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Supplementary Figure 1. Ensembl plants gene tree pipeline showing orthologous and paralogous relationship of BnPA and BnPB genes with other taxa. Duplication nodes are shown as red squares whereas speciation nodes are in blue.
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Supplementary Figure 2. The figure shows cis-regulatory elements with location in 82 BnPA and BnPB genes.
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Supplementary Figure 3. Logo of each of the 10 motifs and associated amino acids identified in sequences of BnPA/BnPB proteins using MEME program (relative heights of letters indicate their frequencies and level of conservation). The X-axis represents the length of motif and Y-axis represents the sequence conservation per site (bit score) of each letter.
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Supplementary Figure 4. Amino acid sequence alignments of the seven α (a) and seven β (b) subunits each of the of 20S proteasome of Brassica napus, rice and Arabidopsis. Conserved domains each α and β across three species are shown by different colours. 
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Supplementary Figure 5. Conserved and coevolved amino acid residues in α-subunit proteins in Brassica napus. Mutual information network, showing conserved and coevolving residues. The labels on the exterior of second circle indicate amino acid positions of α-subunit proteins of Brassica napus. The coloured square boxes in the second circle indicate conservation intensity (red indicates high conservation, while less conserved positions are indicated in blue). The third circle show the proximity mutual information (PMI). Curved lines in the centre connect pairs of significant MI values (> 6.5), with red lines indicating the highest MI scores (top 5%), black lines indicating midrange scores (between 70 and 95%), and grey lines indicating the lowest scores (the remaining 70%) as defined by MISTIC. 
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Supplementary Figure 6. Conserved and coevolved amino acid residues in β-subunit proteins in Brassica napus. Mutual information network, showing conserved and coevolving residues. The labels on the exterior of second circle indicate amino acid positions of β-subunit proteins of Brassica napus. The coloured square boxes in the second circle indicate conservation intensity (red indicates high conservation, while less conserved positions are in blue). The third circle show the proximity mutual information (PMI).Curved lines in the centre connect pairs of significant MI values (> 6.5), with red lines indicating the highest MI scores (top 5%), black lines indicating midrange scores (between 70 and 95%), and grey lines indicating the lowest scores (the remaining 70%) as defined by MISTIC.
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[bookmark: _Hlk90409131]Supplementary Figure 7. The 3D structures of 20 proteins encoded by BnPA and BnPB genes of 20S proteasome family in Brassica napus. In all the 20 proteins, spirals represent helices, broad strips with arrow-head represent β-pleated sheets and thin loops represent coil.
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KAYDNSG~TYYGIKCKDGTYL GYEKL YTSKHHLEG-SHRRTHS VHKHSGLAYAGL ARDGRATYSRAKSEARS YEKYYGEPTSVKEL ADRVASYY~-
KAYDNSG~TYGIKCKDG TVHGYEKL TASKHHLPG~SHRRTHS VHRHAGHRYAGL ARDGRAT VARAKSERARS YESYYGDAYP VKEL SERVASYY~-
KAYDNSG=TYYGTKCKDG IVHGYEKL TASKHHLPG~SHRRTHS VHRHAGHRAYAGL ARDGRATYARAKSEARS YESYYGDAVP VKEL SERVASYY~-
ERVKQ~GSACYGLRSRTHAYL ARANKRRSEL ~55-HORKYFRVADHAGYAL AGL TADGRYL SRFLRSECTNHAFYYDAPLPYSRL ALRL ADKA-
ERVKQ~GSARTGLRSRSHY YL ACYNKAQSEL ~~55-HORKTFKYDDHTGYATAGL TADGRYL SRYHRSESTHHSF TYESPLPYGRL VYL ADKRA---0VC TARSHKRPYGYGLL VGGLDE-
ERVKQ-GSARTGLRSRSHYYL ACYNKAQSEL ~~55-HOKKTFKYDDHTGYATAGL TADGRYL SRYMRSERTNHSF TYESPLPYGRL YVHL ADKRA---0VC TARSHKRPYGYGLL VGGL OE-
TAYGS~GQTSLGIKARNGYVIATEKKL PSTL VDET-SVOKTQSL TPNIGYYYSGHGPDFRYL VRKSRKOAQOY YRL YKETTPY~---TQL YRETRAVHOEF TOSGGYRPFGYSLLTAGYOD-
TAYGS~GTSLGIKASHGYYIATEKKL PSTL VDER-SVOKTQHL TPRTGYYYSGHGPDFRYL VRKSRKOREQYLRL YKEPTPY~---TQL VRETATVHOEF TOSGGYRPFGYSLLYAGYOD-
TAYGS~GTSLGTKASHGYYTATEKKL PSTL VDEE-SYOKTQHL TPNTGYYYSGHGPDFRYL VRKSRKOAEQYNRL YKEPTPY~-~--TQL VRETATYHOEF TOSGGYRPFGYSLLYAGYOD:
ERTKL~GSTATGLKTKDGY VL AVEKRYTSPLLEPS~SVEKTHE TDEHTGCARSGL TADARTL VEHARVE TQNHRF SYGEPHTVESTTORTCDL AL RFGEGDEESHSRPFGYSLLIAGHDE-
ERTKL~GSTATGYKTKEGYYL AVEKRTTSPLLEPS~SVEKTHE TDDHTGCARSGL TADARTL VEHARVE TQRHRF SYGEPHTVESTTQAL COL AL RFGEGEEESHSRPFGYSLLTAGHDE-
ERTKL~GSTATGYKTKEGYYL AVEKRTTSPL LEPS~SVEKTHE TODHTGCARSGL TADAR L VEHARVE TQNHRF SYGEPHTVESTTQAL COL AL RFGEGDEESHSRPF GYSLLTAGHDE-
KAVKSAGYTSTGYRGKDSYCYYTOKKYPDKL LDHT-SYTHL FPTTKYTGLLATGL TADARSL YYQARNERREFRFKNGYEHPYDYL AKNTADKRA-—-0YY TQHAYHRPL GYVANYLGYDE-EKNAQL FKC
KAVKTAGITSTGYRGKDSYCYYTOKKYPDKL LDOS-SYTHLFPTTKYTGL VATGITADARSL VQQARNOAREF RF TYGYENPYDTL AKNTADKS -0 Y TQHAYHRPL GYVAHVHGYDE-ENGPLL YKC
KAVKAAGTTSTGYRGKDSYCYYTOKKYPDKL LDOS-SYSHLFPYTKYLGLLATGHTADSRSL YTQARNERREF RFQYGYEPADTL AKNTADKS--~0Y TQHAYHRPLGYVANYL GHDE-ERGPLL YKC
ERVRK-GNARYGYRGTDTYVL GYEKKSTPKL 0DSR-SHRKTASLDTHTALACAGL KADARYL TNRARYECQSHRL TYEDPYTVEYTTRYTAGL 0~-~0KYTOSGGYRPFGLSTLIVGFOPYTEKPAL YQT
ERVRK-GNARYGYRGTDTYVL AVEKKSTPKL ODSR-SARKTYSLDRHTAL ACAGL KADARYL TNKARTECQSHRL TLEDPYTVEYTRYTAGL 0~-~0KYTOSGGYRPFGLSTLIVGFOPYTRIPAL YQT
ERVRK-GNARYGYRGTDTYVL AVEKKSTPKL ODTR-SARKTYSLDRHTALACAGL KADARYL TNKARTECOSHRL TLEDPYTVEYITRYTAGLQ--~0KYTOSGGYRPFGLSTLIVGFOPYTRIPRAL YQT
ERTGNAG~SAL GYL ARDGYYL YGEKKYTSKL LQTSRSAEKHYKTDSHLACAYAGTHSDANTLLNTARL HAQRYAL SYQEPTPYEQL YOSLCDTK-—-0GY TQFGGL RPFGYSFLFAGHOK-HHGFQL YHS
ERTGNAG-SATGIL SKDGY YL IGEKKYTSKL LQTSTSAEKHYKTDDHYACAYAGTHSDANTL INTARVOAGRY TFHYQEPHPVEQL VOSLCDTK--~06Y TOFGGLRPFGYSFLFAGHOK-HHGFOL YIS
ERTGNAG-SATGIL SKDGYVL TGEKKYTSKLLQTSTSSEKHYKTDDHYACAYAGTHSOANTL TNTAR- QLVOSLK- HOK-HHG==-=—
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ATDFQRYFKTHKL YIGL SGLATORQTL YQRL ~VFRHKL YQL REERDHKPOAFASL YSALL YEKRFG- DEPFICTHDCTGAKELAK
ATDFQRTSKTHDRYFIGL SGLATOYQTL YQRL ~VFRHKL YQLREERDHKPETFASL VSATL YEKRFG- DKPFICTHDSIGAKELAK
ATDFQRTSKTHORYF TGLSGLATOVQTL YQRL ~YFRHKL YQLREERDHKPE TFRSL YSATL YEKRFG- DKPFICTHDSIGAKELAK
-SRDSSKTAHLADKCYL ASSGFQG0VKAL QRNL ~TAKEL L YEHKHNKKHSCPRHAQLL SNTL YYKRFF- GKGCYF TYDAVGSYERT-
-SRDYSKTHKL ADRAYL SSSGFUADYKAL OKYL ~KSRHL TYQHQHNKQHSCPAHAQL L SNTL YFKRFF- GKGCYFTYDAVGSYERY~
-SRDYSKTHKL ADKAYL SSSGFQADYKAL OKYL ~KSRHL YYQHQHNKQHSCPAKAL L SNTL YFKRFF- GKGCYF TYDAVGSYEKY~
HRASDKTTQL TONYYICRSGSAADTQYISDYY~-RYFLHQHTTOL GOPATYKYARNL IRLLAYONKHN EGGQIFSYPLGGTILRO~
HRASDKT TQL TONYYYCRSGSAADSOYYSDYY-RYFL HQHTTQHGOPATVKYSANL TRHL AYNNKHI EGGKTYGIPLGGTVVEQ-
HRASDKT TQL TONYYYCRSGSARDSOVYSDYY~-RYFLHQHTTOLGOPATYKYSANL TRHLAYNNKH EGGKTYGIPLGGTYVEQ-
DKNCEKTHYHAPNTYCCGAG TAADTERYTOHY-SSQL QL HRYATGRESRVYTSL TLLKSHLFSYQGH- TGPHLHTYYPHGSTOTL-
DKNCEKTHYHAPNT YCCGAG TAADTERYTOHY-SSQL RLHRYQTGRDSRYITAL TLLKKHLFSYQGH- TGPHLHTIYPHGSTOTL-
DKNCEKTHYHAPNTYCCGAG TAADTERYTDHY-SSQLRL HRYQTGRDSRYITAL TLLKKHLFSYQGH- TGPHLHTIYPHGSTOTL-
-SQTYRKTTETHPYHL GTHAGGARDCOFHHRNL ~GTKCRL HEL ANKRRTSTAGASKL LANTL YSYRGH- KGPGLYYVDSEGARLHG~
‘SKNHHPFDTYDFGRNTTSQSVKKTTETHPYHL G THAGGARDCQF HHRNL ~GTKCRL HEL ANKRRTSVSGASKL LAKHL YSYRGH- TGPGLYYVONEGGRLKG~
YKSYERTKAYGKHSL TGASGEFSOFQETLRYL DEL TL SDHHDDGNSL GPKEVHS YL TRVHYNRRHK- FOPLHNSL VIGGYKKGPKGEEKYL GHYNHIGTHFEE-
YKNTERVKATGKHSLLGASGETSOFQETLRYL DEL TLNDRHKDDGNSL GPKETHNYL TRVHYNRRNK- FNPLHNTL VL GGVKNG~~~-KSYL GHYSHIGYSFED~
YKNTERHKATGKHSLLGASGETSOFQETLRYLDEL VL NDRHKDDGNSL GPKEVHNYL TRVHYNRRHK- PNPLHNTL VL GGVKNG~~--ESYL GHYSHIGYSFED~
KTDEDKYHYLDSHKL HGASGEPGORYQF TEF T-QKNL HL YQFRNNTPL STRRTANF TRGEL ATALRK- IPYYYNYLLAGYDSD---YGASL YYIDYTATFHKI-
KNNEDKTHYLDSHKL YARSGEPGORYVOF TEYY~QKNYSL YKFRNGIPL TTARARNF TRGEL ATALRK- IPYSYNTL HAGYDDE-~-SGASL YYIDYIATL HKY-
KNNEDKTHAL DSHKL TARSGEPGORYOF TEYV~QKNYSL YQFRNGIPL TTARARNF TRGEL ATALRK- IPYSYNTL HAGYDKE---AGASL YYIDYIATLHKY-

KNNEDKTHAL DSHKL TARSGEPGORYVOF TE YY~QKNYSL YOFRNGIPL TTARARNF TRGEL ATALRKYYYSDICDLTNPYSVNTL HAGYDKE---AGASL YYIDYTATL HKY-
HYARDSRASHGGYICSTGKERFVLLLL ML TEN-L EEL QRHLANHL YSYRRH: L SYSTHTAGHDE---~TGPGL YYVDNEGRRLKG~
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‘GYSAQGTGAAL HHPYLDNOLKSPSPLLLPARDAYTPL SQSOAYDL VKDYFASATERDT Y TGDKL ETVVINSAGSHREF TELRKD
GYGAQGSGSTLIHPFLONGLKSPSPLLLPKQDSHTPL SERERYDL VKTYFASATERDTYTGOKL ETHTL KADGIKTELHDLRKD

GYSAQGSGS TLTHPFLONGLKSPSPLLLPAQDAT TPL SEPERYDL VKTYFASATERDTY TGOKL ETHTL KADGIRTEVHELRKD

PFRIGGSGSSYLYGLLOHEKEG: HSQEEREKFYYKYYSLATARDGASGGYVRTYTT-—-NADGYSRKFHPGOKL QL KHEEL EPONSLLDTLARGNPDPHYQ
PFRATGGSGSSYLYGFFDOAKDH- HTKEEREQL YVKAYSLATARDGASGGYYRTYIT-—-NSEGYTRNF YPGOKL QL KHEEL EPONSLLDTL NARGPEPHAN
PFRATGGSGSSYLYGFFDOAKEN- HTKEEREQL VYKAYSLATARDGASGGYYRTYTT-—-NSEGYTRNF YPGOKL OLKHEEL EPONSLLDTL NARGPEPHAN
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