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A systematic dissection in oilseed rape provides
insights into the genetic architecture and
molecular mechanism of yield heterosis
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1. Research background

(1) What is heterosis? (2) How to measure heterosis?
Midparent I"EtEI'UEiEH Better-parent (or high-parent) heterosi 5.:r
% 1:2: )
1-‘21

F1{C24 = Col-0) F1{Col-0=C24) Col-0 :

I:.l Fl F]
B73 TFET Mot F1[Mol?xl3?3}| ) Mo17 | ® Mid—parent heterosis value: Fl—(P1+P2)/ 2
® Heterosis is an universal biological phenomenon ® MPH rate (%): [Fl—(P1+P2)/2]/ [(P1+P2)/2]
in which hybrid offspring outperform parents in ® Better-parnet heterosis value: F1-BP
terms of growth, fitness, resistance, and yield etc. ® BPH rate(%): (F1-BP)/BP.
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(3) How importance of heterosis? (4) The genetic hypotheses of heterosis

12 - & d'Inbred line F_ hybrid  2lInbred line
# Open-polinated varieties 89,
10| S &%
i o Hybrid vaneties .;-.':' s P
sl De;"‘“"‘"’f o A AA BB,
E B I:;i::;ﬂg L ﬂ ﬁ A2A2
g‘ Q}E}G o Q a Dominance . ’ . ..... Performance
. & complementation ‘
]
: 55 \
2 |
EI 1 | | 1 1 | | ] B
1860 1880 1900 1920 1940 1960 1980 2000 2020 AA,
. . . Single locus A | .
Data source: United States Department of Agriculture, National overdominance ' """"""" ' Perlemmates
Agricultural Statistics Service (www.nass.usda.gov).
Share of hybrid varieties for main crops: P A 5 5
17 2 1—2
Py e 0/ ; C .
Malze. 1 OOO.A) in Fhe world. A A1 3131 N AnBs,
® Rice: >70% in Chl.na. Ebistasis N TRV (5. S
® Rapeseed: >90% in Europe and Canada, >70% ! y Al
in China. \

® (Cotton: >80% in India.

® Sugar beet: ~100% in Europe. ® Scveral classical models have long been proposed

to explain the genetic basis of heterosis.
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(3) The previous genetic studies on heterosis  (6) Our research plans

A F, design
« Assessing the extent of heterosis + Related pathways involved
+ Relationship between heterosis in heterosis
\ﬁ' \ﬁ \$ and genetic polymorphisms R Epigenome
Eemale Male Diallel crosses Transcriptome Metabolome
parent parent

Multiple hybrid rice varieties Proteome Phenome

(1) How is heterosis

F, design

IMF2 design formed in this
Multiple F, populations Dominance ’ y Cross‘?
. Fas3 populations- Overd-omin-ance - N}‘ Ly de ol R N ad dw n i ?I
atooned F, populations Epistasis RS SR S SR S T B s )
“9' (2 What genes are
+ Most informative population to investigate * Replicated field trials in different environments
the genetic composition of heterosis - Deducible genotype of each hybrid line : ’% I’e SponSIble for

heterosis?

3 How heterosis
genes work?

RILs IMF2
Group 1
' ' ® F Fy ' | "
Slngle seed
' ' Group 2|

(D The detailed dissection of specific examples is
limited.

@ A few of genes for heterosis have been identified
and regulation mechanisms remain largely unclear. ~ » This rapeseed cross was used as an example to

7511 7511 X73290 73290 X ZS11 73290

3 A comprehensive and systematic view on the systematically dissect the yield heterosis at the
genetic architecture of yield heterosis i1s unavailable. phenotypic, genetic, and molecular levels.
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2. Phenotypic analysis of yield heterosis

» First, the mid-parent heterosis (MPH) of 24 traits were investigated in the cross of ZS11X73290 in 3 years.

® The MPH of composite N
traits (such as SY) was : | geoz=] i
higher than that for its . YT T e
component traits. g, 0.5
® The MPH of composite gm mse [TTEE L hosho
traits (such as SY) was * e 131 W e ja2e |
basically equal to the w0 | e
multiplicative effect of s - a2 eia a7
that for its component AT e T A To e Te o TaTaTaTaTaTo 2T TaTo e T oA T T o T s e Te s T2 T
traits (PN, SNPP and SN EEHENEREEHEEBER *‘E§%§§%§§§§
TSW). §§%==’~EE§§;
2| 2|2
v' Strong heterosis of yield results from the multiplicative effect of moderate heterosis of its
component traits
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3. Dissecting the genetic basis of yield heterosis

» To further identify the heterotic QTL in this cross, the corresponding F2 and F2:3 were constructed and
used for QTL mapping in multiple environments, and a total of 195 QTL were i1dentified.

Quantitative distribution of dominant degree of 195

Qualitative classification of mode-of-inheritance of
identified-QTL for 24 traits

195 identified-QTL for 24 traits mOD

100% ¢ .
80% mD+
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40% mPD+
20% | ﬂ H

OA+

N
W T

o ﬂ
IS

I I I —
| I—

Degree of dominance (d/|a|)

i i o

:zgz;fHHwH I 1 HHU |

-60% 0 — ey — :
-80% mD- ( 15 20 25 30 35
O e esleezseroszaEraEslzm & s 2 cfEPD: M

%ggaaagggéaéggégégmmaggz 2
Seed Yield component Yield related : - ) ’ ’
yield 4 t LOD value

® Additive (|D/A[<0.2): 96 QTL (49.2%) ® OD QTL were detected only in one environment
® Partial-dominant (0.2<|D/A[<0.8): 72 QTL (36.9%) ® OD QTL drastically decreased with LOD value
® Full-dominant (0.8<|D/A|<1.2): 5 QTL (2.6%) ® Most OD QTL had small additive effects

® Over-dominant (|D/A|>1.2): 22 QTL (11.3%) Therefore, OD QTL likely result from false positive

v Partial-dominance might play a major role in rapeseed heterosis at the single-locus level.
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® The physical mapping of these heterotic QTL
showed that they were clustered rather than
distributed randomly across the genome.

chrA01 chrA(2 chrA03 chrA04 chrA05 chrA06 chrA07 chrA08 chrA09
cqPD.A01-1 cqFIT.A02-1
dchV.AMJ GSNPP.A02-1 | caBN.A0G-A _{ cqTSW.A07-1 cqPN.A09-1
cqSYPP.A01-1 | | cqTSW.A02-1 Sty CcqSNPP.A07-1 cqSY.A09-1
\I cqBN.A02-1 cqTSW.A09-1
cqFIT.A02-2 | ’ GSNPP.A09-1
\{ COMTAG23 qSYPP.A07-1
€qPD.A02-1 — aSNPP.A05-1
N\ GSNPP.A02-2 || 7 cGSNPP.A03-1 astEP: [ cqTSW.A06-1 SNPP.AO7-2
cqPN.A03-1 —cq WA07-
— cqTSW.A02-2 chSN.AOSJ cqSYPP.A04-1 cqSY.A06-2 % cqPD.A07-1 CqFIT.A09-1
\ cqSY.A03-1 CqFIT.A06-1 cqSYPP.A07-2 cqTSW.A09-2
cqTSW.A03-1 cqPL.A06-1 [~ cqTSW.A07-2 || PD.A081 cqSNPP.A09-2
cqPN.AGG-1 [ cq:s:';-;\zﬂé caPD-AST I CapL.AGS-1
— cqSY.A05-1 cqSNPP.A06-1 €q3Y.AQ7- cqTSW.A09-3
cqSYPP.A06-1 \{ cqTSW.A07-3 cqTSW.A09-5
cqPD.A06-1 cqPD.A09-2
cqSN.A06-1 cqPL.A09-3
cqSY.A06-1 cqTSW.A09-4
qSYPP.A06-2 cqSYPP.A09-2
cqPL.A06-2 cqPD.A09-1
cqSNPP.A06-2 cqPL.A09-2
cqSYPP.A09-1
cqSYPP.A09-3
chrA10 chrC01  chrC02 chrCo3 chrCo04 chrCo05 chrCoe6 chrC07 chrCo8 chrC09
cqPD.C02-1
cqPH.C02-1
cqSNPP.C02-1 | CAPN.C03-1
= casY.COT1 I\ cqpL.co21 cqTSW.C03-1 — qSNPP.C05-1
caSYPP.C02-1 Q“‘F'T'c":"’ ’
L cqpL.co1-1 Q||| caFIT.C02-1 ©cqPH.C03-1 t— cqSYPP.C05-1
cgqPN.C02-1 H— cqSNPP.C08-1
[ caPL.CO1-2 il cqPH.C02-2 H~ cqSYPP.CO08-1
SN.C02-1
cqSYPP.A10-1 capLC02.2
cqPN.C02-2 cqSN.C06-1
cqSN.C02-3 cqSNPP.C06-1
cqSY.C02-2 R caTSW.C06-1
cqgv.gg';z cqTSW.C06-2
C o &
q I~ cqPD.C07-1 L cqPL.C09-1
- cqlL.C04-1
 caTSW.Co4-2
cqTSW.C04-1
l— cqFIT.C02-2

OCRI CAAS

® This was highly accordant with the result of trait

network analysis that all the 24 investigated traits
were linked directly or indirectly.

Bl
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» ' D D)
b
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»
[)
>=0.7
05-07
Positive
_— 0305
Negative
I <03
Yield Yield component Yield-related Direction of correlation Coefficients of correlation



» To characterize the genetic architecture of yield heterosis, a trait-QTL network was constructed.

chrC08:12572891-12597251 Figure 3(a) Trait-QTL network for yield heterOSiS.

chersjféo%mmw / a1 gfifose2 Traits and QTL (OI' QTL ClusterS) were treated as

o5 g 986z : nodes and linked when the LOD of QTL exceeded
hCOmSSW

% hcozzm7 the threshold value. The QTL were labelled with
hA04174sn :19. hAozsgsmg 82791 . .

oo e sosores | chromosome number and corresponding location,
chrA06:2171726-2646919 . . .
@ .‘/V and those marked with the red colour indicated the

chiA06:13615124-22578098 chrA0%g “ 2680} T/
1512 7 \ ; ) ehonoz 5275730509
chrADTSRZ1 87776-% 738 k chraog AR, oZhiA]
1.2802 AT
e A\vw ‘
AR UK FODO 'V D .
/ chrCO

tAQ7-B447846-9337742

chrCO7: 29525w 20678752

ch ADB: 0748

woodion wensafinoseo 21 QTL clusters. The abbreviation of all traits was

ol <\ l described in the section of Methods.
chrt C04522 *- ﬂ“ l
chrco&amm 45086-16555412 o .

":: \ chrCO1,
P 260223} \

anoz:a "‘ % : 43;"-‘ D _-68201150 -
= / “ '\ T s ® Almost all heterotic QTL were

o linked within a network with
R o g 3 o O 05 obvious center-periphery structure.

=20 e
chrCOB: 110% 17231761 hCO5 403@514 613245
chrAO7: 2575%7 26287408

oo OGP P — ® Obviously, several hub heterotic-
10-15
Positive ——>- 5-10 QTL that controlled multiple traits

o B o ...

R* (%)

with relatively large effects were
located in the center of network.
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» Of these hub heterotic-QTL, QC6 and QC14 were selected to further dissect the causal trait
relationship in the formation of yield heterosis.

(b) QTL cluster 6 (©) QTL cluster 14

Positive ——
Negative m—— Slhque length

Seed number
per silique

—
\/ Seed weight

v

Yield Yield

A 4

Silique length

Seg, "
S,

Figure 3(b) A direct path to yield heterosis. QTL. Figure 3(c) Another indirect path to yield heterosis.
QC6 had a heterotic effect on seed number per pod and  QTL cluster 14 (QC14) had a heterotic effect on one yield-
then affected yield heterosis. Simultaneously, QC6 had a  related trait (pod length), which had a smaller heterotic
pleiotropic effect on pod length as well as a antagonistic ~ effect on seed weight and then affected yield heterosis.
pleiotropic effect on pod number and seed weight.

® The results showed pleitropy of heterotic-QTL, up/down-stream and positive /negative
feedback between traits, direct and indirect path to determine heterosis.

v" This demonstrated the transmission of heterotic effects between traits, and the
complexity of the genetic archtecture of yield heterosis.
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» To accurately estimate their heterotic effects, QC6 and QC14 were also subjected to develop
high-generation NILs for individual QTL and both, followed by designed crossing between them.

Zhongshuang11(2011 Wuhan) QC6 QC14 Genotype
§ % No73290 zsl11 A6 : A9 = AABB
F, (2011 Xinin
ll(x ZS11 ¥ QC6 QCl14
BC,F, (2012 Wuhan) qc6 QC14
| xzs11 NIL-QC6 A6 — A9 > aaBB
BC,F, (2012 Xining) qc6 QCl14
| xzsu QC6 qcl4
BC,F, (2013 Wauhan) NIL-QC14 A6 — A9 - AADbD
l X 2511 QCo qcl4
BC,F, (2013 Xining) 46 acl4
X 7S11 Heterozygous AL o —
BClsF1 (2014 Wuhan) — NIL-QC6®  pe g NIL-QC6&14 A6 q:6 A9 - - aabb
x 7811
BC4F, (2014 Xining)
| xzsn QCe6 QCl14
BCTF, (2015 Wuhan) ZS11x NIL-QC6 A6 -8 A9 o AaBB
b xzsh qc6 QC14
BCF, (2015 Xining)
| xzsu Q(.36 @4
BCyF, (2016 Wuhan) ZS11x NIL-QC14 A6 > A9 ® AABD
l X ZS11 QC6 qcl4
BC,,F, (2016 Xinin
10 1><(zs11 o Q§6 Q(;14
BC, F1 (2017 Wuhan) ZS11x NIL-QC6&14 A6 o A9 Q AaBb
X 7S11 qcb qcl4
BC,F, (2017 Xining)
Heterozygous l Heterozygous NIL ® Q(.j6 Q(%14
BCyoFys « I QCME  pe k) 2018 Wuhan) NIL-QC6x NIL-QC14 A6 - A9 S AaBb
l Homologous NILX ZS11 qC6 qC14
Hybrid F1

> Seven traits affected by QC6 and QC14 were measured for the four crosses.
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» For the single heterozygote obtained by crossing ZS11 and NIL-QC6/NIL-QC14, their
performance were between the two homozygotes for all investigated traits, and the calculated
dominant degree were all <1.

90 e .
7 60la 5962 L 6555 7120 1320 s coor 693 1.0 - I'he degree of dominance for QC6 and QC14
6 ' 4.83d 75 0.86
o s 00 : mQC6 mQCl4
3 4 2 45 0s | W
> =
o) 3 [=} I
2 < 30
B 2 Q? I
1 15 06 |
0 0 ' I 6.50 0.51
47 050 0.47 0.49
AABB AaBB aaBB AABB AABb AAbb AABB AaBB aaBB AABB AABb AAbb b 43 .
ZS11xNIL-QC6 ZST11xNIL-QC14 ZS11xNIL-QC6 ZS11xNIL-QC14 < 0.4 I I
= YT T 0.34
= i
4.51
20 16.1¢c E 4 3 37f 020 )
2. 16 2, :
X 8 il il
5 2 )
'g 8 F% 00 ‘_.'. T .. T T T T T
S E -0.04
@ 0 -0 0.14
AABB AaBB aaBB AABB AABb AAbb AABB AaBB aaBB AABB AABb AAbb 0.2 - -
ZS11xNIL-QC6 ZS11xNIL-QC14 ZS11xNIL-QC6 ZS11xNIL-QC14 SYm SYPPm SNm PNm SNPPm TSWm PLm
v These results indicated the partial-dominance mode-of-inheritance for both QTL,
according well with the results of primary QTL mapping.

ocricaas



® For the double heterozygote from the crossing between parental/complementary homozygotes,
both the mid-parent heterosis value and rate (%) of QC6 and QC14 had an accumulative effect.

Mid-parent Mid-parent Mid-parent heterosis rate (%) for the four
heterosis value for heterosis value for crosses
the four crosses the four crosses m ZS11xNIL-QC6 ® ZS11xNIL-QC14 = ZS11xNIL-QC6& 14 m NIL-QC6xNIL-QC14
0.6 r S i‘j, 8.0 r . S 12% 5 § 5
O = X ° X
70 3
05 + 10% | =
6.0 r
04 | 8%
_ 50 .
03 | pum 240 - o b o2 B sk
o ;\’8 c\o
3.0 ¢
02 | o |
20
0.1 | 2o, |
1.0 ¢
0.0 *“ 0.0 *“ 0%
Seed yield (m) Seed yield per pod (m) Seed yield (m) Seed yield per pod (m)

v This indicated the pyramiding of two heterotic QTL produces higher mid-parent heterosis.
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® For the crossing between two parental Seed yield (m) Seed yield per pod (m)
homozygotes (favorable allele from same 6.01 100 878
L 700 5.66 5.64 794
parent), the hybrid did not show better- ' 531 7L 483 “ ' 1y s 789
parent heterosis for all investigated traits. 5.00 4.19 56.9 62.7
60
For the crossing Dbetween two  *% o
complementary homozygotes (favorable " 0
. . 2.00
allele from different parents), the hybrid 20
showed better-parent heterosis for seed 0
leld(m) and see d 1 el d er Do d (m) . AABB AaBb aabb aaBB AaBb AAbb AABB AaBb aabb aaBB AaBb AAbb
y y p p ) ZS11xNIL-QC6&14 NIL-QC6xNIL-QC14 ZS11xNIL-QC6&14 NIL-QC6xNIL-QC14
® The phenotypic analyses of these o Seed yield (m) Seed yield per pod (m)
Y] 6.0l —BB 90 1 —BB
NILs showed that QC6 and QC14 has 5.80 - \ —tb es | 78 "
no epistasis for all investigated traits. >0 531 801
5.20 A
' 07 ] 72.5
: . 490 1 483 70 69.7 |
v' Therefore, their genotypic values iey | \ ]
are determined by additive and 4.30 1 1o 60 -
dom:i 4.00 . ' 55 | 09
ominant effects. AA an - o




» In the absence of epistasis, the better-parent heterosis of the four crosses can be calculated from
the genotypic value of their parents.

QCs QCl4 Genotype Genotypic vallJe BPH>0
® For single heterozygote: better parent heerosis is i o YT M e
positive only if it’s over-dominant (i.e., over- NLQCS A gy wBB  pal+a2
. . qc6 QCl14
dominance hypothesis). ocs s
NIL-QC14 A6 %6 A9 - AAbb wtal-a2
® For double heterozygotes, two situations: » o
NIL-QC6&14 A6 q: A9 1 :1 4 aabb p-al-a2
(D If the two advantageous alleles are from the s - oy
. . ZS11x NIL-QC6 A6 - A9 - AaBB +d1+a2 _al>
ame parent, positive BPH require at least one Q ¢ 6 QCia ‘ dial=
. . QC6 QCl4
TL being over-dominant. . THE e
@ If the two advantageous alleles are from the d s viocuws = w=——"0—— & an ey
qc qc
I 1t1 ' +q2> d1+d2+al-a2>0
ifferent parents, positive BPH require d1+d2>|a Lot NLac A6 Q(:366 N Q%ll: T
1—a2|, which 1s certain for two full-dominant loci ! * At @rz-al>o

(i.e., dominance complementation hypothesis) b @ [p fact, this precondition can also be extended to
ut uncertain for partial-dominant loci. more than three loci, with a slight modification.

v" The model derivation further proves theoretically that the complementation of two partial-
dominant loci in hybrid can also produce better-parent heterosis under certain condition.
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4. Cloning the genes responsible for yield heterosis

- - - = s 533 § 2 28.8:8 8% z¢835;5;¢8
» To identify the heterosis genes, the NILs 7 228 2 B & § 83585 B g5 2 4 28 2
[/ TSN TSISN N N TSN D
heterozygous at QC6 or QC14 were self- A H—" ) == A i B L

crossed to develop the corresponding
segregation population for fine-mapping.

oci4

—1—Bn-A09-p28910059
—Bn-A09-p29151179
—T—seq-new-rs39477

|

—1—seq-new-rs29474
—Bn-A09-p30010889

—Bn-A09-p30466030

BClon, n=3180

279kb

® QC6 was fine-mapped to a large region
(Yang et al., 2016) with recombination
suppression in a large population of 37 976
individuals (Zhang, 2017), which made it

—Bn-A09-p30260475

oci4
90kb

—— seq-new-1s48129——— T seq-new-rs48129

—1—Bn-A09-p30117412
+—Bn-A09-p30171993

BC10F2:3, n=11208

=)

—T—Bn-A09-p3001088
y
i

. . . | Zhongshuang11
very difficult to identify the causal gene. P . e
HE L S 2 SEEf s
L =55 55 ° s 3 $555%
® However, QC14 was successfully delimited 58z 88 £ 5 & 5EEA S
to a small 90 kb region containing only 13 P T — - et Darmor
annotated genes in the reference genome of £ 18 4 . 23 28333
Zhongshuangl 1. mEEAs S - =8 sesss
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» The detailed functional annotation of their homologues in Arabidopsis showed that only CYP7849
(BnaA09G05601004S) was involved 1n silique and seed development.

Zhongshuangll-Bna.CYP78AS_A0S_CDS CTTACT! CTCTIGTCCAAAT BACCCATCTCGCTCTCT! C 120
NIL_QCl4-BnahS.CYPT73: CICTIG LT 2 C’ 120

The relative expression level of 13 annotated

. Znongshuangll-Bna.CYPTEAS A0S CDS 240
genes 1n the pOd Wall and Seed NIL_QC14-Bnahg.CYPT8RS_CDS 240
Consensus
Znongshuangl1-Bna.CYPT8AS A09 CDS g GTTTAAT 360
NIL QCl4-BnahS.CYP78A3 CDS CARACGITTAATG c 360
Consensus TOgCQTTtagertgggagatactegogtgategt
1.3 - P=1.2E-13
Zhongshuangl1-Bna.CYPT8AS 209 CDS  [§ 3 TATGTTTA; 480
1.2 NIL QCl4-BnaAS.CYP78R9 CTTATGTTTAA TATC 3 ! 480
® Zhongshuangll = NIL-QC14 ey EESES
1.1 A
Zhongshuangl1l-Bna.CYP78AS A0S CDS 600
—_ 1.0 4 NIL QCl4-BnaAg.CYPTS ATCATCITIT 3 CTCTG . § 600
g 0.9 Consensus teatctttt
2 0.8 - Zhongshuangll-Bna.CYPT8AS_A0S_CDS AGGACTCTGTTTTGCTCGTGACTIGATC A 2k GATGIGCTCTGTTTIC C 720
= g NIL QC14-BnahS.CYETS CTGTTTIG CTTGAT 720
Consensus
=) 0.7 1
'a 0.6 - Zhongshuangll-Bna.CYP78A9_A09_CDS 840
7)) NIL_QCl4-BnaAg.CYPT8 840
L 0.5 - Consensus
= P=1.8E-2 T
o 0.4 4 : T Zhongshuangll-Bna.CYPT8AS_A0S_CD3 %0
QN) 0.3 NIL QC14-BnahS.CYET8RS_CD5 960
. T - Consensus
g 0-2 b T P:8 7E_3 Zhongshuangll-Bna.CYPTEAY A09 CDS [ 1080
= 0.1 4 “ : NIL_QC14-Bnahg.CYPT8R9_CDS a1GeT cTC g 100
= oo S h = = Rl —
— . = ==
% 0.0 Znongshuangll-8na.CYPTEAS A09 CDS  [EYONE g 3 [GEWE 1200
S A A A I A I A a I dI I aIadIaIgaIdadardrdrardrararardanrdadidrane NIL QCl4-Bnah9.CYPTSRS CDS c GIGGCGTCTC cacrcTeTCC SRRt
° N IS IS IS ISHSHSH SSTSE S SES S SHSHSHSSSESE S S S SIS i S : e e ey e L e S B e
= (=] =] =] o) jo) fo) o) Jo) Jo) o) ol Jo) Jo) Jo) o) ol Jo) Jo) fo) ol o) Jo) Jo) Jo) Fol K] = e e s
e 2 NS B =Y =Y RS Y R A NS N I NN N B = = S B B B = I s Zhongshuangl1-ana.CYPTEAS_A0S_CDS
Y =N 2 =N B=) =] k=] =1 I=]1 I=1 B=1 =) E=]1 =Y =N =Y B=N k=1 I=) k=1 k=) =1 k=1 I=X k=1 =) NIL QCl4-Bnahg.CYP78 CATGTGGGC CAAGTGTGGGABAATCCTTIG]
728 R'2Y B'2Y B'2Y B=2 B=] B¥=) iV=} i\e} AN} RNo} RNo) ENoN RVoN RVoN NVoN RVoN ENoN ENoN ENoN ENoN RN} RN} INoN ENoN INe] Consensus tgtgggctatagoacatgacccacaagtgtgggaaaatcctitg
njiwvwiviviniyuuiuiuiviiuuvIvIifiiuVIVIvIiViVIVIY
ClI2121221=2I21=2]21=2121=212121=2121=2121=21=21=21=21=2121=21 2 Zhongshuangl1-Bna.CYPISAS_ A0S CDS 1440
Gl (6] 1G] 1G] (6] 1G] §6) 1G] 1G] (6] I6) LG] 6] I6) (6] (6] [6) (6] 1G] 1G] (6] 1G] 1G] 1G] (6] L6} NIL_QC14-Bnahs . Cre7s 1540
SIS SRS NSNS NSNS SIS SIS SIS SIS XS i
=1 =1 Bt B B B B B e B e B E E E E E A E E
Sl FI RIS EIEIEIEIEIEIEIEIEIEIEIEIGEIEIEIEIEIEI515]50 3 ;;ingzi\:fzgli:i‘c\;sfﬂEAE_MIE_CDS CIC Eg‘mruzg;nm CTAC GACT C AT i:f
5 5 5 S S S S S S S S 5 5 S S S S S 5 5 5 SlEISIE| & i a0t LEga0 Gy EEACaCoTaGOsT oD aEtTOii doACT T i RataToeE |
Zhongshuangll-Bna.CYP78AS_A0S_CDS 1588
Pod wall-2WAF Seed-4WAF NIL QC14-BnahS.CYP78R9_CD5 1588

Consensus

® BnaA09G0560100ZS also showed the largest ® BnaA09G0560100ZS had no difference in coding

expression difference in pod walls and seeds, sequence, sugg.estin'g that QC14 rpight be generated
which was chosen as most likely candidate gene. by the expression difference of this gene.



The seed weight of

> To test thi lation, th
O tes S Sspeculation, the 35S::BnaA9.CYP78A49 lines

CDS Of B naA 09 G05 6 01 OOZS B Atactinl as reference gene B AtUBQI10 as reference gene 25 215
. 9.649.67 20.4a -
(thereafter designated as 310 20 -
2 g 16.7b
BnaA9.CYP78A49) was first 28 Zs
over-expressed in 5° .
: : 24 2
Arabidopsis. g4 E
-
= . 0.000.00 = 0
WT BnaA9.CYP78A9-1 BnaA9.CYP78A9-2 WT BnaA9.CYP78A9-1 BnaA9.CYPT8A9-2
® This resulted in a significant The silique length of The cell number of
increase in BnaA9.CYP7849 35S::BnaA9.CYP78A49 lillzis 35S::BnaA9.CYP78A49 o lines
15.6a -7a
expreSSIOn level was Observed § o 3000 - EWT mBnCYP78A9.A09-1 mBnCYP78A9.A09-2
. . o . g 2316a
in transgenic positive plants, 20 B2 ogen
B . . . =
thus resulting in an increase in = , = 2000
£ = _
cell ~number, eventually £ £
. . . - _5‘ = 1,000 - 952a 974a
leading to the rise in silique z | =
) 500 -
length and seed weight. . .
WT BnaA9.CYP78A9-1 BnaA9.CYP78A9-2 Cotyledon Hypocotyl
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» To further verify the function of BnaA9.CYP78A49 in rapeseed, it was over-expressed in NIL-QC14 and
edited in the parent Zhongshuangl1 respectively.

Zhongsusngil w

NIL Zhongshuangll GGTGGCTGTCTTGATCGAGTGGGTTCTT | vvvvvvvvvvvvvvsssssvssvssssssssssse GTTTGTCCACCGTGATGTATTGGATCGCT
cry GOTGOCTGTCTTGATCGAAGTGGGTTCTT s GTTTGTCCACCGTGAT-TATTGGATCGCT
GGTGGCTGTCTTGATCGAAGTGGGTTCT T vssvsssssrsssssssssssssssmmmmssssnae GTTTGTCCACCGTGATGTGT-ATCGCT
CR - GGTGGCTGTCTTGATCGAGTGGGTTCTT srevvesssessssssssssssssssssmensssen GTTTGTCCACCGTGATGTATTGGATCGCT
CR-14
GGTGGCTGTCTTGA——TGGGTTCTT seeeesssssssssssssnssssssssssssssmmsssssen GTTTGTCCACCGTGATGTATTGGATCGCT
OE R GGTGGCTGTCTTGATCGAGTGGGTTCTT wevvessssessnesssssssssssssssmmnsssnne GTTTGTCCACCGTGATGTATTGGATCGCT
GGTGGCTGTCTTGATCGAGTGGGTTCTT wrvvevevssssnvsssssssssssssssmmnssssne GTTTGTCCACCGT-——-GTTGGATCGCT
CRss CCTOGCTGTCTTGATCGAGTGGGTTCTT s GTTTGTCCACCGTGATGTATTGGATCGCT
GGTGGCTGTCTTGATCGTAGTGGGTTCTT ovvevessssssssssssssnnsssssssssssssnn GTTTGTCCACCGTGATGTATTGGATCGCT
140 GGTGGCTGTCTTGATCGAGTGGGTTCTT wrvvesesssssersssssssssssssssmmnssssnn GTTTGTCCACCGTGATGTATTGGATCGCT
ey 106.8 8 CR-26 GGTGGCTGTCTTGATCGCAGTGGGTTCT T vvvvevvsssssssssssssssnnssssssssneon GTTTGTCCACCGTGATGTATTGGATCGCT
- GGTGGCTGTCTTGATCGTAGTGGGTTCTT wevvssssssssssssnsesssssssssssssssnnnn GTTTGTCCACCGTGATGTATTGGATCGCT

9.7

m

P —

= b

[— I —]

i
[=2%

(=]
=

12 @ The silique length and seed weight of several

Silique length (m
(=)
[—]

Thousand-seed weight (g)
=N

ol 2 over-expressed plants was significantly increased,
Zg ' : whereas those of gene-edited plants were
& § significantly reduced.
Qf‘b K v' These results confirmed that BnaA9.CYP78A9
1 9 was the causal gene of QC14.
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» To explore the expression pattern of BnaAd9.CYP7849, qRT-qPCR and GUS staining were perofored
in rapeseed and Arabidopsis, respectively.

0.16
012

0.08

Expression level

e
o
=

0.00

® A subcellular localization

® Both experimental results showed that Bnad9.CYP7849 was analysis showed that
preferentially expressed in green tissues. BnaA9.CYP7849 was

® [ts expression level was high in silique walls, middle in flowers, localized to the endoplasmic
buds, leaves and stems, low 1n roots and seeds. reticulum in tobacco.
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> To further find causal variation of Bna49.CYP78A49, » To determine whether QC14 was also resulted from
its full-length in ZS11 and NIL-QC14 was cloned this TE, the corresponding PAV marker was used to

and sequenced, but no difference was found. genotype NIL-QC14 and Zhongshuangl1.
Ave. of PAYV markers
Num.
FT--—T--—A exonl exon2 Darmor PLm (mm) TEP_FITE_R TEa_F!TE—R
ATG TAA 19 76.1 1 1
28 88.5 1 0
ATG TAA

® This TE was present in Zhongshuang11 but absent

I_T'A =T = Zhongshuangl from NIL-QCI14, and completely co-segregated
ATG TAA with the silique lengths of these NILs.

® Arecent study showed that a CACTA-like SYm (g) SYPPm (g) SNm_PNm SNPPm TSWm (g) PLm (mm)
TE inserted into its upstream region can TEp 7.04 97.6 1565 721 217 4.5 88.5
increase silique length and seed weight. TEa 5.74 774 1573 742 212 3.65 55.1
theolant i l TEaTEp 6.74 92 1976 | 733 2o 429 7.1

L)AL =W MPH(%) 5.5 51 01 02 02 53 7.4
A CACTA'"I{E transpcsable element in 'H:.e upstrea.r!‘. region cf . For these traits, the Calculated MPH Of PAV marker Of this
BnaA9.CYP78A9 acts as an enhancer to increase silique TE was basically consistent with that of QC14

length and seed weight in rapeseed

v These results supported that heterotic effect of QC14 was resulted from heterozygous status of TE
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5. Dissecting the regulatory mechanism of heteorsis

» To further reveal the underlying regulatory mechanism, a systematic comparative study was conducted
using this cross.

(1) The BnaAd9.CYP78A9 expression was investigated  (2) The phytohormones contents were measured

The expression level of BnaA9.CYP78A9 The IAA content in the pod walls and seeds

1.483a mPod wall mSeed 9000 - 7314a

1.8 -

n
—
(O}

7500 A

6000 -

4500 A

nmol/kg

3000 -+

The relative expressio

0.3 A J
0.121b 1500
0.032¢ 0.006¢c

Zhongshuang11 Zhongshuang1 1XNIL-QC14 | NIL-QC14 Zhongshuang11 Zhongshuang11xNIL-QC14 NIL-QC14
® The Bnad9.CYP7849 expression level in ® The [AA content of hybrid F1 was significantly
hybrid F1 was significantly higher than means higher than the mean of two parents, but lower
of two parents, but lower than Zhongshuangl 1. than Zhongshuangl 1.

v' The heterozygous status of TE in the upstream region of BnaA9.CYP78A9 could lead to
the partial-dominance expression of this gene and over mid-parent content of IAA.
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(3) The expression pattern of the downstream responsive genes was investigated by RNA-seq

o
o mOHP ®=BLP m®mOMP BMP mMPV
= =
@
E Sample
L o~ ]
e g s st I -
[] seed
o 0.00 0.20 0.40 0.60 0.80 1.00
Proportion of genes
-2 -1 0 1 2 3

The qualitative classification of five types of DEGs pattern: over-
The quantitative frequency distribution of D/|A| value high-parent (OHP), below-low-parent (BLP), over-middle-parent

o (OMP), below-middle-parent (BMP) and middle-parent value (MPV).

® Most DEGs (>80%) showed non-additive
expression and the dominance effects of expressive ® The OHP and BLP pattern accounted for
aboundance of most DEGs were negative. lowest proportion (<1%) in both pod wall and

@ The previous study showed that there were more seed, highly accordant with previous reports.

genes negatively regulating silique and/or seed size ® These results suggested that over-dominance
(Hussain et al., 2020). was also rare at gene expression level.

v' The non-additive expression of down-stream responsive genes might be responsible for the
heterotic phenotype of this cross.
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» To reveal the functional association between DEGs and heterotic phenotype, all of these DEGs was
subjected to KEGG analysis.

-log10{Padjust) . Jeg10{Padjust)
0 2 4 6 8 1012 14 01234567 80101112

T

Starch and sucrose metabolism

Circadian rhwthm - plant
Plant-pathogen interaction Phenyipropanoid biosynthesis
Plant hormone signal transduction Photosynthesis
Carotenoid biosynthesis Biotin metabalism
alpha-Linolenic acid metabolism Mitrogen metabolism

MAPHK signaling pathway - plant Fatiy acid elongation

Starch and sucrose metabolism Fatty acid biosynthesis
Photosynthasis - antenna proteins Plant hormone sigmal transduction

Protein processing in endoplasmic reticulunm Cyanoaming acid metabolism

Porphyrin and chlorophyll metabolism Photosynihesis - antenna proteins

0 10 20 30 40 50 60 70 80 @ 10 20 30 40 50 60 70 80 S040MA01 20130
Number of genes Mumber of genes

® The DEGs in both pod wall and seed were significantly enriched in phytohormone signal
transduction pathway.

(D Of these, auxin-related DEGs accounted for the highest propportion.

2 A total of 36 and 86 DEGs were homologous to the known silique and seed size-regulating genes, respectively.

v The identified DEGs were highly associated with AUX pathway as well as silique and seed size.
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(4) The cell number and/or size in both silique wall and seeds of this cross were investigated

Number of inner epidermal cells Length of inner epidermal cells in The cell area in cotyledon
in the long-axis section of pod wall the long-axis section of pod wall and radicle section
1800 - 1355 100 - 87.3a 82 .9ab - 45;§0tyledon ) m Radicle
: 1253ab . . .
1500 - %0 - el
. = 007 E300 | 250 261 253
o "0 200 |
600 - |
300 - 20 -
0 0
3 ¥ > <0 > ( ,
Q‘I’Q% \) G @‘b% \)/ o \Z
OQQ;:? \S OQQ;J \J’l'%\
(\\/Q Q‘DS\QG\ /\}\ 0‘50%\
4 $
&% §
® »

® The pod length and seed size difference between Zhongshuangll and NIL-QC14 was mainly
attributable to the variation in cell number, followed by cell size.

® The cell number in the pod wall of hybrid F1 showed significant mid-parent heterosis, cell length
in the pod wall and cell area in both cotyledon and radicle exhibited no significant mid-parent heterosis.

v" The heterotic effect of QC14 on silique length&seed weight was due to MPH of cell number

ocricaas



CACTA-like TE o __ Zhongshuangll >< NIL-QC14
(TE in upstream of BnaA49.CYP7849) (no TE)
BnaA9.CYP78A49 Zhongshuangll l BnaA9.CYP78A49 NIL-QC14
CACTA-like TE l
- -
— Hybrid F1

(The heterozygous status of TE)

BnaA9.CYP78A49 Hybrid F1

\

: 1 Partial dominant expression of BnaA9.CYP78A9
\'\ Q\ \D-
e@«‘?\f% & e‘”‘& l
»
Partial dominance of expression .
l Over mid-parent content of IAA
@ ~
i IR
: " I Non-additive expression of downstream responsive genes

Over mid-parent of IAA content

l v
LW - -
Mid-parent heterosis of cell number

a,
%,
4, 7
%
% “
“,

Non-additive expression of Mid-parent heterosis AS H
downstream response genes of cell number ;" 4 H l
Co
R &f":&o&eivé’\h
e@? é
v MPH of silique length, seed weight and yield
Mid-parent heterosis of pod

length and seed weight
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6. Summary and conclusion

The strong heterosis of composite traits (such as yield) results from the multiplicative effects of
moderate heterosis of its component traits.

The genetic architecture of yield heterosis is very complex, which is characterized by obvious
center-periphery structure, hub-QTL, up/downstream and positive/negative feedback between
traits.

At single-locus level, partial-dominance seemed to be the major genetic basis of yield heterosis.

To obtain excellent hybrids, the most important principle is to accumulate advantageous alleles
(whether in homozygous or heterozygous status) as most as possible rather than to increase the
overall genetic distance between inbred parents.

We demonstrate the first case of better-parent heterosis produced by complementation of partial-
dominant loci, provided the theoretical proof and found the precondition:d1+d2>|al-a2|,
representing an important supplement to dominance complementation hypothesis.

We cloned the first heterotic-QTL in oilseed rape and reveal its molecular regulation mechanism.

The accumulative effect of heterotic QTL and the multiplicative effect of component traits could
well explain yield heterosis in rapeseed, which support pyramiding heterosis theory.
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