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Abstract

Word count: 216

Cold treatment (vernalization) is required for winter crops such as rapeseed (Brassica napus L.). However, excessive exposure to
low temperature (LT) in winter is also a stress for the semi-winter, early-flowering rapeseed varieties widely cultivated in China.
Photosynthetic efficiency is one of the key determinants and thus a good indicator for LT tolerance in plants. So far, the genetic
basis underlying photosynthetic efficiency is poorly understood in rapeseed. Here the current study used Associative
Transcriptomics to identify genetic loci controlling photosynthetic gas exchange parametersin a diversity panel comprising 123
accessions. A total of 201 significant Single Nucleotide Polymorphisms (SNPs) and 147 Gene Expression Markers (GEMs) were
detected, leading to the identification of 22 candidate genes. Of these, Cab026133.1, an orthologue of the Arabidopsis gene
AT2G29300.2 encoding a tropinone reductase (BnTR1), was further confirmed to be closely linked to transpiration rate. Ectopic
expressing BnTR1 in Arabidopsis plants significantly increased the transpiration rate and enhanced LT tolerance under freezing
conditions. Also, a much higher level of alkaloids content was observed in the transgenic Arabidopsis plants, which could help
protect against LT stress. Together, the current study showed that AT is an effective approach for dissecting LT tolerance trait in
rapeseed and that BnTR1 is a good target gene for the genetic improvement of LT tolerance in plant.

Contribution to the field

The genetic basis underlying the adaptation to unfavourable climate is limited in Brassica napus. In the present study, we
performed Associative Transcriptomics (AT) analysis on photosynthetic gas exchange parametersin a panel of 123 late-sown
Brassica napus accessions. Hundreds of candidate CDSs significantly associated with target traits were identified in this study.
Then one of the candidate genes encoding tropinone reductase in Brassica napus (BnTR1), was functionally validated in Arabidopsis;
ectopic expressing BnTR1 could enhance the transpiration rate/ evapotranspiration value and confer freezing tolerance in
Arabidopsis plants. To the best of our knowledge, thisis the first study to use AT approach for the identification of genes
responsible for photosynthetic related traits under chilling stress conditions. We believe that this manuscript would be of interest
to the readers of Frontiersin Plant Science, because our findings indicate that AT approach provides an opportunity for genetic
dissection of complex traits such as ecological adaptation in crops.
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$ %UDVVLFD UBIBX¥WDVH JHQH GLVVHFWHG E\ DVVRFLD
HQKDQFHY SODQW DGDSWLRQ WR IUHH]LQJ VWUHVV

<RQJ +XDQWXKDPPDG $]KDU "DXQVWORRQJ]KL&XDQ =HQJ
/JHQND +DYOLBRRYDQEKRWMDR ;KIHNXQ =KR@JI &KHQJ
'LOLQJ *RRPQJ\XDEDR /Y

1. H\ /DERUDWRU\ RI %LRORJ\ DQG *HQHWLF ,PSURYHPHQ
$JULFXOWXUH 2LO &URSV 5HVHDUFK ,QVWLWXWH RI WK
BFLHQFHV :XKDQ &KLQD

7KH &KRQJTLQJ 7KUHH *RUJHV $FDGHP\ Rl $JULFXOWXUDC
&HQWUH IRU 1RYHO $JULFXOWXUDO 3URGXFWV &1%$3 C
S8OLYHUVLW\ RI <RUN <RUN 8QLWHG .LQJGRP

7KHVH DXWKRUV FRQWULEXWHG HTXDOO\ WR WKLV ZRUN

&RUUHVSRQGHQFH OWDWIXD@J\XPRRFDDV FQ
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Abstract QCold treatment (vernalization) is required for winter crops such as rapeseed
(Brassica napus..). However, excessive exposure to low temperature (LT) in winter

is also a stress for the semi-winter, early-flowering rapeseed varieties widely
cultivated in China. Photosyntie efficiency is one of the key determinants and thus

a good indicator for LT tolerance plants. So far, the genetic basis underlying
photosynthac efficiency is poorly understood in rapeseed. Here the current study
used Associative Transcriptomics to identify genetic loci controlling photosynthetic
gas exchange parameters in a diversity panel comprising 123 accessions. A total of
201 significant Single Nucleotide Polymorphisms (SNPs) and 147 Gene Expression
Markers (GEMs) were detected, leading to the identification of 22 candidate genes.
Of these, Cab026133.1, an orthologue of theabidopsis gene AT2G29300.2
encoding a tropinone reductagnR2J, was further confirmed to be closely linked

to transpiration rate. Ectopic expressiBQTR1in Arabidopsisplants significantly
increased the transpiration rate and enhanced LT tolerance under freezing conditions.
Also, a much higher level of alkaloids content was observed in the transgenic
Arabidopsisplants, which could help protect against LT stress. Together, the current
study showed that AT is an effective approach for dissecting LT tolerance trait in
rapeseed and th&nTR1is a good target gene for the genetic improvement of LT
tolerance in plant.

Keywords: Rapeseed, Associative Transcriptomics, photosynthetic gas exchange

parameter, tropinone reductase, alkaloid.
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INTRODUCTION

RapeseedBrassica napud..) is one of the major oil crops worldwide, with an
average annual cropping area of 35.3 million hectares producing 72.8 million tons of
seeds in the past five years (http://www.fao.org/faostat/). Meal cake, the byproduct of
rapeseed is also an important source of protein-rich feed for livestock (Wanasundara
et al., 2016). Due to the agronomic importance of this oil crop, there is a great interest
to boostits yield via genetic improvement of major agronomic traits.

The winter type rapeseed is mainly grown in Europe, which requires strong
vernalization and is cold tolerant (O'neill et al., 2019). However, the semi-winter type
rapeseed grown in China only needs modeoateeak vernalization, and excessive
exposure to low temperatureT() stress in winter will lead to plant damage at
vegetative stage and finally cause yield loss (Liao and Guan, 2001; O'neill et al., 2019;
Zhang et al., 2015). Yangtze River basin is the major area for growing semi-winter
rapeseed, which accounts for at least 80% of the nfttotal production (Tian et al.,
2018). The rapeseed is usually sown in early October shortly after the harvest of rice
in this area (Cong et al., 2019). However, in recent years, the delay of rice harvest
usually lead to the postpone of rapeseed sowing until late October or early November,
which results in poor germination and seedling establishment due to LT (Luo et al.,
2019). The biomass of rapeseed seedling is also significantly reduced at overwintering
stage, and thus is more susceptible to LT stresses, i.e. chill#§° @) or freezing
(<0°C) (Sage and Kubien, 2007; Zhang et al., 2012; Zhang et al., 2016). Moreover,
delay of floral initiation and floral bud differentiation processes (Luo et al., 2018) and
decrease of effective pod number, pod length, and seed yield (Ozer, 2003) were
observed in the late-sowing rapeseed. To cope with LT sygdants have evolved
several elaborate regulatory mechanisms; among these, balancing or coordinating the
photosynthetic processes could be a critical one (Leister, 2019).

It has been established that light-harvesting complex 1l (LHCII) proteins in
higher plants can facilitate tineadaption to external biotic or abiotic environmental
streses such as drought stress or blast fungus infection (Andersson et al., 2003;

Ganeteg et al., 2004; Liu et al., 2019b; Xu et al., 2012), and the positive function of

3
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LHCBs in abscisic acid (ABA) mediated signalling pathway is repressed by
WARY40 (Liu et al., 2013; Xu et al., 2012). LT stress induces the accumulation of
transcript encoding heat-shock proteins (HSPs), and the persisfdtS&s can
enhance the chilling tolerance of tomato fruit (Ding et al., 2001; Sabehat et al., 1996)
In Arabidopsis HSP21 protects the photosynthetic electron transport chain against the
deleterious effects imposed by heat stress (Bernfur et al., 2017; Zhong et al., 2013)
However, it is unclear whether HSPs function similarly in rapeseed to alleviate injury
from LT stress. The other observations have mechanistically described how the
photosynthetic organisms maintain their PSII function under stressful conditions with
continuing or fluctuating light (Liu et al., 2019a). For instance, the chloroplast protein
HHL1 forms a complex with LQY1 to repair and re-assemble PSII, which in turn
helps overcome excessive light stress (Jin et al., 2014). In rapeseed, CBF/DREB
transcription factors appear to have important roles in maintaining stronger
photosynthetic efficiency and higher Calvin circulating enzyme activity under LT
conditions (Savitch et al., 2005).

To date, several genetic studies have been reported for quantitative trait loci
(QTLs) mapping of photosynthesis (Basu et al., 2019; De Miguel et al., 2014; Li et al.,
2014; Li et al., 2016; Liu et al.,, 2017; Oakley et al., 2018) and LT tolerance in
different plant species (Jha et al., 2017). However, very few QTLs have been
identified in Brassicaspecies (Ge et al., 2012; Yan et al., 2015). The temperature
causing 50% of the maximal damage (LT50) has been regarded as a good index for
evaluating LT tolerance (Hincha et al., 1987; Steponkus et al., 1990), which is also
significantly correlated with net photosynthesis ratg) (A rapeseed (Urban et al.,
2013). Therefore, photosynthetic gas exchange parameters sughaesassutable
index for the evaluation of LT tolerance in rapeseed that can facilitate the follow-up
genetic study.

Photosynthesis plays an indispensable role in ensuring adequate energy supply
throughout the plant lifecycle. Therefore, enhancing photosynthetic efficiency has
been a commonly adopted strategy for crop yield improvement (Evans, 2013; Lawson

et al., 2012; Long et al., 2006). In rice, a new photorespiratory bypass was assembled
4
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by over-expressin@sGLO3 OsOX0O3and OsCATCgenesn the chloroplast, which
resuled in obvious increases in photosynthetic efficiency, biomass and grain yield
(Shen et al., 2019). In rapeseed, photosynthetic efficiency atable effect on yield,

oil content and fatty acid composition (Ju and Li, 2012; Wang et al., 2015). However,
the utilization rate of light energy in rapeseed is only 0.615-1.056%, which is much
lower than that in rice, wheat or soybean (Zhang et al.,, 2017a). Therefore, it is
possible to further improve the yield by enhancing photosynthetic efficiemcy
rapeseed.

During the long history of evolution, plants appear to overcome abrupt or mild
temperature stresses in winter through a series of changes at molecular, cellular,
physiological and biochemical levels (Zhang et al., 2017b). Alkaloid is one of the
major secondary metabolites that is inducible under unfavourable conditions,
especially drought stress (Selmar and Kleinwachter, 2013). Heavy mata#dso
promote the accumulation of alkaloid ®atharanthus roseus&. (Srivastava and
Srivastava, 2010). The short-chain dehydrogenase/reductase (SDR) protein, which
belongs to the NAD(P)-binding Rossmann-fold superfamily, functions in the
biosynthesis of benzylisiquinoline alkaloids (i.e. morphine, codeine) and
tropane-derived alkaloids such as scopalamine, atropine and cotaopenone
reductases (TRs) aeegroup of SDR proteins which play key rola@sa branch point
in the biosynthesis pathway of tropane alkaloids (Tonfack et al., 2011). Hence,
study on TRs could help understand how alkaloids function in response to different
streses

Associative Transcriptomics (AT) strategy, which combines association mapping
and transcriptome, has greatly facilitated the genetic dissection of complex traits
(Bazakos et al., 2017). Considerable progress has been acHgvedl in
allopolyploidy crops such as oilseed rape and wheat, which gaaidarge number
of causative genes or functional markers for molecular marker-assisted breeding. For
instance, a transcription factor (HAG1) was identified in rapeseed by AT, which plays
an indispensable role in the synthesis of aliphatic glucosinolates (Harper et al., 2012)

With AT platform, the genetic studies of many other complex traits in rapeseed were
o}
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also reported, including homeostasis of nitrate, phosphate and sulfate anions
(Koprivova et al., 2014), calcium and magnesium accumulation (Alcock et al.,,2017)
lodging resistance (Miller et al., 2018), clubroot resistance (Hejna et al., 2019), erucic
acid and tocopherol (vitamin E) isoform accumulation in seeds (Havlickova et al.,
2018), and leaf nutrition concentration (Alcock et al., 2018). Recently, the power of
AT was further enhanced by usiagmuch larger panel comprising 383 rapeseed
accessions (Havlickova et al., 2018). In bread wheat, two causative genes underlying
stem strength variation have also been detected by AT (Miller et al., 2016). Despite
the above efforts, the AT approach has not yet been applied to photosynthetic related
traits under LT conditions in rapeseed.

The present study aims to identify candidate genes associated with
photosynthetic gas exchange parameters includingtdmatal conductance to water
vapour (Gw), internal CQ concentration (§ and transpiration
rate/evapotranspiration (E) in rapeseed by AT. Twenty-two candidate genes were
obtained, and one was functionally validated. Ectopic expressing tropinone reductase
(BnTRJ in Arabidopsiscansignificantly enhance transpiration rate and LT tolerance

implying its great potential for the genetic improvement of LT tolerance in plant.

MATERIALS AND METHODS

Plant materials

$ SDQHO FRPSULVLQJ UDSHVHHG DFFHVVLRQV ZDV
ZKLFK LV DYDLODEOH IURP WKH -R&XSSIOHPHRQWQWURADA®
6 +DYOLFNRYD HW DO 'LWKLQ WKLV SDQHO WKH
WS H VHRIWHU W\SH DQG XQFODVVLILHG UDSHVHHG DF
RQ WK2FW LQ LQ :XKDQ f( fl1 &KLQD $00

SODQWHG XVLQJ D FRPSOHWHO\ UDQGRPL]HG EORFN Gt

WHPSHUDWXUH ZDV UHFRUGHG 6XSB.AHPWR W DIUN Q GJ XK USH 6

&RPSDUHG ZLWK WKRVH VRZ®6RG W R QP DO VRRAZKIHVID RIQY H
WHOEW UDSHVHHG VHHGOLQJV ZHUH VXEMHFWHG WR /7 V

"HWHUPLQDWLRQ RI SKRWRV\QWKHWLF JDV H[FKDQJH SDU
6
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7KH IRXUWK WUXH OHDI RI HDFK RI WKH UDSHVHHG
PHDVXUHPHQW Rl SKRWRV\QWKHWLF 3pWAHRIX®P® JH SDUD
LQ WKKIRSOG DWRW&HVHHGOLQJ VWDJH 7ZR LQGHSHQG
DFFHVVLRQ IURP HDFK EGREFN ZBYRWRMOQMKHH& LYV HTXL:
/L& R U -&RU,QF /LQFROQ 1( 86% DV GHVFULEHG SUF
7KH PHDVXUHPHQWYV ZHUH SHUIRUYRHGSPEGMWIWR QQ\ G
'"HFHPEHU PDWKPXAPHPSHUDWXUH RI f& LQ GD\WLPH D
WHPSHUDWROWH. RKW 7KH SKHQRW\SLF GDWD ZHUH FROOH
ELRORJLFDO WBWXSSODHFPWORVDW )\ ZRERMBHQGNMH) L WDIEY. O LW\
HVWLPDWHG DSFHRULROQI WARXGY .DOHU DQG 3XUFHOO
The photosynthetic gas exchange parametefgaifidopsiswild type (WT) and
transgenic seedlings (ecotype Columbia) were measured MEHhER QG IXQFWLRQDO
with the light intensity of PROWDRR FRQFHQWUDWLR@QO RI [/
W Kidbidopsisplants wereJBZQ LQ WKH J16-higiQ/8-RdaXxkHZL WK WKH
OLJKW LQWHQVLWY PW f& P®BKPOHDI ZzDV WHBMDXMHG WK
WHFKQLFDO UHSOLFDWLRQV D @H® FEY®HL QB IS HHD®NEW HS
ELRORJLFDO @XKSOOAHFPMQAWROQY\ 7DEOH 6
*HQR-ZHGH DVVRFLDWLRQ VWXG\
7KH DVVRFLDWLRQ SDQHO D @8 LWXKDHH@® AHHERIHVR G $I2
GHWDLO SUHYLRXVO\ +DYOLFNR-YBHMHWDDNMND ZHUH JHGHUI
IURP \RXQJ OHDYHV RI WKH DVVRFLDWLRQun8D QHO KDU
16-h-light (20C)/8-h-dark (14C) glasshouse conditons7KH WUDQVFULSWRPH GD
PDSSHG RQWR WKH GH/MOH/ERFAG &KUEBDHQUHGLSWRPHYV +H F
DQG UHVXOWHG LQ D VHW RI 613V DQG 53.0 Y
PRGHOV )ROORZLQJ WKH UHPRYDO RI 613 PDUNHUV ZLW]I
D WRWDO RI 613V ZHUH UHWDLQHG KWWS 2727
XVHG DV PDUNHU LQSXW IRU WKH $VVRFLDWLYH 7UDQV
GHVFULEHG +DUSHU HW DO /IX HW DO 7KH
FRPSUHVVHG PL[HG OLQHDU PRGHO LQFOXGLQJ ERWK ILJ!

DSUHYLRXV PHWKRG /LSRN DHOXHW FRORF\MHUIWHGVIRU DOO
7
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ZHUH SORWW H G5 D\WLIEQ\OWS W K HW L-R @ CLHOF XMOKHHV il SV RI XSAURR G X
ODQKDWWDQ SORW 7KH %RQIHUURQL WLJQLILFDQFH Wt
'XJIJDO HW DO HIIHFWAOBHOD® FDQGLGDWH 613V |

DEFFRUGRSMHWRR XV VWXG\ 3UDGR HW DO D SRVLWL
DOOHOH LQFUHDVHV WKH WUDLW YDOXH ZKHUHDV D QHJ
DOOHOH LQFUHDVHY WKH WUDLW YDOXH

7KH WUDQVFULSW OHYHO ZDV TXDQWLILHG DV UHDGYV
53.0 DFURVV WKH SDQHO $IWHUD |MWRMHDWOLQ@I 53.0 JHC
H[SUHVVLRQ PDUNHU *(0 ZDV REWD LODW®&H 7&H S*H{ Q &YW
YDULDEOH DQG WUDLW GDWD DV WKH LQGHSHQGHQW YI
HIITHEW OLQHDU PRGHO ZDV SHUIRUPHG WR DVVHVV WKH
OHYHO DQG WKH WUDLWYV 3$OPRKFNIRW HBIFK *(0 ZDHFRQ®
-OR3 DQG SORWUMBSE\DIBDQVSRVLWLRQ WR JHQHUDWH D
%RQIHUURQL VLJQLILEFD@FH WKUHVKROG ZDV VHW DW
*URZWK FRQGLWLRQV DQG VWUHVV WUHDWPHQWV

7R GHWHUPLQH WKH %9Q bR (XUDFEN GREREBHU IUHH]LQJ
FRQGLWLRQV WKH VHHG%URIE LIGREWQ WV IZGNUWIHH QHE P L Q D W

06 PHGLXP DQG 06 PHGLXP SOXV J P/ K\JURP\FLQ
ZHHN JURZW K6-Dlight/8-fi-lark KHDOWK\ VHHGOLQJV ZLWK X
ZHUH WUDQWRODQMPHSRWYV IRXU SODQWGROKBUSS WY W V7K ¢
ZHUH WUDQVIHUUHG LQW/R DRW R ZKWEKIWKDPEHKURIWROG DI
DQG UHFRY H&hdgWs-hfderk 6L[ SRWV IURP HDFK WUDQVJHQI
SODQWYV ZHUH XVHG WR LQYHVWLJDWH WKH VXUYLYDO U
VDPSOHG IRU SK\VLRORJLFDO DQG ELRFKHPLFDO PHDVXU

7R GHWHUPLQH WKH H$IHFEN\G RS BLUPDBSERHBTRYHHGOLQ
SODQWDRLGRIBSVHUIWMUREQ XQGHU WKH VDPH FRQGLWLRQ\
WKH IUHH]LQJ WUHDWPHQW D GRVDJH RI DQG QPR
ZDV BGMGWKH VBUOHRMRZKMIOH D GRVDJH RI DQG (
VHHGOLQJHDBN RV GVRLO IRU UDSHVHHG DFFHVVLRQ =KI

DFFRUGLQJ WR WKH SUHYLRXV VWXG\ +DUD DQG .XULWD
8
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WKHGROWDELGRBVQWY ZHUH WUDQVIHUUHG &QRMR D JURZ
K WKHOW®RWBHH UDSHVHHG SODQWYV ZHUH WUDQVIHUUHC
- f& IRU K <DQ HW DO 7TKH VXUYLYDO UDWH ZDV L
UHFRY¥YXSSOHPHQWDU\ 7TDEOH 6

To investigate the expression of candidate genes under LT stress conditions, six
rapeseed accessions showing extreme photosiméiiciency (i.e.6 Y .DMVD
&DOO\SVR J/LEULWWD 6XS3$ISRO@GI PIHRGAN BX SvefDHSE@ Hor 6
expression analysis of candidate gefid® four-leaf seedlings were transferred into
the plant growth chamber with °@ for 4 h (Yan et al., 2019). The leaves were
sampled before, and after freezing treatment, and then used for RNA extraction and
molecular analysis. The detailed information was liste "SSOHPHQWDU\ 7DEOH 6
Physiological and Biochemical Measurements

7R GHWHUPLQH WAKG®73RGIUFMNEL GRIW LYK\VLRORJLFDO L
ELRFKHPLFDO OHYHOV XQ Ghd JeedlingsWiflrdngdenie RV W LR QV
Arabidopsisplants were treated under freezing conditions (-4°C for 4 h) &vidk H
OHDYHVGRGeedlings ZHUH VDPSOHG-ORL QWK UHH WHHIRUH [UH
WUHDWPHQW DIWHU IUHH]LQJ WUHDWPHQW DQG UHFR)
physiological and biochemical characteristics, including Fv/Fm, electrolyte leakage,

fiaminobenzidine AB) staining, proline content, soluble sugar content,
reactive oxygen species (ROS) scavenging enzymes actiwi@, ¢bntent, alkaloid
content. All measurements were performed with at least three biological replications;
detail information for experimental design and plant materials used was listed in
6XSSOHPHQWDU\ 7TDEOH 6

The Fv/Fm measurement was performed using WBEFRQG IXQFWLRQDO O
before and after the freezing treatment. The leaves were firstly immersed in 1%
agarose overnight avoiding of the dark, then the chlorophyll measurement (Fv/Fm)
was measured using the modulated chlorophyll fluorescence instrument (PAM-2500;
Walz) as previously reported (Lv et al., 2017)

The electrolyte leakage measurement was performed according to the previous

study (Lv et al., 2016). Briefly, six leaves from six were cut and immersed in 8 mL of
9



253 double-distilled HO in a 10-mL tube. After shaking overnight, the electrolyte leakage
254 was measured using a model DDS-1IA device (Leici Instrument) asitRdias

255 measured again and recorded as R2 after badirgh°C ina water bath for 15 min

256 and cooling down. The relative electrolyte leakage was calculated as a r&tis of

257 Ra2.

258 The proline and soluble sugar contents were measured using the kits from Beijing
259 Solarbio Science & Technology as described before (Yan et al., 2019). In brief, 0.1 g
260 fresh tissue was powdered and incubated in 1 ml 3% sulfosalicylic acid (for proline)
261 or ddHO (for soluble sugar). AWHU FHQWULIXJLQJ miX WEEKSHU QD WD
262 other reaction buffers and incubated at 95°C in a water bath for 15 min, then the
263 absorbance was measured using MULTISCAN FC (Thermo Scientific).

264 The ROS scavenging enzymes activity was measured by commerdal kit
265 according to theP D Q X1 D FW X U H UBefing Qolavisio Idievitk B @echnology)

266  with minor modification (Yan et al., 2019). 0.1 g fresh tissue was powdered using 1
267 mL 0.05 mol/L PBS buffer (pH 7.8). The supernatant was obtained after centrifuging
268 at 8,000 g for 10 min at°€ and used for superoxide dismutase (SOD) activity,
269 peroxidase (POD) activity, catalase (CAT) activity measurement using MULTISCAN
270 FC (Thermo Scientific).

271 DAB staining was performed as previbuslescribed (Ning et al., 2010; Zhang

272 et al., 2011). The fourth functional leaf of each plant was sampled and infiltrated in
273 PJ P/ -diafninobenzidine liquid (50 mM Tris-acetate buffer, pH 5.0). After
274  incubation overnight at 25°C in the dark, the stained leaves were photographed after
275 removing the chlorophyll by absolute ethanol. ThgDHcontent was quantified

276  according to the instruction of the kit (Beijing Solarbio Science & Technology) (Yan
277 etal., 2019).

278 The total alkaloid was extracted as described previously (Chen et al., 2013;
279 Zhang et al.,, 2004). The freeze-dried leaves were powdered; 0.1 g powder was
280 homogenized overnight with 1.0 mL 70% aqueous methanol°@t Bollowing

281 centrifugation at 10,000 g for 10 min &C} the extracts were absorbed (CNWBOND

282 Carbon-GCB SPE Cartridge, 250 mg, 3 mL; ANPEL) and filtrated (SCAA-104, 0.22
10
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P SRUH VL]H $13(/ 1H[W WKH WRWDO DONDORLG FRQ
alkaloid ELISA kit (Hiton) according to the instructions.
51$ HHWUDFWLRQ DQG JHQH H[SUHVVLRQ DQDO\VHV
7TRWDO 51% ZDV H[WUDIMYEH G RIWWRPY S\HKMHHHG VHHGOLQJ
TransZol reagent (TransDQG FRQYHU Wst&trawl FF' VKHVLQJ WKH
EasyScripS2QBWHS F'1$ 6\QWKHVLV 6XSHUOL[] 7UBQFH 7KH 4X
3&5 TB&5 ZDV SHUdRgUMIWE SYBRSGreen PCR Master Mix
according to thePDQXIDFWXUHUTV L&&pBhePHUsREEIRIQY PR D
System (Applied Biosystems) 7TKH SULPHUV XVHG IRU H[SUHVVLRQ DC
JHQHV HLWKHU GHWHFWHG EQMKH SRRDFELRY \ QOWKRHOYLHX
Rl DONDORLG EZX8HHOGIPHRQM® UDKIB BXHODWLYH H[SUHVVLRC
GHWHUPLQHG DV SUHYLRXVO\ GHVFULEHG /LYDN DQG 6F}
I9HFWRU FRQVWUXFWLRQ DQG JHQH WUDQVIRUPDWLRAQ
To generate transgenic lines over-expressing candidate geieq 5We coding
sequence (CDS) dfOC106445422vas amplified fromarapeseed variety ZS11 and
ligated into vector pPCAMBIA1300 driven by WREDFFR FDXOLIORZHU PRVDL
SURPRWHU &The Xorttruct was introduced intArabidopsis variety
Columbia (Col) byAgrobacteriumamediated transformation (Zhang et al., 2006)
Three T4 homozygous lines (L1, L3, L5) significantly over-expres$itn®@ 7 Z HU H
REWDEQMBUHHXQNQJJ P/ K\JURP\FLQ 7KH SULPHUV XVHG
FRQVWUXFWLRGXSSWHPHYWBG\LADEOH 6
Statistical analyses
Statistical analyses were conducted with Microsoft Excel (2003) and SPSS
(version 22.0) software using one-way analysis of variance (ANO¥YA)W K 7XNH\TV
multiple comparisons test or twd¥ D L O H G te&8tXAH Hafh W presented as the
means * standard error (SEEDVHG RQ WKUHH UBI@@BG L F DAHHU\H
FRQVLGHUHG VWDWLVWLFDOO\ VLIQLILFDQW DQG KLJKO\

RESULTS

Phenotypic variation of photosynthetic gas exchange parameters
11



313 A field-grown rapeseed association panel esdgmced long-term LT stress

314 winter (Supplementary Figure S). The photosynthetic gas exchange parameters
315 such as A Gsw, G and E were measured since they can reflect photosynthetic
316 efficiency fora plant. Substantial variations for the four traits were observed in 123
317 rapeseed accessiorfadure 1). A, varied from 12.87 to 24.02 with a mean of 19.29
318  mol (CO;) m?st. Similarly, Gw ranged |lUR P W R mol (CO) mol?!

319 and E from 0.96 to 3.75 mmol £§8) m?s?. Gsy was the most variable trait since it

320 has the largest coefficient of variation (0.69), with a minimum of 0.16 and
321  maximum of 2.53 mol (kD) m?s?; the range of broad-sense heritability varied from
322  49.49% to 68.91% Supplementary Table S4. Moreover, the four traits in the

323 association panel were positively correlated with each other (

324 (Supplementary Table S5%. For instance, there was a strong correlation betwgen A
325 and E (=0.785,P<0.01).

326

327 Associative Transcriptomics for photosynthetic gas exchange parameters

328 To identify genomic regions controlling photosynthetic related traits, AT was
329 performed in rapeseed. Using the mixed linear model, a total of 201 significant SNPs
330 were detected, which originatdrom 148 CDSsKigure 2). Unexpectedly, most of

331 the significant CDSs were associated wity @ait, while only one was related E

332 trait. The detail results including physical positioRsyalues, allelic effects were

333 summarized irSupplementary Table S6 For GEM analysis, a total of 145 CBS

334 above the corrected Bonferroni thresholds were identifiegdufe 2). Of these,a

335 respective of 5, 10, 20 and 110 CDSs were detectednfdBs, C and E. The detalil

336 information including physical positions amdvalues for all significant GEMs ag

337 listed inSupplementary Table S7

338 By annotating all the above significant CDS in public database TAIR
339 (https://lwww.arabidopsis.org/), the present study shortlists the number of candidate
340 genes to only 22 that putatively involved in photosynthesis or LT stress response
341 (Supplementary Table S§. To verify their roles in rapeed with or without LT

342  stress, six accessions from the association panel were selected; Sv706118, Kajsa, and
12



343 Callypso (Accessions 1-3) exhibited higher photosynthesis efficiency and were
344 tolerant to freezing stress, while Libritta, Gefion, and Jupiter (Accessions 4-6)
345 presented lower photosynthesis efficiency and were sensitive to frestass

346 (Supplementary Table S1, Supplementary Figure 92 The gene expression

347 profiles were investigated by gRT-PCR in the six accessions under freezing
348 conditions. Results showed that all of these genes exhibited a significantly different
349 expression leveh the six accessions, suggesting that these genes indeed involved in
350 freezing stress respon$eab026133.keemed to have a much higher expression level
351 in the three tolerant accessions (Accessiong tvgh or without freezing stress

352 (Figure 3A); so didCab011968.1Cab022014.2andCab007526.2an orthologue of

353 inorganic carbon transport protein (AT1G70760.1), bZIP transcription factor
354 (AT5G28770.3) and citrate synthas¢BhaA10g24440D), respectively. An opposite
355 trend was observed fdBo59g017460.1and Cab008128.1 an orthologue of F-box

356 family protein (AT2G32560.1) and dehydroascorbate reductase (AT5G16710.1),
357 respectively Supplementary Figure S3.

358

359 Selection and characterization of candidate gene

360 Cab026133.1 was selected for further analysis bedaumse only exhibied the

361 highestP-value (6.33x18) for E trait in GEM analysisSupplementary Table S§

362 but also highly expressed in LT tolerant accessidfigufe 3A). Besides, the

363 expression ofCab026133.1(presentedas RPKM) across the rapeseed panel was
364 positively correlated with E levet£0.406,P<10°) and accourtd for 16.5% of trait

365 variation Figure 3B). The ortholog of Cab026133.1 #rabidopsis(AT2g29300)

366 encodes an SDR protein involved in the oxidation-reduction process of secondary
367 metabolites such as phenols, isoprene and alkaloid (Selmar and Kleinwachter, 2013).
368 SDR proteins are classified into six subfamilies, and the tropinone reductase
369 subfamily belongs to the major route of alkaloid biosynthesis (Tonfack et al.,.2011)
370 The alignment of amino acid sequence clearly illustrated that LOC106445422 shared
371  87.3% similarity with Cab026133.1 and 57% with CoTR, a known tropinone
372 reductase inCochlearia officinalis(Brock et al., 2008). LOC106445422 displayed

13
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typical SDRs motifs (Gly-%¥Gly-X-Gly) and four conserved residues that form the
catalytic tetrad NSYK (N127, S155, Y168, K178upplementary Figure S3. The
current study name LOC106445422BnTR1and used as the candidate gene for the
follow-up studies.

To assess the effect of allelic variation BnTR1in the rapeseed association
panel, the genomic region covering the whole gene as well as the 2-kb promoter
region wvasamplified. One TAA/TAATAA insertion was detected in the fourth intron
that formed two major haplotypes, i.e. Haplotype | (with TAA insertion) and
Haplotype 1l (with TAATAA insertion) Figure 3C). Haplotype | (n=31displayed
significantly higher E value than Haplotype Il (n=6=5.43x10% (Figure 3D).
Besides, the LT tolerant Accessions 1-3 were determined as Haplotype | while
sensitive Accessions 4-6 as Haplotype IBafR1locus Supplementary Table S).

The expression level @nTR1in Accessions 1-3 was also significantly higher than
that in accessions 4-6 with or without stress treatntégtfe 3A). Therefore, it was
evident that E variation may be attributed to expression or allelic variat®mTat1
which was expressedimost in all tissues of rapeseed at both vegetative and

reproductive stageS(@pplementary Figure S5.

Ecotopic expressingBnTR1 enhances freezing tolerance iArabidopsis

To analyze gene function, three independ&rdabidopsislines (L1, L3, L5)
ectopic expressingnTR1were generatedAll transgenic lines showed an increased
expression level oBnTR1 in comparison tathe WT plants Figure 4A). At the
seedling stage, E value of the transgenic linesmuch higher than that of WT plants
(Figure 4B), thus confirming thatBnTR1 controls transpiration rate. Since
photosynthetic gas exchange parameters are significarrelated with cold
tolerance (Urban et al., 2013), it was speculated that BnTR1 also involvEssiress.
To test this hypothesis, seedlings were treated’@tfetr 4 h and then recover at’Z3
All of the transgenic lines were shown to be freezing-tolerant because tagr®w
obvious syndrome, while the WT plants were wrinkled and hydropharkogisré

4C). After recovery for 3 d at 2&, all transgenic plants survived, but 62% of W&
14
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plants died Figure 4D). These results strongly suggasthat BnTR1 enhanced the
freezing tolerance dkrabidopsisplants.

To assess whether C-repeat-binding factors (CBFs) contributed to the enhanced
freezing tolerance of the transgenic lines, the current study measured the relative
expression level o€BFsin transgenic and WT plants after freezing strésgufe
4E-G). In the transgenic lines grown under normal conditions, expressidDB s
were much higér than that in WT plants, indicating that they were markedly induced
by BnTR1 Moreover, the expression oEBF1 and CBF3 was significantly
up-regulated andCBF2 down-regulated byBnTR1 during freezing treatment in
comparison with those of normal conditions. The current study further examined the
expression level of CBFs-targeted cold-responsive genes (COR geigese @H-1).

As expected, the transcript levels of COR genes (na@@lRR15andRD29A in the
transgenic lines were highly induced when compared with that in WT plants. These
results indicated th@nTR1influences CBF regulon in the stress-signalling pathway
to control freezing tolerance.

The chlorophyll fluorescence parameter Fv/Fm, an indicator for the potential
maximum photosystem Il (PSII) capacity of plants, has been widely used to determine
the ability of tolerance to environmental stresses under laboratory conditions (Mishra
et al., 2014; Thalhammer et al., 2014). Here, markedly higher Fv/Fm ratio was
observed in leaves of the transgenic lines under freezing as well as normal conditions
(Figure 5A). To furtherclarnfy whether the difference of photosynthetic capacity was
caused by the excessive expressionBoiTR] the current study assessed the
expression level dBnTR1and other genes involved in photosynthetic processes such
asRCA SBPASKfor CQ; fixation or assimilation) an@AB1-4(for light-harvesting)

(Basu et al., 2019; Sun et al., 201F)glre 5B-H). Under normal conditions, the
expression level oRCA SPASEand CAB1 were slightly reduced in the transgenic
lines compared to WT plants, whereadB2 CAB3 and CAB4 were induced. The
freezing treatment led to a notalsigpression of all genes; however, the expression

of genes in the transgenic lines returned to a high level when freezing stress was

removed.
15
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BnTR1 contributes to cell membrane protection and antioxidants

Altering the osmotic balance to maintain the integrity and stability of cell
membrane is proposed to be an efficient way for plants adagtitige changing
environments (Morsy et al., 2005; Valerio et al.,, 2011). To test this hypothesis,
physiological and biochemical assays were carried out. Results showed that freezing
treatment led to only 40-200% increase of proline content in WT plants but as high as
100-300% in transgenic plants, indicating that the transgenic plants expi@s$iRd
could accumulate more prolin&igure 6A). The soluble sugar content showad
similar pattern Figure 6B). However, the electrolyte leakage increased more rapidly
in WT plants than in transgenic lineéSigure 6C). These results implied that BnTR1
actively responded to freezing stress by maintaining cell membrane stability and
osmotic balance.

Antioxidants, which function in scavenging the reactive oxygen species (ROS),
are generally considered as another effective eleinedefending abiotic stresses
(Choudhury et al., 2017). To determine whetBeTR1affects the antioxidant system,
the accumulation of ROS was determined by DAB staining. The brown precipitate
(H202) in WT was much larger than that in the transgenic lirfdgu¢e 6D),
indicating that WT plants had a higher level ofGA content than transgenic plants
(Figure 6E). Oxidoreductases like POD, SOD and CAT also function in scavenging
redundant ROS (Gupta et al., 2016). Here, we found that the transgenic lines
exhibited stronger SOD activity than WTFigure 6F), which help plants alleviate
oxidation damage from freezing conditions. However, no significant difference was
detected for POD and CAT activities. Together, the enhanced freezing adaption for

transgenic plants could be attributed to the increased ROS scavenging ability.

BnTR1 positively affects alkaloid metabolism
BnTR1 (homolog of AT2g29300)s predicted to be a tropinone reductase
involved in the biosynthesis of alkaloid (KO00960), which mainly produces atropine.

Although all alkaloids (with more than 12,000 different structures) have been
1o
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well-documented in pharmacology, their roles in abiotic stress remain elusive
(Schlager and Drager, 2016). To investigate the specific role of BnTR1 in alkaloid
metabolism, the total alkaloids content was quantified. As expected, the transgenic
lines led to one- to two-fold increase of alkaloids contents compared with WT plants
after freezing stress$-igure 7A). To further confirm the effect of alkaloid on stressed
plants, exogenous atropine was applied to WT plants, since atropine was considered
to be the product of alkaloid metabolism (KO00960) (Hara and Kurita, 2014). Results
demonstrated that application of 10 nmol atropine per plant significantly rescued the
susceptibility of WT plants, but the protective effect was weakened when dosage
increase to 30 nmoF{gure 7B). The survival rate increased by three- to four-fold
compared with WT plants without atropine treatmé&gre 7C).

To further elucidate the protective role of alkaloid in rapeseed, the current study
applied exogenous atropine to a widely cultivated rapeseed variety, ZS11, under
freezing conditions. Phenotypic analysis showed that the wilting phenotype of ZS11
plants was partially rescued by exogenous atropine application (50 and 150 nmol per
plant) Figure 7D), while no significant difference was observed in the survival rate.

It was concluded that alkaloids alleviated the damage on plants from extreme LT

stress.

DISCUSSION
Power of AT approach

Brassica napusriginaied from the hybridization oBrassica rapaandBrassica
oleraceawhich contribute the A and C genomes, respectively (Cheung et al., 2009).
There is only 15% difference in nucleotide structure and 3% difference in
transcriptional expression patterns between chromosomes A and C,liwtitshthe
development of SNP markers in genome-wide association analysis until the
availability of the high throughput next-generation sequencing technology (Adams et
al., 2003; Higgins et al., 2012). Over the past years, AT approach based on abundant
SNP markers and GEMSs, has successfully simplified the complexity of the whole

genome (Harper et al., 2012), and has beenlyidpplied in rapeseed, wheat and
1/



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

other polyploidy crops (Alcock et al., 2017; Harper et al., 2016a; Harper et al., 2016b;
Harper et al., 2012; Havlickova et al., 2018; Koprivova et al., 2014; Lu et al., 2014;
Miller et al., 2018; Miller et al., 2016; Schuster et al., 2013). However, the genetic
basis of photosynthetic-related traits in oil crops remains elusive. Here, the genetic
architecture of photosynthetic gas exchange parameters was investigated by AT
approach, and gene termedBnTR1was confirmed to be responsible for E trait
(Figure 4), which might ba promising candidate beneficial to rapeseed in coping
with climatic changes. Several other interesting candidates were also identified. For
instance, Bo59g155110.1 was found to be signiflgamissociagd with E traits
(P=1.1x10°), and down-regulated by freezing streSsigplementary Figure S3.

The homolog inArabidopsisis Cyclophilin38 (AtCYP38), which functions in the
assembly and maintenance of PSII super com@epglementary Table SJ. The
loss-of-function mutant oAtCYP38shows reduced growth rate and photosynthetic
efficiency compared to its wild type. Additionally, the D1 and D2 proteins in PSII
reaction centre show a short half-life, resulting in susceptibility upon exposure to
excessive light (Fu et al., 2007; Sirpio et al., 2008). Bo3g153100.1 was hit by an SNP
marker, with -log10 R-value) value as high as 9.08upplementary Table S9, it

was also markedly up-regulated by freezing str&gpglementary Figure S3.
B03g153100.1 was homologues to AT4G37930Amabidopsis which has been
documented in the photorespiration process (Takahashi et al., 2007). In the knockout
mutant of AT4G37930, the photorespiration pathwisy destroyed, and the
chlorophyll deficiency results in chlorosis (Voll et al., 2006). Therefore, it seems that
AT is a powerful tool to identify candidate genes for photosynthesis and LT stress in
rapeseed. It is worthy to further study the function of all 22 candidate genes identified

here.

The positive role of BnTR1 under LT conditions
It is generally accepted that photosynthesis is vulnerable to adverse
environmental stresses such as extreme temperature, salinity, drought or combined

stresses (Sainz et al.,, 2010; Strzepek et al.,, 2019). Abiotic stresses lead to
138
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photoinhibition as well as excessive generation of ROS, which sgeprése
photosynthetic progress and ultimately repress the growth and productivity in plants
(Gabriel et al., 2010; Nishiyama et al., 2014). During the long-term evolution, plants
have developed a variety of adaptive mechanisms to cope with the stressful conditions
(Liu et al., 2019a; Strzepek et al., 2019). The CBF transcription factors in rapeseed
are known to be responsible for the photosynthetic performance; CBF5 and CBF17
enhance the energy conversion efficiency uriderconditions (Dahal et al., 2012;
Savitch et al, 2005). CBF1-CBF3, also termed dehydration-responsive
element-binding factors, have been well-documented in plangsalidopsis CBF2
represents a negative regulator Edr response, while CBF1 and CBF3 are positive
regulators (Novillo et al., 2004; Novillo et al., 2012). Interestingly, increased
expression ofCBF1 and CBF3 and repressed expression@BF2 were observed in

the BnTR1 transgenic lines Higure 4E-G), indicating that BnTR1 represented a
unigue influence on CBF members. Both alleviated accumulation of ROS and
activated SOD enzyme systenaswbserved in th8nTR1transgenic linesHigure 6),
suggesting active impacts of BnTR1 on the ROS scavenging system. In addition,
ectopic expressingnTR1also promote the expression of the genes associated with
plant photosynthesig-{gure 5). Specifically, the decrease BICAtranscripts leads to
lower A, value, which in turn slows down plant growth (Von Caemmerer et al., 2005;
Yin et al.,, 2010). Moreover, RCA enhances growth and photosynthesis under
moderate heat stress conditions (Kumar et al., 2009; Kurek et al., 2007). However,
overexpression of SBPASE improves sugar accumulation and enhanced
photosynthesis efficiency (De Porcellinis et al., 2018; Feng et al., 2007; Miyagawa et
al., 2001). In the present study, PSII was severely repressed during freezing treatment,
whereas thé8nTR1transgenicArabidopsisplants still exhibiéd higher Fv/Fm level
compared to WTKigure 5A). These observations suggest that BnTR1 triggared
series of responses including the ROS scavenging system, CBF pathway and
photosynthetic processes. However, further work is required to confirm their roles in

LT tolerance.
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Protective role of alkaloids under LT conditions

SUHYLRXV VWXGLHVY KDYH EHHQ LQVWUXPHQWDO L
XQGHUO\LQJ VWUHVV UHVSRQVH PHFKDQLVPV 7KDOPDC
GHILQLWLRQV RI DONDORLGYVY DUH JHQHUDOO\ IRFXVHG R
DV DOQWLPLWRWLF DQWLGRWH DQWLFDQFHU DQG DQWLR
FROQFHQWUDWLRQ RI DONDORLG FRPSRXQGV LV SUHGRP
VXEMHFWHG WR PXOWLSOH VWUHVVHVY &KHQJ HW DO
+RZHYHU IHZ VWXGLHY KDYH UHFRJQL]J]HG WKH SRVLWLY}F
VWUHVV UHVLVWDQFH $SS0%6DRMLGRRISMNRE OA0NY VX XQBWHILQ K |
VWUHVVY FRQGLWLRQ FRXOG PDUNHGO\ HQKDQFH WKH
SURPRWLQJ WKH H[SUHVVLRQ RI KHDW VEKRHNJBURWHLQV
. XULWD ODWVXRND HWWSOHGLFWHGBQWR HQFRGH D
UHGXFWDVH ZKLFK LV LQYROYHG LQ WKH PHWDEROLF ¢
FXUUHQW VWXG\ GHWHUPLQHG WKH WRWDO DONDORLGYV
VKRZHG DQ LQFUWIQAMMGEGD@QWYHQLUFQOLQHY XQGHU QRUPDO
FRQGLWLRQV FRPSDUH)&JXIUMK $ RUHROHWY WKH DSSOLFD
HIRIHQRXVY DWURSLQH DOOHYLDWHG WKH GDPDJH FDXVI
$SUDELARGEZ LW SHVHHGIXHHG @Z&L¥K ZDV LQ DJUHHPHQW |
REVHUYDWLRQV LQ VDQJXLQDULQH XQGHU KHDW VWUHVYV
+RZHYHU PRUH VWXGLHV DUH VWLOO UHTXLUHXG WR FRQ
SURWHFWDQW IRU SODQWV WR FRHVHAKHVRMXUIRKIHW VYW XGX
FRPSDUHG WKH H[SUHMHERDWGOIES HIOER BREBPUHWY WUHDWH
ZLWK H[RJHQRXV DWURSLQH %®&6S 80O HIRMHMHNVDAN §RIKXUHN 6 R
ZDV IRXQG WKDW DWURSLQH FRE®DG&SI) RBRMVEBWWKH H[SUF
&$3% 63$6EHIRUH RU DIWHU IUHH]JLQJ WUHDWPHQW EXW V
WKDW LQGXFHGE BAUROQINOUH 7KXV WKH UHYGOOW  HER/QW LIUE
SDUW WKH SURWHFWLDSDDQWHL R | CDANDISRYSN RII-BSWRIE R WHAGU H
WKDW %Q75 ZRUNV DV DQ HIIHFWHU YLD PHWDEROL
SKRWRV\QWKHVLYV &%) '5(% SDWKZD\V DQG 526 VFDYH(

Arabidopsis ZKLFK LQ WXUQ FRQWULEXWHY WR WKH DGDSWDW
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CONCLUSIONS

During overwintering for the semi-winter type rapeseed grown in China, the
extremely low temperature has a deleterious impact on plant productivity.
Therefore, the identification of genes responsible for stress response is the prime
interest of researchers. Despite of limited phenotypic data, our associative
transcriptomics approach has been successfully used to dissect the genetics of
photosynthetic-related traits under low temperature conditions. The first short-chain
dehydrogenease/reductase, BnTR1 was identified in rapeseed, which improved the
transpiration rate and freezing toleranceAoébidopsisplants. Taken together, our
findings illustrated the molecular mechanism of plant adaption to low temperature
stress. Finally, this work sheds light on the way to increase low temperature tolerance

in rapeseed by genetic engineering strategies.

6XSSOHPHQWDU\ GDWD

Supplementary Figure S1. Temperature record during the phenotypic investigation of

the field-grown association panel.

Supplementary Figure S2. Phenotype investigation of six rapeseed accessions under

LT stress conditions.

Supplementary Figure S3. Expression Q D Of\ v¥andidate genes in six rapeseed

accessions under LT stress conditions.

Supplementary Figure S4. Sequence alignment of BhTR6aid SURWHLQV
Supplementary Figure SS SDWIHRP SRUDO H[SUHWWQRRRVDOSPMWMINRYXFV R
WLVVXHV RI UDSHVHHG

Supplementary Figure S [ SUHVVLRQ IrQ RO\ BIK\R W RWVHQW WH\S LFHQHV
LGUDELGRISNVKWWURSLQH DSSOLFDWLRQ
Supplementary Table S1, QIRUPDWLRQ RI DFFHVVLRQV XVHG LQ
6XSSOHPHQWDU\ 7DEOH 6 6XPPDU\ RI HISHULPHQW GHVL
Supplementary Table S3. Primers used in the present study.

Supplementary Table S4. Phenotypic variations of photosynthesis-related traits in 123
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rapeseed accessions.

Supplementary Table S5. Correlation analysis of photosynthesis-related traits in 123
rapeseed accessions.

Supplementary Table S6. SNP markers detected by association study on
photosynthesis-related traits in rapeseed.

Supplementary Table S7. GEMs markers detected by association study on
photosynthesis-related traits in rapeseed.

Supplementary Table S8. Candidate genes detected by association study on

photosynthesis-related traits in rapeseed.
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E\ DVVRFLDW ) BRQW GO\W DRV 6GR L ISOV

$OFRFN 7 ' +DYOLFNRYD / +H = :LDVRQHW D®WD QFZLRIES H,F L HK/L W

YDULDWLRQ LQ VKRRW QLWUDWH FRQFHQWUDWKRQXVDQGGIHQHW
SRWDVVLXP DFFXPXODWLRQ LQWRB®WDV3IQBPQW QBEXKVGRL
ISOV
$QGHUVVRQ - :HQWZRUWK 0 :DOVEHWN $5 9 +RRADRG & $ W 5XO0
$EVHQFH RI WKH /KFE DQG /KFHKED WBYHRWWHLAIV FRIP /G H[ GRUJ & MR W R V\
HITHFWV RQ SKRWRV\QWKHVLV JBID®MW WDF-NLQJGRIQG ILWQH
M - [
%DVX 8 %DMDM ' 6KDUPD $ ODOLN HIWW DMDZDUH $*HQBIWQROILDV K
Rl SKRWRV\QWKHWLF HIILFLHQF\ WUDLW\0R QW GKI®F (QY LUIRKG \
- GRL SFH
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%D]DNRV & +DQHPLDQ 0 -*RPRIQWLQ & QG PRRGHW 2 1HZ VW
DQG WRROV LQ TXDQWLWDWLYH JHQHW UF\Q RRBSHXR5 BIR BIORDRQWKH
%LRO - GRL PIQUSOUHYW

%HUQIXU . 5XWVGRWWLU * DQGFKRORQRB\DWRMYHG VPDOO7TKHDW V
SURWHLQ +VS DVVRFLDWHV ZLWK W MH KWKXAGBBINERILEEQ@NEFFEUD QH V |

- GRL SUR

%URFN $ %UDQGW : DQG 'UDJHUHUIHQF H- REKMKIX QW W \.GRUORIG G Y H \
LQYROYHG LQ WURSIIQRWH-UHGXEWLRQ -M ; [

&KHQ : *RQJ / *XR = :DQJ : HWDQJ + /LXQRYHO LQWHJUDWHG
OD-WADOH GHWHFWLRQ LGHQWLILFDWLRQ DQG TXDQWLILFDWLRQ
LQ WKH VWXG\ Rl UQRB HPHVODER DRPQ WYR L PS VVW

&KHQJ 7 +X / :DQJ 3 <DQJHW BEQJ < RDWERQ PRQR[LGH SRWH
WHPSHUD@WXEHG QLFRWLQH ELRV,\QWKHVQRO LOFIWREGRER

LMPV

&KHXQJ ) 7ULFN O 'URX 1 [ERQ<63 - 3BIWNDO < &RPSDUDWLY
EHWZHHQ KRPRHRORJRXV JHQRPH VHJIJPHIHNMM VRR UVBMVLAD QHSK
H[WHQVLYHOWYTF)H Q E¥OIQMQEHOO  GRL WSF

&KRXGKXU\ ) . B5LYHUR 5 0 %OXPZDOGS5HDFIME HO RMAWID® W SH FL
DELRWLF VWUHVV DQIODWWHVV FRRELQDWLRWEM

&RQJ 5 + =KDQJ = DQG /X LPSDFWV R@LRPE®WE RI ZLQWHU RLO
GLIIHUHQW JURZWK UHJLRQV RIKIMKHHV KD-@RIXW|GIDEL RH L2 90D ¥ URS 6 F L

- GRL MLVVQ

'DKDO . *DGDSDWL : 6DYLWFK / 9 6LQJROG DRFROEXQWURQ DX
% Q&%R Y-MPYSUHVVLRQ HQKDQFH SKRWRV\QWKHWLFIISHWHGBEPDQFH L
GXULQJIWBR®JJIJURZWK RI %UDVVLFD QDSXV XQGBIQWHWOHYDWHG ¢

- GRL vV o- -

'H OLJXHO 0 &DEH]DV - $ ‘HMRPIMJLD IXHOMDQAKH] $ O9HOH] 0 ' F
*HQHWLF FRQWURO RI IXQFWLRQDO WWB UWXVH HODIWFHIBQWR LS
3LQXV SLQDVWHU $LW GURXJKW UHVSRQVH VREWHWUR Q¥ LLRIG RU7IH G

GHWHFWLRQ IRU FDQGLGDWH60&8HQM QRBULYWLILFD@RRQ
'H 3BRUFHOOLQLYV $ - 1RUJDDUG +-R®UM\ 3 ® MHDJOWDRGRG O / |
2YHUH[SUHVVLRQ RI ELIXQF
IUXFWREIHSKRVSKDWDVH -EH B 8KRSSKIMRYWH OHDGY WR HQKDQFH
DQG JOREDO UHSURJUDPPLQJ Rl FDUERQ@G&®&WDHEROEVEIQ 6\QHFKF

- GRL M \PEHQ
'LQJ-& :DQJ & < *URVV . & DQG 6PEFWKRQ RI FKLOGHQX LQMXU
WUDQVFULSW DFFXPXODWLRQ RI KHDW VKRFNRQDRWHLQS P WKR®
VDOLFAODWW 6FLHQFHGRL -6 -

'XJJDO 3 *LOODQGHUV ( 0 +RORRWQ 7 ( DQG WDMIHENOLVKLQJ DQ
SYDOXH WKUHVKROG WR GRQWERO WHURIDRIKQOUVHQRPH ZLGH DVVF
%0& *HQRPLFV GRL - - -

(YDQV - 5 ,PSURYLQJ3GEKRW R \3¥Q WIKRIO:L V GRL

SS
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YHQJ / :DQJ . /L < 7DQ < .RQJ 2YHUHFSUHWVRRQ RM 6%3DVH HC

SKRWRV\QWKHVLV DJDLQVW KLJK WHPSHUDODQM &MAUMHVBEHIQ WU
- GRL Voo -\

)X $ +H = &KR + 6 /LPD $ %XBKBQDQ %$ BKORQ@ERSIODVW F\FC
IXQFWLRQV LQ WKH DVVHPEO\ DQG RNDEW & R 5 QIFH WK [E@RDIEFRV \V W |
$FDG 6FL 8 6 $ - GRL SQDV

*DEULHO / 7 OLFKHO + DQG )UDQFRLV 23$W&+/ SKHYFKORWYRPICDE
SHUR[LGDWLRQ DQG SURWHFWYV $UBBIDGRSE VRXWDIDOGERL R[LGDWL

M- [

*DQHWHJ 8 .XOKHLP & $QGHUVVRQV-HDPRKE@UDRWWRQJ GRPSOH]

SURWHLQ LPSRUWDQWDIRW SIO\WQROILBWRIHVV" SS

*H < :DQJ 7 :DQJ 1 :DQJ = J/UDQHWE&D O5DPFKLPHIQHWLF PDSSLQ
ORFDOL]DWLRQ RI TXDQWLWDWLYH WUDLW ORBNVRBEDFUDE&D R/S/KS\ O C
SHNLQHWGVHQWLD +RUWLFXOWXRIDH M VFLHQWD

*XSWD . 6HQIJXSWD $ &KDNUDERUWURJH®@ GHURSEWMH BQG SROYDE
DFW DV GRXEOH HGJHG VZRUGV LQ)SROQYWIODEQRWEFGRWUHVV Ul

ISOV

+DUD O DQG .XULWD , 7TKH QDWXWD & KOHD MD®WRH BV VR Q JXIL & B

VKRFN SURWHLQ JHQH¥FWD 3$SKUOHIRGORIVDWH 30DQWIBIRALP
v - - -\

+DUSHU $ / OFNLQQH\Y [/ 9 1LHOVHQ /7WLFNDYOLHWRIO / /D
OROHFXODU PDUNHUV IRU WROHUDQFH RI (XHESPHFDNQGLRDVKDVYHDI[L
LGHQWLILHG XVLQJ $VVRBIFDVWHSH 7UDBRMFULSWRWPULHRS

+DUSHU $ / 7TULFN O +H = &OLVVR®G HW DBOOOJHWW *I3QRHRH I
GLVWULEXWLRQ RI GLITHUHQWLDO KRPRHRIRIAXAH) FRIQWGL ZXWD RQ
30DQW %LRWHFKQRGRL SEL

+DUSHU $ / 7ULFN 0 +LJJLQV -HOOYDVBHU HW ®&OLVVROGS$VVRFLI
WUDQVFULSWRPLFV Rl WUDLWV LQ WKH B\R 0 5RWHGE KFQURS VSHFLHYV
GRL QEW

+DYOLFNRYD / +H = :DQJ / /DQJHU HW PDUSHU $9D/OLEADWLRQ |
XSGDWHG $VVRFLDWLYH 7UDQVFULSWRPLFV SDDWIRDL ) DBY WERWH S
GLVVHFWLRQ RI WKH JHQHWLF DUFKLWHFW XWDH LRIWHRQF LB VFHHG Y
30DQW -- GRL WS M

+H = &KHQJ ) /L < :DQJ ; 3DUNHW DO$ &KDGRRXEVUXFWLRQ R
$ DQG & JEQRRB RUGMWHEYBDRSWRPHY IRU XVH LQDMBHVHHG JH
%ULHI - GRL M GLE

+HMQD 2 +DYOLFNRYD / +H = %D@RUIRIWLQJ DWKG &XQPWLF DUF

Rl FOXEURRW UHVLVWDQFH YDULDWLRQ LQ %OUR®WABEHEDSXV E\ L
GRL Voo -

+LJJLQV - O0DJXVLQ $ 7ULFN O )UDVHUS8VJH RRPHBHEORURIW

GLVFULPLQDWH FRQWULEXWLRQV WR WKHWRJIDWKIF BLFSOMROR LIG RFRJ T
VSHFLHV %UD¥WV¥& FBH @QRBEXFAWV GRL - - -

+LQFKD " . +RIQHU 5 6FKZDE . % +HEHU OB PENQ® H RKPIWXW H- L
WKH FRPPRQ FDXVH RI GDPDJH WR FKORURISJHIHV WQ B HRPLE BIDFEHMWN L QF
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ZLOWIOQIQW 3K\VLRO GRL SS
-KD 8 & %RKUD $ DQG -KD 5 HV DQ% UHH®KRIPQF D S\GHHROHKORJILHYV
FURS \LHOG XWBPAYHUORWZXUBODWWWUHYWYOO 5HS GRL

V - - -
-LQ + /LX % /XR / )HQJ ' :DQJ 3+<3(X6(16,HW(DIQ +, *+
/,*+7 LQWHUDEWYV ZLWK /2: 48%$1780 <,(/' 2) 3+2726<67(0 ,, DQG
SURWHFWLRQ RI SKRWRV\VWHP ,, IURGDSKR\ERGDPDJIGRLQ $UDELG
WSF
-X ; DQG /L = BWXG\ Rl GLDWUIHRDV/ WFEDWRYDDBH ORMQUHV L
EHWZHHQ SKRWRV\QWKHWLF SK\VERORQDEDRILGCKRHV$IUQAGERLH
- GRL M FQNL
.DOHU $ 6 DQG 3XUFHOO / & (WWURDMNRRG ZRRGDJINQRPIH LF
DVVRFLDW LYRIE VWREPHFER L V- -

.RSULYRYD $ +DUSHU $ / 7ULFN ® %DQFURWMWWFWLRQ®R | REKIH YR
Rl DQLRQ KRPHRVWDVLV E\ DVVRFLDWLY H3OWDUDD VHKUVER&RPLFV L

- GRL SS
.XPDU $ /L & DQG 3RUWLV $ WWKDPOLDQD HBVHM/MRYPILY WKHUPRV
5XELVFR DFWLYDVH H[KLELWV HQKD QFHGWXIHVAW KD WQ BRIGLHHWKHW HLCD

WHPSHUDKRMWRM QWK 5HV GRL Voo =)

. XUHN , &KDQJ 7 . %HUWDLQ 6/DVVQ@BGULIDOHW DOX / (QKDC
7KHUPRVWDELOLW\ RI $UDELGRSVLV 5XKEMLFRDIDFWLYRE\M KL P S WRMH
PRGHUDWH RBD@WWHEOV GRL WSF

IDZVRQ 7 .UDPHU ' 0 DQG 5DLQHV\LBOG E\ H[SCPRIUWRLYQD PHFKD(
XQGHUO\LQJ QDWXUDO YDULDWIURQSRQ S/KIRRMRVARQRE® VLV

M FRSELR

JHLVWHU *HQHWLF HQJLQHHULQW WHOWWHRQVWF RLFSKRWFWQQ

30DQW 3K\VL-RO GRL SS

/L + :DQJ * =KHQJ 4 /L % -LQJ*BQHBMQGE DQDO\VLV RI ELRPD
SKRWRV\QWKHWLF SDUDPHWHUV LQ ZKHBWQWHIAR 30D GWI ¥ URIQ W

- GRL MLSE
/L + <DQJ < =KDQJ + &KX 6 =KDQJ$ *HQHLVQLF 5HMOGDWQRQVKLS E
3KRVSKRUXV (IILFLHQF\ DQG 3KRWRV\QWKHWIF FQUDQ WAL \L @ \BLRQE H D

D +EHKQVLW\ *HQHWRFWOBSDQW 6GFRL ISOV
/ILDR * DQG *XDQ & (ITHFW RI V\WHGLQWLENWRI BQIMNHE QW K
%UDVVLFD QDSXV&KUBBRW\SERXUQDO RI $BBOLG (FRORJ\
M -

JLSND $ ( 7LDQ ) :DQJ 4 3HLIIBU-- HW DO %UDGE¥3JV JHQRP
DVVRFLDWLRQ DQG SUHGLFWLRQQIRQWHWUBDWHG GWRRRO
ELRLQIRUPDWLFV EWV

JLX - /X < +XD : DQG /DVW 5KW RQ BKRWRHXVWHRBE ,, PDLQWH(
R[\JHQLF SKRWER@WEEUDQW 6BIRL ISOV
/JLX 0 =KDQJ 6 +X - 6XQ : 3DGLEOD3KRYVSHKRNXIDBMWL® Q

OL-XDMYHVWLQJ FRPSOH][ ,,VERIGWU XPXBHDN W RIEFRVRDBWOQFHFDG ULF
6FL 8 6 $ - GRL SQDbV
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JLX 5 ;X < + -LDQJ 6 & /X : HWDO IKRUYHNKWLQJI FKORURSK\
D-ELQGLQJ SURWHLQV SRVLWLYHO\ LQYRQVMG DL @ UIDEQAFEWILEWDF
UHSUHVVRU :5.< WR EDODEFWRWKHLU IGREWLRQ M[E HUW

/LX : )DQ < ODN O %DEOD 0 +ROIRUG473V IRQJVWRMMWNVDO DQ
SKRWRV\QWKHWLF WUDLWVY UHODWHEWRHYRPLRALW\GRIROHUDQF

V - - -

IJLYDN . - DQG 6FKPLWWJHQ 7 ' HQH & QSUHVY YRR} BIBABHD WKILHD J L

TXDQWLWDWLYH 3&50WRG HOMD & 70HVWKRKR G GRL
PHWK

JRQJ 6 3 =KX ; * 1DLGX 6 / DQGPSIVMRYHPHQW LQ &KRWRV\Q)
LQFUHDVH FIRBQWHEHI/O (QY L IGRQ M [

/X * +DUSHU $ / 7ULFN 0O ORUJD® &W)DOVHU ) $¥WRFLOWL
WUDQVFULSWRPLFV VWXG\ GLVVHFWV WKH JOIWH®WF LRU %KDV N E AD
QDSX% 5HV - GRL GQDUHV GVX

IXR 7 :LDQ 0 =KDQJ & =KDQJ & +X$VNRMELDWLRJI WUDQVFULS
UHJXODWLRQ IRU UDSLG JHUPLQDWLRQ RIRZDWHYBHGD \WXDKN MW D
WKURXJK ZHLJKWHGSUHKHWQHR QF RQ HW Z&RALNH Q V@ DLAR\ V B SRRUW V

V - - -

IXR 7 =KDQJ - .KDQ 0 1 J/LX - ;X 7HPDKQBDWXUH YDULDWLRQ
VRZLQJ GDWHV VLJQLILFDQWO\ DIIHFWV |0ORUDSUREHWLDWLRQ D
UDSHVHHG % U D \3DIDRDWQOFRENQ FHS R L M SODQWVFL

IY < *XR = /L ; <H + /L ; DQWZ;LRYLIKWYV LQWR WKH JHQHW
QDWXUDO FKLOOLQJ DQG FROG V-KREM \IR DR BIDFRR QODBEFGIOEL VI H
(QYLURQ - GRL SFH

/Y < <DQJ 0 +X ' <DQJ = 0D 67KMH 2VO4% DADQVFULSWLRQ )L
6XSSUHVVHV &ROG 7ROHUDQFH E\ ,QWHUDFWLQ$PXOWKHD -$= 3L
([SUHVSORQW 3K\WLRORJ\GRL Ss

ODWVXRND ( ODWVXEDUD 7 7DNDKDVKL ,7KBIXIMRIRLO R OIQEH +DQNDL
VDQJXLQDULQH ZKLFK LQKLELWYV FKDSH U RKG®HD \B PYKIRFANY 5 BIROW B QG W
SUDELGRBNQW %LRWHFKQRO BRN\R SODQWELRWHFKQRORJ\

OLOOHU & 1 +DUSHU $ / 7ULFN 0 QHOQQHW DO :HUQHULBVHPWG
WKH FRPSOH[ UHJXODWLRQ RI ORGJLQ@RQHVUMW® QFERLQ %UDV"

V - - -

OLOOHU & 1 +DUSHU $ / 7ULFND®RG:%HhDQHURBW :DOGURQ(OXFLGD\
WKH JHQHWLF EDVLV RI YDULDWLRQ IRU VWHR $WWARHFQ DWHK YAK D U I
7UDQVFULBOBRPHERPLFV GRL -V -

OLVKUD $ +H\HU $ * DQG OLVKUDXRUMVFHQF HHKPRYRSRQBDI® VFL
WROHUDQFH RI FROG DFFOLPDWHG $0DBMGRSWHKRGMGIRQLDQD DF

OL\DJDZD < 7DPRL 0 DQG 6KLJHRND 6 D F\DQREDMNSUKHDOL
IUXFWRWHGRKHSWXWYBKRVSKDWDVH LQ WREDFFR HQKDQFHV SKRV
1DW %LRWHFKQRGRL QEW

ORUV\ 0 5 S$OPXWDLUL $ 0 *LEERWSH\HYX®b 6* - DQGKH RV/WL
JHQHV HQFRRRMHFRABKW PHPEUDQH SURWHLQV DUH GLIIHUHQWL
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FXOWLYDUV ZLWK FRQWUDVWLQJ VHROHWLYLW\ WRRLORZ WHP

M JHQH
1LQJ - /L ; +LFNV / 0 DQG :A®RQNH 0$3... JBQFDI60 PHGLDWHYV
GURXJKW UHVLVWDQFH WKURXJK UHDFWL'$DDRMI HB&\VSRIGLHY VF

- GRL SS

1LVKL\DPD < <DPDPRWR + $OODNKYHUGDRG GXUDPQODED1 0 <RNR
2[LGDWLYH VWUHVV LQKLELWY WKH UHSDLUDRKLIXHRBWRRGDPDJH W

-RXUQDO - GRL HPERM

1RYLOOR ) $ORQVR - 0 (FNHU &%j 'BD@G&DOIRWIPWLYH UHJIXC
RI &%) '5(% % DQG &%) '5(% $ H[SUHVVLRQ QD ® USHODA W B G-HHIQMMQUAD
$SUDELGRBR/EMDWO $FDG 6FL 8 6 GRL SQDV

1RYLOOR ) OHGLQPUDQFRR@ULIXKIKDXV * DQG 6DOLQDV -
UHYHDOV D FRPSOH[ UHJXODWRU\ QHWZRUSIUPEG %8B WLL\Q U & %3 RIGI\C
WR DELRWLFSVMWRWYYV GRL M[E HUU
2 QHLOO & 0 /X : &DOGHUZRRG $ 7XGR®HUQBOL)DW LR DLGI® GO
WUDQVLWLRQ LQ DXWXPQ GULYH ZL @\ KX UDI@X\D @6 LCRBIARLIK L VW R U\
M FXE
2DNOH\ & * 6DYDJH / /RW] 6 /DUYRQUDPBU 7KRPDNWRIZO 0
*HQHWLF EDVLV RI SKRWRV\QWKHWLF UHVSRQVHWQVWRI FROG LQ
$UDELGRSVLV(BKBRWDQD GRL M[E HUJ
2]HU + 6RZLQJ GDWH DQG QL W\WLRIIHG DUDGV k. HOIG FVRWP SRRQQ BI QR
VXPPHU UDSHVHHGXURSHWRYDWRKXKUQDO RI $IJIURQRPRL
6 - -
3UDGR 6 $-%&VEMHWD / *UDMHGIUX&BXSH®OHW ( - :HOFNHU & H
3KHQRPLFV DOORZV LGHQWLILFDWLRQ RI JHQRXEMW D®&BHRDMVEIIHF
FRQGLWLRQDO HIIHFWV Rl ZDWHU GEDFWW&E&BQG H YQRRWAWMPLHGIWC

SFH

6DEHKDW $ :HLVV ' DQG /XULH 6 -V KTRKFHN FSRUWRW 19 IDQV DR © XIPHK\W D
DQG SHUVLVWHQFH DQG FKLOO I3@D QWR BHKUDIQRF®IR 1Q GRRPDWR U X

SS

6DJH 5 DQG .XELHQ ' 7KH WHP S& UDBKRWR \BIQUSRIWEWHRIO& T
HQYLURQPHQW GRL - M [

6DLQ] O 'LD] 3 ORQ]D - DQG %RUVDWQILQ2ORVV R#HIKW RWRE-DDN W
VXSHUR[LGH GLVPXWDVH DQG LQFUHDVHB GGG B-KXDIWR/ \F KRW RN EV W
/JRWXV MDBRELROV3IODQWGRL -M [

6DYLWFK / 9 $0ODUG * G6HNL O S5REHUW HWSDOLQNHU 7KHS$HII+X
RI RYHUH[SUHVVLRQ RI WZROWNHWUPQV&FW) SBNWRQ IDFWRUV RQ
FDSDFLW\ DQG IUHH]LQJ WROHBODQWH &HD G BB VWLLREOG RID S XV

SFS SFL

6FKODJHU 6 DQG 'UDJHU % &8 0 RISWQQU LRVWBHAK @RXNDORLGV
M FRSELR

6FKXVWHU 7 O 6HWDUR 6 DQG .URQ@U. WKH EXFNZKH BIWW DRPD Y

S3RO\JRQDFHDH EDVHG RQ VHTXHQFH GDWY RDOLEKBDDMIIEEE\ IRVVL
OXHKOHQBH¥oN2OQH H GRL MRXUQDO SRQH
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6HOPDU ' DQG .OHLQZDFKWHU 0 BWHUFIR\D\G BIQ\K B Q B QW VB KIIR G/X
WKH LPSDFW HJDWWHEERWNWLRQ RQ WKH DFFXPXGDWQRQ &RIOQD W X L
3K\VLRO - GRL SFS SFW

6KHQ % 5 :DQJ / 0 J/LQ ; / =KXR &=+ ;XHW DO (QJLQHHULQ
FKORURSODVWLF SKRWRUHVSLUDWRU\ E\SDSVR\GRKEWEYHDVHQE KR P
ORO 30DQW  GRL M PROS

6LUSLR 6 .KURXFKWFKRYD $ $OODKYHUIHIQHYDS$ <9 +BQVIVRQ 0 )
$W&<3 HQVXUHV HDUO\ ELRJHQHVLV HRIKRHFRN DMMHPE G\ DQG V

- GRL -M ; [

6ULYDVWDYD 1 . DQG 6ULYDVWDYD $\.PHWDOVQRQXHRZWR| DRRE

FRQWHQW DQG FRPSRVLWLRQ QW L&DDQN K DAKIDQW K&FL GRLH XV /

6WHSRQNXV 3 / /N\QFK ' 9 8HPXUD506 +HEHU7KH ,QDOGXHQYPFVIFRI &R
$FFOLPDWLRQ RQ WKH /LSLG &RPSRVLWIDR QHPE G D&JH RREIH,K/IROLIRWK M (

5\H 3URWRSODVWYV >BKID 'LMFXQVLRY@6RF /RQG OGRL

UVWE
BWUJHSHN 5 ) %R\G 3 : DQG KQG®XHWELEF DGDSSWBRWRRQ WR ORZ |
WHPSHUDWXUH LQ 6RXWKHIJUR B FHD/QO SKR V& BT D-QeN & BB L
SQDV
6XQ 6 1 :DQJ 4 6XQ & & /LX;)=- %L B5HYSP@GHSRQG DGDSWDV
SKRWRV\QWKHVLV Rl FXFXPEHU VHHGOQQ JAR QR 6KLHE J WD B S;BK b D WX
y GRL - M

7DNDKDVKL 6 %DXZH + DQG %DGJHU ®WRUHVSRSDMWRPHQID RK:
DFFHOHUDWHYV SKRWRLQKLELWLRQ RI SKRWR®YRWW BF F,H N UDVSISRIG
GDPDJH SURFHVVH2QMQIMREIELGIR SV L&R L Ss

7KDOKDPPHU $ +LQFKD ' . DQG =XWKHPLQU WROHUOBR¥MKULHOHF
OHDNDJH DQG FKORURSK\O®HMKREWYVBERQFLRDV B\RL

-~ - -B

7KDOPDQQ O DQG 6DQWHOLD 6 W D U XiKQ ®N UD D& H R\ UP L\QADDH!
1HZ 3K\WRO- GRL QSK

7LDQ = -L < + B6XQ [/ : :X :; 4+ DEW DO =KRQJ&KDQJHV LQ SUR
SRWHQWLDOV Rl UDSHVHHG LQ WKH <DQJWPHQ 5H Y SPRBIWLQ RI &KL
HQVHPEOH DSBXBQBR Rl *HRJUDSKLFDO -6FLHQGRV

V - - -

7RQIDFN / ORXPPRX + /DWFKp $ 23RERR&L HW BBQLFKRX KMH SODQ
6'5 VXSHUIDPLO\ ,QYROYHPHQW LQ SULBRBUUBQ@EB YRIFRRYGDQ 3D
%LRORJ\- GRL - - -

SBUEDQ O 2 .OLPD O O9LWDPYDWOIDGRVISN $- DQ®JIKBEWUD 9
6LIJQLILFDQW UHODWLRQVKLSY DPRQJ |UR\ZDWHRO XV B QG HL BIGHX B\
DQG GHK\GULQ DFFXPXIODWH 8 L QWAHRIEL@W HBHKGVUR S H V
GRL M MSOSK

9DOHULR & &RVWD $ -®BMULIXHW ,YVDILSLVOR 3 7URVW 3
7KLRUHGHRIXQDWHGOPNWD %$0 WULJIJHUV GLXUQDO VWDUFK GHJL
DQG LQ PHVRSK\OO FHOOV(DSQBGRW RVPRBWLF VWUHWNE HUT
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9ROO / O -DPDL $ 5HQQH 3 O9ROO:HEHUOFFOXQJ & BKHDQG
SKRWRUHVSLUDWRU\ $UDELGRSVLV VX®D PW VBB QW RYGRHILFLHQW L
SS
9RQ &DHPPHUHU 6 +HQGULFNVRQ / 4XLDQG 9XWHD@YD 5 70LOO0JD\
5HGXFWLRQV RI 5XELVFR DFWLYDVH E\ DQWLVHQWHMGXEH\LQ WKH
5XELVFR FDUEDP\ODWLRQ DQGODEWH IKRWRY\QWBRYLV

Ss

‘DQDVXQGDUD 3 OFLQWRVK*IODPD3IHURUDD GG OLWKDQB &DQROD
SURWHQRLEWLRQDOLWAIQG QXWGEGRWLRQ RFO

‘DQJ - -LDQ + <:HL / 4X & :X :; *HQRRIHW QDO\VLV RI VHHG D

GHWHUJHQW OLJQLQ $'/ DQG KXOO FRQWR®WQH WDSHVHHG %UD
GRL MRXUQDO SRQH

‘RRG , 3 3HDUVRQ*XWLGIUUBUFLD +DYOLFNRYD / +H = DQG +DU
&DUERK\GUDWH PLFURDUUD\V DQG WKHLUPDWH HRWY WKH I GHOW LEIH
ZDOO FRPSRREWIIRQO $FDG 6FL 8 6 GRL SQDV

X < + JLX 5 <DQ [/ /LX = 4 -kEDQHW6DC& -&KHOHIQ HMWL QJ
FKORURSKLQGLIE SURWHLQV DUH UHTXLUHG IRU DBALRBRIBWDY UHVS
- ([S %RW - GRL M[E HUU

<DQ / 7DULT 6 &KHQJ < /e < :=KDQJ : 3K\\OLR®RRXFDO DQG PRO
UHVSRQVHV WR FROG VWUHVV LQRXDGHB®HRIG, QXD VU DMFLDY I 3 XV F/.

- GRL -6 Y

<DQ ; 4X & /L - &KHQ / DRQDBQR®E\VLV RI OMDI SKRWRV\QWKH\

UHODWHG SK\VWLRORJLFDO WUBEWV $IQLARQ 6E@DVVLERL QDSXV
6 - -

<LQ = O0HQJ ) 6RQJ + :DQJ ; X ([SDHW/IKRKQ 'TXDQWLWDWLYH
DQDO\VLV RI WZR JHQHV HQFRGLQIODQENL BKRVDRWLYBRL LQ VR\EH
SS

=KDQJ / 'LQJ 5 &KDL < %RQILO®&DIDGIARMPRW(DERNVPD
(QJLQHHULQJ WURSDQH ELRV\QWKHWLR SBWWZBXQRFXBRWO\D P XV

$FDG 6FL 86 $ GRL SQDV
=KDQJ 6 - /L / DQG =KDQJ &ZLQJ GDWHHPRYE® KONMQWLQJ GHQVLV
\LHOG DQG RLO FRQWHQWLRIJZ4ROQVHEK R QO \7HDH G- XU-D SEDRL
M -
=KDQJ ; )HQJ / <DQJ 7 :X =(I11PPWV+RI RKLOOLQJ 6WUHVV RQ 3

&KDUDFWHULVWLFV Rl 5DSH2BBG W HBHKGWOLLRIR JL Q@ R:X ((BWHY
M FQNL SSM

=KDQJ ; :DQJ / OHQJ + :HQ + )DQ ODLDHE%SKMHOKDQFHV WROH
WR PXOWLSOH VWUHVVHV LQ WUDQVJHQLF 3Q® FFLHAORSYVADUEO AR B &
UHDFWLYH R[\36RQWS WRICHM-XODUY % LERIR J\ AV |

=KDQJ ; 5 +HQULTXHV 5 /LQ 6 6 1LX 9JUREDIGHIGH BDPHIG +
WUDQVIRUPDWLRQ RI $UDELGRSVLV WKDWX D B XRWWEA FROWH ORUD (
GRL QSURW

=KDQJ < =KDQJ ' <X + J/LQ % )X )@RUDDG,QXWLBWLRQ LQ 5HV
30DQWLQJ 'DWH 5HYHDOV WKH .H\ 5ROH Rl )OBGDQJOHY BL\DWQRP DL I |}
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%UDVVLFD )YRXW 3ODQW 6BIRL ISOV

=KDQJ < =KDR : *XDQ = :DQJ-: +FX $ UBYGHZLRQ SKRWRV\QV
SK\WLRORJLFDO UHVHDUFK DQG KLJK SKRWWRIVADR HEEWVFIBLILFLHQF
6FL %XOO

=KDQJ = /L - 3DQ < /L - =KREX LDWKUD® YDWLDAVLRQ LQ &7% L
ULFH DGDSWDWLRIDPWR:RRPXQKD EERMD WYV QFRPPV
=KRQJ / =KRX : :DQJ + 'LQJ 6 /X 4&KBRURSEBBDNWOVPDOO KHD

SURWHLQ +63 LQWHUDFWY ZLWK SODVWLG QXFORIBRSO®PYVRWHLQ
GHYHORSPHQW LQ $UDELGRSVBODQYWGHRWHORHDW WBWRUHVV
WSF
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JLIXUBBKHQRW\SLF YDULDWLRQ RI SKRWRVAQWKHWLF JD\
UDSHVHHG DEFFHVVLRQV 7UDLW GHILQLWBRMRPOWWO SK
FRQGXFWDQFH WRzZDQ\NH UMBEREEQWUTWDRRYSKUDWLRQ U

(

J)LIXUHODQKDWWDQ SORWYVY IRU $7 DQDO\VLV LQ UDSH
SORWYV IURP OHIW WR YLYKWD Q& SUXWIHRQIWHGMVRYSSHU VI
DQG *(0V ERWWRP VHFWLRO®RJ JHVSKHFW LXHON FERWWHG
WKH SRVLWLRQ RI WKH 613V RU %00 \RQ F DFXLIEPBVERP HV
OLQH UHSUBGRHWDOWKY FRQYHUWHG %RQIHUURQL VLJQ
613 DQG *(0 UHVSHFWLYHO\

JLIXUH[SUHVVLRQ DQG DO®RQ®5FQ YODNEBHWHHR® R$ ([SUHV
D QDO \%lQ/7 RKR P R ORDJER | LQ VL[ DEFHVVLRQV FRUUHVSR

DQG +DS XQGHU IUHH]LQJ FRQGLWLRDW 6YKH QDPH RI
.DMVD &DOBPUESWRVD *HILRQ DQG $X3BLIHIDWH DHW XHAVEL DM
DQ LQWHUQDO FRQWURO %DUV LQGLFDWH WKH 6( Rl WKL
LQGLFDWH FLUGUBEBEAW RDB\ $129% ZLWK 7XNH\V PXOW
FRPSDULVRQV WHVW % &RUUHODWLRQ DQDO\VLV EHW.:
H[SUHVVLR@DEHYHA RIWKH DVVRFLDWISRQQSDLEBWHQ WKH
FRHIILFLHQW Rl GHWHUPLQDW L BQ OHO DR QYHBRUQL TBMLIRI GV VOL
IRUPHG WZR PDLQ KDSORW\SHY DQG WKHLU HIIHFWV RQ (

Figure 4. BnTR1 confers freezing tolerance Amabidopsis (A) Expression analysis

of the BnTR1transgenic plants (L1, L3, L5) and WT plants under normal condition
(i.,e. 23C). (B) Investigation of transpiration rate (E) value in BreTR1transgenic

lines and WT plants under normal conditions. (C) Performance of the transgenic lines
and WT plants before and after freezing treatmerfiC(#6r 4 h). Scale=2 cm. (D)

Survival rates of the transgenic lines and WT plants after freezing treatmet. (E-I
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Relative expression levels 6BF1(E), CBF2(F), CBF3(G), COR15(H), RD29A(l)

in the transgenic lines and WT plants before and after freezing stress with the
Arabidopsis ACTINgene used as an internal control. Normal represent€, 23
freezing treatment represents 4 h &G4ecovery represents 3 d of recovery &3

Bars indicate the SE of three biological replicates. Significant differences are

GHWHUPLQH Gt-Eest 6RY B.G5HQ* W4 0/01).

Figure 5. Variation of photosynthetic related traits and genes expression pattern
BnTR1transgenic plants. (A) Fv/Fm ratio in the transgenic lines and WT plants under
freezing stress condition@B-H) Relative expression levels BhTR1(B), RCA(C),
SBPASHD), CAB1(E), CAB2(F), CAB3(G), CAB4(H) in the transgenic lines and

WT plants before and after freezing stress treatment Aviéinidopsis ACTINgene

used as an internal control. L1, L3, L5 represent three independent homozygous lines
of BnTR1 transgenic plants. Bars indicate the SE of three biological replicates.

Significant GLITHUHQFHYV DUH G HWiddt @k Q.66GorE §WOX)GHQW TV

Figure 6. Physiological characterization &nTR1transgenic plants under freezing
stress conditios (A-F) Investigation of the proline content (A), soluble sugar content
(B), relative leakage (C), DAB staining analysis (D)Okl content (E), SOD activity

(F) in the transgenic lines and WT plants under freezing stress conditions. L1, L3, L5
represent three independent homozygous line8rofR1 transgenicArabidopsis
plants. Bars indicate the SE of three biological replicates. Significant differences are

determined by thes W X G tHe&3tWHK\0.05, or *P< 0.01).

Figure 7. BnTR1 mediates alkaloid accumulation and exogenous atropine application
enhances freezing tolerance. (A) Total alkaloids accumulati®dnirR1transgenic

lines and WT plants under freezing stress conditions. L1, L3, L5 represent three
independent homozygous lines @&nTR1 transgenic Arabidopsis plants. (B)
Phenotypes oArabidopsisWT plants with exogenous atropine application (O nmol

per plant, 10 nmol per plant, 30 nmol per plant) under freezing stress conditions.
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1031

Scale=2 cm. (C) Survival rates AfabidopsisWT plants with exogenous atropine
application after the freezing treatment. (D) Phenotypes of rapeseed WT plants with
exogenous atropine application (O nmol per plant, 50 nmol per plant, 150 nmol per
plant) under LT conditions. Scale=5 cm. Bars indicate the SE of three biological
replicates. Significant differences a@ HWHUP L QH G tHast §¥R<X00B, @W TV
** P< 0.01).
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