SCIENTIFIC REPLIRTS

‘transcriptome sequencing reveals
“a complex polygenic network
e underlying hypocotyl elongation in
e rapeseed (Brassica napus L.)

Xiang Luo, Zhifei Xue, Chaozhi Ma, Kaining Hu, Ziru Zeng, Shengwei Dou, Jinxing Tu,
- Jinxiong Shen, BinYi & Tingdong Fu

. Hypocotyl elongation is considered an important typical seedling trait contributing directly to an

. increase in and stabilization of the yield in Brassica napus, but its molecular genetic mechanismis

. poorly understood. In the present study, hypocotyl lengths of 210 lines were measured in an illuminated
: culture room. A genome-wide association study (GWAS) was performed with 23,435 single nucleotide

. polymorphisms (SNPs) for hypocotyl length. Three lines with long hypocotyl length and three lines with
. short hypocotyl length from one doubled haploid line (DH) population were used for transcriptome

. sequencing. AGWAS followed by transcriptome analysis identifed 29 diferentially expressed genes

. associated with signifcant SNPs in B. napus. These genes regulate hypocotyl elongation by mediating

. Fowering morphogenesis, circadian clock, hormone biosynthesis, or important metabolic signaling

. pathways. Among these genes, BnaC07g46770D negatively regulates hypocotyl elongation directly, as

. well as fowering time. Our results indicate that a joint GWAS and transcriptome analysis has signifcant
. potential for identifying the genes responsible for hypocotyl elongation; The extension of hypocotylis a
. complex biological process requlated by a polygenic network.

: Rapeseed (Brassica napus L., 2n = 4x = 38; geneiae AACC) is enc of t je Muest iapae fant eilseed g ops int
. Wq Hand't e genetic ceny ol of yield and yield; elated { aits ‘ES 1. eenstudied extensively. HoMevg , less attentien
: 1. een fecuse< en elucidating t k‘e genetic Mec anisie of seedling § aits. Well-developedseeling t aits can <en-
¢ {1 dte<j ectly te an ing ease in an stay ilj atien'ef yield and its ietq esis, Ming al nuf ient & sq ptien,4 eug |
© tel ance, ansalinity telg an<e in 5 eps® . Thus, undg standing t fseeﬂinﬁ' i aits Will} e conucive te}; eed inﬁ'
W ef aies in B. napus. ' :
: In; apeseed, eg ly seedling develepiaent § aits jive) cens l‘o\m te significantly cq; elate Vit ; a§ enefaic
¢ faits®. Many jetq esisy elated (uantitative § ait leci (QYLs) fa' see<dling ¢ aits in B. napus g e ceftaraen it

. yieldy elated QTLs. Sevg al g eiaising pesitienal an< functienal can<idate genes jave), een ass eciated Wit ; £q -
. Mainatien speed, g selute £¢ Minatien; ate, and; adicle § et l‘in B. napus®. Tie niiey Yy of leci<etecte< fq 14
. seedlingeveleprdent § aifs, an< caniate genes GERI, AILPI1) PECT, an FBPV1q ¢ tpa ted to st engly; elate
¢ tet eseedlingdevelepiuent § aits in B. napus’. Hypecetyl clengatien is t j@ug it te| e an ifapq tantly typical
. seedling § ait in plants. HeVrevg, almuest allstudies en jypecetyl clengatien jve e<us®< en Arabidopsis. Gle} al
. {ansg iptefee analysis I evealed cj cadian; egulatien'of key pat Mrays iny % ﬂ;!ic pocetyl clengation'!. The
: {ansg iptienal; egulate's CIRCADIAN CLOCK ASSOCIATEDI ( éCAI ), EARLY FLOWERING3 (ELF3), ELF4,
© and LUX ARRHYTHMO (LUX) appeq te link t i <j ca<dian cleck te iy nal ceny ol of jypecetyl g et 1213,
. Thg cfa e, ypecetyl clengatien psa fig cely coh&lex #enetic Mec @nisty,} ut little kneMrle<ge is availay le a eut
' lypocofyl elengatien in B. napus. * v
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Figure 1. Phenotypic variation in hypocotyl length. (A) § e yuency of p k‘eno’rypic vy iatien in 210 accessiens.
(B) Ceirapy isen of Mve p jenetypesy y t-test.
[ ]

Exp esse<d se uence tag (EST) se wuence data, 3 ay analysis, afaplicen; ese (uen<ing, se (uen<es, an<
next-geng atiense uencing tec nelegies dfGciently alleM geneiraeMride asseciation stuies (GWASs) an { an-
s iptetee analysis te | e nevelst ategies fq <issecting coMaplex § aits in plants'® . Int e @ esentstudy, a GWAS
fa Bypocofyl elengatien Vras <3, ied eut Wit a panel of 210 B. napus accessions genetype< fo- 23,435 SNPs. We
alse pg fo Med | ansq ipterue se yuencing ofklonﬁ ands 1@ t jypecetyl p k‘enotypts. The Maain o) jectives of t jis
studyVrg e te o fain aj ettq un<g stan<ing of ypecetyl elongip’rion anA its; elatiens ]ip Wit ;yieldy elate< aikfs
e etq esis, disSect t 1@ genetic| asis of jypecetyl clongation| y <oy ining GWAS an § ans' ipteree analysis,
an< pg fa ™ Gene Onfelegy (GO) an< K%GG pat l“/vay analysi! fe- ass'eciate< genes in B. napus.

Results
Phenotypic variations and correlation analysis. Extensive p k‘c;no'rypic v§ iatiens in jype<etyl elen-
gatienY1q ¢ e sg vedin t e 210; apesee lines (Fig. 1A an< Suppleraents y Tay les S1 an< SZ).]X[r.e Wpocotyl
elengation of ! e lines Vras na. Maallyist i uted (avg age =2.66, ange 1.38 te £81), an< 63.33% of l}rpocotyl
elengatien values Vvg g} efveen 2.00 an<d 3.70.
The cay elation cedfcients J efreen ypecetyl clengatien an yiel; elated { aits s j@Vved t at ypecetyl clen-

gatien pesitive cq elated Vit ;deed yieH]Yqu plant (0.29) an< ietaass yicld pg- plant (k(;.Zl) afl?’ Rg.POI and plant

ig 1 (0.19) at P=0.05 (Suppletaenty y Ty le S3). Lineg | e ession analysis of t i€ ar elated § aits indicate<
tlat ypecetyls elengatien can explain 3.28% of t F tetal seed yield pg plant (P < 0.05), 4.49% eof t € tetaly ie-
aass yield pg plant (P <0.01),3.59% ef t £ tetal plant k‘ei,é' R: (P<0.05),; espectively. ’

Genetic diversity, population structure, and relative kinship analysis. Tne genetic<ivg sity and
pepulatiensy ucty e of t 1 210 accessions 7g e analy e< using 5,334 SNPs (Suppleitaenty y Tay le S4). Clustg ing
infg en<es k‘ohe'l tqatt r‘:}hosf significant < r;m,é‘e in likeli k‘oc" eccyy edW en King ease< f @a 2 te 3, an< t
ig k‘es'r Ak valueVras o) 5q ved at K=2 (Fig. 2A C). Censidg ing't cres ility of taeity g5 jipt yes ol @

OK.‘70, 61 an 140 ac<essiéns g e assigne te su, § eups Q1 and Q2,; éspectivély (Supplerachty y' Taﬁe S1). The
1 eMaaining nine accessions V¢ e assigne te a Maike< § eup (Q3). The PCA alse g ovided a pattq n fa * € genetic
st ucty e of t ¢ GWAS pepulatien (Fig. 2D). The tep t\7e g incipal ceapenents <leg lysepy ated t esesuy pop-
ulatiens an< explaine< 8.85% an< 4.94% eof t (¢ total SNP vg iatiens in t je; apeseed panel, espectively. All of t

Pa afeetg s suggest t ;t tiet Kee—ﬁ— oup eeel (suj & eups QI, Q2, anf Q3) sdﬁdently explained t e genetic
st ucty e aleeng t i 10 acessiens. The Mean genetic distance (GD) efveen lines Vras 0.54, an< 74.85% of
pais @daGDyanging f e 0.5 te 0.7 (Fig. 3A). The avg age kins gp cedfcient identity y<escent (IBD) Wit jin
t e total divg sity set Vras 0.06,(Fig. 3B). A tetal of 55.93% eof t e paj Mise kins R&P estimaates V1g e e wal te 0, an
17.85% of paj Wise kins IEP cedfcients va ied { oM 0 (excluding 0) te 0.05.

LD analysis. All 23,435 SNPs in t je tetal panel Vvq e use< fo- LD analysis. T je dist ij utiens ef 72 Vrit
r espect te t 4 I}rsical <istance { oM eac ;< y eeseMe g es @ nint i Supplerdents y™ata (Fig. S1 an»}‘
Suppleraenty'y Taf le S5). As expected, t e aean 77| etreen 0 an<d 500k <eq' eased; apidly an< centinueusly, fel-
leMredy yraue l‘sloh g ecayating eased p jsicallstance fq | ot i e A geneitae and C geneitae. The ovg all LD
Aecaydistance Wras 893.84 Kj Vv ent e r2 cu & Vas set te 0.1. They ate of LDecay vy ied ovg Af g ent <  oftve-
sefues inj of l‘f A geneed an< C geneiee, Wit fj‘es - test LD decays of 459.03k; en < y eeeseiee A07 an
602.91k ‘'on 'y eeeseitae CO8 an< t i lengest L%) ecays of 968.17k; en < | erwesetae A0J an< 3,190.79k, en
S Koi\“us'oﬂf‘ne C109. OL' vieusly, t K LD ef t 'S A genereeecayed signifidantly fastq. gnte LD of t € C geneue.

Association mapping and candidate gene prediction. Tetal 23,435 pelyiua. p jisis Vrit jrine
allele f e uency (MAF) > 0.05%1q esclecte< fq asseciation Meapping of wpocofyl elengatien using t g BLUP
value ag ess Maultiple; eplicatiens (Suppleiraents y Tay le S1). Meel cevapy isen analyses indicated t jat P-values
f o t e PCA + Kiwe<elV1g eneg g t € expected Plvalues t qan t qese of tF]‘e GLM, Q, PCA, an< Q + K rae<els
(Fig. 4A). Thus, t ¢ PCA + KeedelVras selected fq asseciation Mapping e ecetyl clengatien. Five SNPs en
C07vrg e qig ﬂysi@niﬁcanﬂy asseciated Wit ! n/pocotyl elengatien at P < 2.13 E—06, it ya FDR of 1.0% (Fig. 4B
an< Tay le ll) Alldetected SNPs V1g e lecated| efreen 42.15 an< 42.25 M en C07 an ceuld explain 4.82% ef t

tetal p 'k‘enofypic v§ iance. Thus, t k‘eﬂlevelopﬂ‘nenf of lypocofyl is cent; elled Lya Mine -& ect pelygene. In Lg

SCIENTIFICREPORTS | 7:41561 | DOI: 10.1038/srep41561 2



www.nature.com/scientificreports/

A L(K) (mean +- SD) B DeltaK = mean(|L"(K)|) / sd(L(K))
10000
~1000000 °
®
—1050000| © 8000
~1100000
° 6000/
~1150000 & »
s
~1200000 ° 8 4000/
~1250000
2000/
~-1300000|
~1350000| 2 0
2 4 6 8 10 2 3 4 5 6 7 8 9
K K

¥ a2 -
Q3 o«

PC2(4.94%)

Figure 2. Analysis of the population structure of 210 rapeseed accessions using STRUCTURE. (A) Estitaate<
L(K) ofpossrk le clustg s (k) f ea 1te 10. (B) Delta K| ase<d en t e; ate of ¢ ange of L(K) efreensuccessive K
values. (C) Pepulation s§ ucty e} ased en k=2. Re<; &p esents su, % oup QT; § eeny ep edents su, & oup Q2.

(D) B incipal <emapenent (PC) aftalysis.
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Figure 3. Genetic distance and kinship coe cient analysis between pairs of accessions.

analyses, t e r? values Y1q- e > 0.79 fq- all paj s of asseciated SNPs, suggesting t kz‘at t IS asseciated SNPs Vg € in
l‘,é I‘LD\nt eac l‘ot 1 (Fig. 5A an< B).

Accq ding te t' e asseciated SNP vg iatiens, fey japletypes (HO, H1, H2, an<d H3) Vg e identified { o
t fese B. napus accessiens (Fig. 5C). HO, H1, H2, and H3 Vg e o 54 vedin 3, 81, 100, an 8 lines,; espectively.
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Figure 4. Association analyses of hypocotyl elongation. (A) Quantile uantile plets of estiraated —leg;,(P)
forat fe ass eciatien analysis of ypecetyl clengatien. They lack line; ep esents expected P-values Vrit ;ne
asseciatiens. Tine, e line; e esents o) sq ve< P-values using t ¢ GLM Me<el. The § een line; ep esents

o} 5G ved P-values using t j¢ Q Mae<el. "They lue line; ep esents of s ved P-values using t 1¢ PCA Me<el. The
<yan line; ep esenfs o) sq ve< P-values usin® t 1 Q + K "e<el. The pink line; ep esents o} 'sq ve< P-values
using t }T:CA—I— Kreedel (cola figy e enline).(B) Man ]:ttan an< (uantile (antile plefs geng ate< { oia

t ¢ generae-ide asseciation analysis of lypocotyl clengatien. They lue l‘q.i ental line<epicts t € Benfg eni
significance t 16 1,'“ (2.13 E-6). ’

Bn-scd& 16110 1-p587456 Co7 A/G 44303399 0.49 1.94E-06 4.82
Bn-s<f 16110 1-p670992 Co7 G/A 44218661 0.50 7.25E-07
Bn-scd& 16110 1-p671315 Co7 A/G 44218337 0.49 7.66E-07
Bn-s<f 16110 1-p685258 Co7 A/G 44204592 0.50 6.87E-07
Bn-scd& 16110 1-p685428 Co7 C/A 44204201 0.50 7.24E-07

Table 1. Summary of SNPssigni cantly associated with hypocotyl elongation. MAF, tine- allele
f e wency; R%(%), aveeunt of p R‘enofypic vy iatien fq eac l,i' ait explaine< y ®aultiple SNPs.
"

App exifaately 94.27% of accessions ceiap ised H1 and H2. Thq efq e, HO and H3 3 ¢; 4 e v3 iatiens, ¥ g eas
H1and H2 3 e censg ved} y 3 tificial selectien-dy ing t e genetic iap- eveiaent of Mae<g n B. napusyy eeding
accessions. Fy t 1¢ analysis's @v1e< t at HO, H1, H2, and H3 javeMean jypec<etyl clengatiens of 2.99, 2%52,2.79,
an< 2.52,; espectively (Fig. 5D). H2 asignificantly (P=0.001) § eatq. lgpocotyl elengatien t :an H1. HO an<
H3Wg e net analy e<j ecause t gyae exf effaely; g e. Thus, H2 May e a fave a le F‘aplotype anA facilitate t €
selection of} eftq genetypes fa eo<etyl clengatien iny; eeding B. ndpus. ’
Candidafe genes V1q e g e'iicg: aleng t 1 ~100K] 1 &gien efreen Mo asseciated SNPs (Bn-scd 16110
1-p685428 an<d Bn-s<@& 16110 1-9587456) d<cq Aindte t j¢ ndly; eleased B. napus geneie se ence??. Only
five genes (BnaC07g46740D, BnaC07g46760D, BnaC07g46770D, BnaC07g46780D, and BnaC07g46800D) Vg e
etectedin t e can<didate; egion (Suppleiaents y Tay le S6). Of t jese genes, BnaC07g46770DVvas - evieusly iden-
tifie< toy es'u[kziete t € fletrq. ing tiee iny apesee?. The <lesestdistance| efreen BnaC07¢46770D anA asignificant
SNP (Bn-s<& 16110 1-9670992) Vras 34 Kk. Censidg ing't k‘e LD 4e'cay of 754.95 KL. in C07, candidate genes
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Vig ealse g edictedint 1 egion| etreen 754.95K] upst eaia and-deMnsy eae of t € asseciated peak; 196 genes
Vrq e @) taine<in t € enlg ge< canidate; egion (Suppleraents y Tay le S6). All of t 1 fenes Vvg e} laste< against A.
thaliant geneiae dta,| ut nene of t en edicted genes Vg e l‘on\ofo,ﬁ'ous fe t e enes 4j ectly dent elling yPe-
<otyl elengatien in AraBidopsis.
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BnaC07g46660D, BnaC07g46770D, and BnaC07g47470D) Vv e ass eciated Vrit l,t fer espense te s eene and
flovrg aq p l‘o,é'en&is (Supplerraenty y Tay le S8).

Te cxple e't IS functien of DEGs in t ¢} iesynt gesis an ifeetay olite pat gvays, KEGG pat May analysis Was
pq fa Medin e p ksznotypic & eups (Supplemaenty 'y Tay le S9). Stx DEGs (BnaC07g45590D, %naC07g4571 0D,
BnaC07¢46060D, BndC07¢46560D, BnaC07g46660D, an< BnaC07¢47470D) acte< in t kfe 30 pat prays| y enceing
cqy espending en yiracs. Fo exaraple, BnaC07g46060D an< BnaC07g46560Dy egulate S lignins an<"p enylp- e-
panei<| iesynt jesis in p k‘enyln- epaneid faeta olic pat Jrays | y encedingde jy4 egenase an< lactepg exidase,
| espectiVely. Fy. %ﬂiq e, BnaC07¢46060D an® BnaC07g47470D pg ticipate in gly<elysis/glucencegenesis an<
nif egen Mactay eolisi'a an< cg.| en fixatien in p jetesynt §tic @ ganistes | y enceing<e jy4 egenase an< alelase,

r espectively. A',é'lok. al exarwinatien of gene exp' ession deiaenst ate< t .l?t £enes enceing<e Irl egenase; egu-
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Figure6.  edistribution pattern of candidate genes and SNPs associated with hypocotyl elongation. The
a )y eviatiens fq @ t slo,é'ous genes in A. thaliana § es }‘o‘/vn in pg ent eses- SNPs 3 e Mg ke ing ed. Nuiy g5
 ef esent t fer elativeistan<e in t fr efg ence geneiee in kiley ases. *
»

Comparative analysis. Oft j¢ 29 DEGs defected | y ceify ining § ansq ipteMse se uen<ing analysis and
a GWAS, 26 jeeelegeus genes Vrq'e identified using t & Brassica GeneMse B #M1sg <atay ase an A. thaliana
Geneae B eV'sq <atay ase (Fig. 6 an< Tay le 2). BnaC07¢46770D an< BnaC07¢46780D ¥vq e lecate< Vrit jin
84.7 KL. of g significaht SNPs: Bn-scf 15110 1-9670992 an< Bn-s <& 16110 1-p587456. BnaC07g46770D
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Wras - evieusly; epq ted te; egulate flevrg ing tifee andis @ t }zloﬁous te A. thaliana AP2 and AT4G37750. AP2

jelongs te t £ AP2/ERF gene faruily an is invelve< in plant ¢velepieent, in ty ning leaves inte fl al @ gans*.

AT4G37750, 'elengs te t 'S AP2/EREBP gene fataily an<d4j ectly; egulates a key cle<k gene (CCAI) t 1‘;“ R evides
»
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In suiaiteg y, t qis study is t kriﬁ sttestudy t 1;3 lypocofyl elengatien| y integ ating GWAS an< { ansq ipteiee
se (uencing in B.nl(ipus. We Aeitens ated t jat ! i€ genes Mediated | y & cadian <leck, qu Meney iesynt jesis,
fla al @ p jogenesis, @ ot i maetay olicsignaling pat Prays Maay, egulate t o<etyl clengatier in B. napus.
These findings; eveal t lan 24 fno?ypic vy iatien ef t K; ecetylis a ceaplex | iolegical g ecess; egulated| y
a pelygenic netrq k in B.napus.'Ovg t je pastdecade, ¢j cadian <leck an< jq Maene & ects 1. een linke< e
ag enefuic { aits in plant*>*’. Hypecetyl elengatien; ep esents t £, est-studieeeel of plant <i’ catian cleck an<

-faeney espense systeia. The efq e, Meedification of t gsea eas taay jave t € petential fq systeiaic & ects t I‘af
» euce 5, eneficial yiel § ait in B.napus.

Materials and Methods

Plant materials and trait collection. Aset of 210 elite iny; ed; apeseed lines Vit ;3 un<ant p jenetypic
vg iatien¥1q e cellecte< te censi u<t an asseciation panel (Supplelaents y Tay le S1); 55 lined (X001-X055) Vg€
use< te iselate an < oy actgz et kfsuq- ose § anspe tg (SUT) gene®, an< 155 lines (X056-X210) V1 e g ived
f ewan asseciatien Maapping pepulatien genetyped using't e 60 K Illura ina® Infiniue SNP g, ay’l. The yieldy e-
late< { aits of t ese lines V¢ e Measy e< in a g evieus study>>>!. The 210 lines V¢ e § eMrn Vit ;20; eplicatiens in
10 x 10 <ulty e plates. W jen cotyledons V1¢ e fullydeveleped, all of t je lines Vg esp ayed Wit ynuf ient selutien
asdesq ij ed g evieus lysz.lﬁ"o cent ol envi enfwental cenitiens, t s seedlings Vg e § @'n in an illuMinate< <ul-
ty e, ootk undg 16 L:8D cenditiens at 20 °C an< ieasy: efaents pq. fa Me< en<ay 20. P joteg ap § of seelings
Wig e analy ed using AuteCAD sefttrg e ( jttp:/MVVr.autedesk.cein.cn/education/f ee-s ogﬂ 3 e/featy- ed). Ty ee
leng jypecetyl (L) an t I‘ee s S t Rypocoli‘yl (S) lines V1 e use fq- t ansq ipteiaese encing. These lines Vg e
selected { o a-doyy led japleid (DH) pepulatien (DH-6004) develeped { ofa 2011 5515 137 X Gui01A10 F1
(field cede 9 6004), InWr i l“2011 5515 137’ ex R‘tk.ifs eq ly fletrg an< ‘Gui01A10’ ireeg ate flovrg .

SNP genotyping.  Fifty-five lines (X001-X055) an< six DHs (DH1, DH2, DH3, DH4, DH5 an< DH6) Vg e
genetyped using't K Brassica 60K Illuina ® Infiniure SNP g, ay. Ceity inedVrit | genetype infq Maatien e tained
n evieusly fa t e 8t 1g 155 lines, 26,016 SNPs Vg e Mappe< insilice Using t 1€ o @) ese [ences of 52,157 SNPs
te pg f@ Me a Blast Nseg < yagainst B. napus geneiee se Luences”. Only t k‘e tep iits, using an E-value cut-er of
1E-15 against t € B. napus geneaese (uences,V1g e censidg e<. Hits Wit ; AA @ BB { e uencye alte; g o (i,
eenerug p jic), <all { e wency <0.8, @ Ming f{ e wency <0.05%1g e exdl‘u“e{ Thus, a tetal of 23,435 SNPs Vg e
filtq e< fq asseciatien analysis (Suppleraenty y Tay le S4). Genetic<ivg sity and Neis geneticdistance® Vg e
estitaated using PowerMarker vg sien 3.25%. *

Population structure, relative kinship, and linkage disequilibrium. T i pepulatien st u<ty e
Wras infg; e<d using t i seff\rg e package STRUCTURE v2.3.4°%| ase< on 5,334 SNPs \«%} R‘AA o BB { e wency
>0.05, <all { e juency >0.9 an< Mine { e Wwency >0.2. Five in{ependent; uns V1q e pg fa Med Wit ya K-value
(t e putative nuvy g of genetic § eups) { oa 1 te 10,Mrit i of l,t 'S lengt l‘of t }%k 4 ning pg iedan t IS nuiy ¢
of M3 kev C jin Mente Cg le (MCMC); eplicatiens aftq'} y ningset te 100,000 itq atiens undg t & ‘a<maix-
ty e Maedel. The aest likely k-value Vras detq Mained | y t 'S log o a ility ef data LnP(D). @n< a< jecstatistic
Akjased ent e; ate of Kan,é’e of LnP(D) | eftveen Yucctssive k Vallies as desq ij e< g evidusly”’. Accessions
Wit Pa g o a ilify of ety §s jip >0.7Vrq e'assigne te cq; espen<ing clustg s, and t jese Vit 1a g o a ility of
et g5 1p <0.7 Vg e ass'1$'ne5 te a Mixe<d & eup. The; elative kins jip Meag ix coapy ing all paj s of dcckssiens
Wras cilculdted using t s seftvrg. e package SPAGeDi*®. Negative valu]és 1 etreen fve individuals V1q eset te 0%,
B incipal ceMpenent analysis (PCA) | ase< en SNPs Wras <3, ied eut usihg t ¢ EIGENSTRAT teel®. The linkage
ise [‘uilil.l- iure (LD) pg aiaetq 7*Vvas calculate using t ks:soft‘/v 3 € TASSEL 3.0MWit 1‘1,000 Pg Mautatiens®l.

GWAS and statistical analysis. Tne & ects of pepulatien st ucty e (Q, PC) an< kins jip (K) en t e § aits
Vg e evaluated| y a GWAS using five rae<els (GLM, Q, PCA, PCA 4K, and Q4 K). Significant le<i‘rg e tdenti-
fied} y corapg ihg P-values Vit l‘f 'S Benfg, enit yes ol (0.05/23,435=2.13E-06). Quantile- wantile plets of
t e edtireated log), (P) values in't I asseciatien mlippins'mdelhq- e g eated using't ¢ ¢ sq ve<d P-values { o
ey kg -t ait asseciatiens vg sus t l‘; expected P-values. In a<<itien, false discevg y; ates (FDRs)Vrq e calculated
as (mx P)/n{l 100%, Vv ﬁ emis Kf tetal nuiy ¢ of SNPs (23,435 in t jis stuy), Pis t R‘e P-value t I,“ R‘QH fo-
Aetecting asignificant assetiatien, an< n is t ¢ tofal nuiy ¢ ef significant'ass eciatiens pg-' § ait®.

P enetypic va iatien, ce, elatien an< lineg | eg essien’analyses g e pq. fq Maed using SPSS vg sien 19.0 (IBM
Ca p., A Menk, NY, USA).

Nuclear RNA extraction and RNA sequencing. W jen t jesecen< <etyledens Vg e fully expanded in
t ye illuMainate< culty e; ooy, t kf:see‘ilin,és of t y ee Slines (DHI, 2 an<d DH3) an< t ; ee L lines (DH4, DH5
an{ DH6) Vg ¢ peele te long Wpocotylk ulk an<s @ t ]Ypocofylk ulk,; espectively, t i%n iraraediately f @ en
in li wi< nif egen an<stq ed at -80°C. Tetal nucleg 'RNA Wras ex hicted { oia ~100ieg'ef { ¢ en plants using
t 1 RNAp ep Py e Plant Kit (TIANGEB BIOTECH, Beijing, C jina) accq <ingte t 'S Meanufacty ¢ s inst uctiens
in're | ielegical; eplicates. Nanel} ep ND 1000 (NaneD) ep tec jnelegies) Vras use< te evaluate t je (uality of
t te exg'acted RNA. RNA Wit yan RNA Integ ity Nuiy g (RIN) >'8 as assessed | y Agilent Tec e egies 2100
Bieanaly ¢ (Agilent)Vras use]l te g epg et ¢ <-DNA lij; 3 y. These wencing lij} 3 y¥vas geng dted using t 3¢
Illumina RNA Lij; 3 y B ep Kit (NASDAQ: IkiMN, Areg’ica) felleVring t e Manlifacty g s; ecearaen<atiens.
The li;gl- 3 y m epa atiens Vrq ese wenc<e< en an Illuraina Hise 1200 platfe IE, an< IOO-L.p paj ed-end; eads g e
geng ted.

DEG identifcation and gene annotations. These uenced<dataVig e § iiteed | y; etveving adaptq s,
le*+- (uality se (uences @ | ases, an< centafainatiens @ evg; ep esente<se [uences using Yrimmomatic seftrg e
vg sien 0.33. The clean; ed<ds Vrq e aligne< te t € B. napus, efq ence geneitae?? using Hisat seft*vg. € vq- sien 0.1.6
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an t jen assery led using TepHat 2.0.0 an< CilMinks®. E agieents pg kilej ase Muillion (FPKM) Vras detq Mained
te estikriate genc exp ession levels. DF g entially exp esse< genes (DEGs) | &hreen fve genetypes Vg e ientified
Ly Cth <R Lasedent e g itg ia P<0.05an< leg? (L/S) > 1. Te identify pessiy le l‘oﬂ‘qolo,é'ous genes, DEGs Vv e
Vlaste< agaihst t e A. thaliana geneitae<atay ase ( jitp:/MIrg ay iepsis.q £/). The GO en i< ffent analysis fo
DEGs Vras iffnplerﬁenteik y Blast2GO an significahtly eny i< kf"{ &GO tq s (P <0.05) isplaye< using t 'S enline
teel WEGO ( jftp:/Mege'geneiuics.q £.5n). The eny ic raent of DEGs Vvas etg Mined| y KEGG pat drdy anal-
ysis using t F OBAS2.0¥¢y site ( ittp://key as.q i.pku.edu.cn/ ]‘oﬂ\eﬂ.o). Te analy et £'ﬂ“nefq elic pat'}ray an<
functienal clissification of DEGs, exly essiontdata’Vvg. e Maappe< to ety elic pat Prays wing M&pMan solﬁ"ﬂq. e,
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