ- -DVDGNGFASAMGFVSFLDDISQRVTEYMK - - - - 745
LAKLNPSA TYNNANEMSTGSDV I FTDDVSLQVFFEHLQKLVVQS - - 765
LAKLNPSA TYNNANEMSAGSD | | FTDDVSLQVF I EHLQKLAVQS - - 772
LAKLNPS VTQKTDHTGGSD I VLTDDMSLQDFLEDLQSLAVKG- - 794
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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), B-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 um in (A, C, D, F and G; upper panels), 100 um in (B, E; upper
panels), and 10 um 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 pum in (A, B) and 10 pm
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 qrtl1-2/qrt1l-2 (G-J) and heterozygous line of atsec23a in the atsec23d and qrt1-2
background (+/atsec23a, atsec23d/atsec23d, qrtl-2/qrt1-2) (L-N). Alexander’s staining of
pollen-tetrads of grtl-2/qrt1-2 (K) and +/atsec23a, atsec23d/atsec23d, grtl-2/grtl-2 (O).
Scale bars =50 ym in (A, D, G, and L), 10 um in (B, E, I, and M), 3 um in (C, F, J, and N),
and 20 um in (K and O).
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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.
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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 pm.
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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
pm.
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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 pm in (A-C), 2 um in (D, E: upper panels), and 1 pm 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 pum.



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 pum.
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