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Brassica crops

B.carinata
BC, n=17

U triangle
(U 1935 modified)

B. juncea

* Flowering time is important for production and breeding
* B. oleracea is the ancestor of the B. napus



Cabbage (Brassica oleracea)

« Leafy, head-forming vegetable
* Flowering is induced by low temperatures (vernalization)

« Cabbage normally flowers in the spring after over wintering

early-spring mid-spring

{ e LA \
[ 4 2 X 2
/ QI

Head forming Floral induction Flowering



‘nfc’ : non-flowering cabbage mutant

spring

45 years ago Propagation
by cutting

« ‘nfc’ was discovered from breeding line “T15" 45 years ago

* ‘nfc’ has been clonally propagated by cutting (Kinoshita et al. 2021)



‘nfc’ : non-flowering cabbage mutant
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Aim of this study:
To identify the causal gene responsible for
the non-flowering trait of ‘nfc’
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Flowering state of fall-planted cabbage in May ‘nfc’ cultivated for 4 years
(Kinoshita et al. 2021)



1. QTL-seq — creation of F, population

Radish
J (rootstock)

Grafting floral induction
(Motoki et al. 2019, 2022)

‘T15’ ‘W1’

F, population
- phenotypic segregation
-random genome distribution

]

‘kairan’

(wild type of ‘nfc’)  (commercial cultivar) (B. oleracea var. alboglabra)

to ‘nfc’




1. QTL-seq — phenotype (flowering date)

(a) ‘nfc’ XT15° F, (b) ‘nfc’ X ‘W1’ F,
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1. QTL-seq — phenotype (flowering date)

(a) ‘nfc’ XT15° F, (b) ‘nfc’ X ‘W1’ F,
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1. QTL-seq — methodology

SNP-index

r

Calculating SNP-index

ASNP-index
0

=]

0

i Chromosome position

ASNP-index=Late-bulk—Early-bulk
(Takagi et al. 2013; Itoh et al. 2019)
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Calculation of SNP-index



1. QTL-seq - result

(a) ‘nfc’xT15’ F,
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2. QTL analysis — fine mapping

40 =

30 - j\ v’ Classical QTL analysis using recombinant
2 5. plants of ‘kairan’ X‘nfc’ F, (n = 432)
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QTL region was narrowed down to the region corresponding to
the physical interval of about 1.3 Mb (from 50.2Mb to 51.5Mb) on chromosome9
in the reference genome ‘TO1000°

Kinoshita et al. 2023



3. BLAST analysis — identification of flowering-related genes

« the QTL region covered 241 genes in the reference genome "TO1000’
« BLAST analysis for these 241 genes against the flowering-related genes

in Arabidopsis thaliana identified the following four homologs

Gene ID Gene Name
LOC106318968 CDKC;2 CYCLIN-DEPENDENT KINASE C;2
HAM1/2 HISTONE ACETYLTRANSFERASE OF
LOC106315498 THE MYST FAMILY 1/2
LOC106318712 FLC FLOWERING LOCUS C
LOC106318713 FLC FLOWERING LOCUS C

S

the coding sequences were identical between ‘T15 and ‘nfc’

"

RNA-seq analysis to compare gene expression levels




4. RNA-seq — ‘T15’ vs. ‘nfc’

O Upper leaves O Shoot apex

- plants cultivated in the field - plants cultivated at 22°C

- sampled in November - shoot apical meristems containing 2—3 leaf primordia

"n=3

- pooling of 10 samples (n = 1)

RNA extraction — Sequencing using NovaSeq 6000 — Differential gene expression analysis
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Differentially expressed genes (DEGs) : log,Fold-Change > 1 or log,Fold-Change < -1
Kinoshita et al. 2023



4. RNA-seq — ‘T15’ vs. ‘nfc’

Upper leaves (19 gene) Shoot apex (15 gene)
log, log, logFC log, log, logFC
GeneID  Genename ... oM  nfc.TPM 'R (nfc/T15) GeneID  Genename ... oM  nfc.TPM  (nfc/T15)
LOC106318713 FLC _— 0.001 1.5 LOC106318713 FLC 3.2
LOC106335903 LHY 0.2 _ 0.002 2.4 LOC106318712 FLC 4.3 2.0
LOC106294303 BRC1 6.6 _ 0.002 75 LOC106292870 ATHB16 0.3 2.1 1.8

LOC106301238 GLK1 _— 0.008 1.6 LOC106299005 AGL18 0.2 1.5 1.3
LOC106307179  TEM2  [ARNEEEN 0011 1.0 LOC106316090  UBC2 1.6 2.6 1.0
LOC106318712 FLC _— 0.012 2.2 LOC106317055 TFAL1 0.6 0.4 1.0
LOC106343287 TEM1 | 06 420 0.017 3.6 LOC106322389  UBP12 3.7 1.5 -
LOC106328407 TEM1 _— 0.024 35 LOC106300247  SPL15 _ 0.6 3.0
LOC106332186 BRC1 3.1 _- 4.2 LOC106316732 XAL2, AGL14_ 1.1 2.6
LOC106312145 GLK1 _—- 1.3 LOC106307983 STO _ 1.2 2.2
LOC106317875  NF-YB2 _— 0.003 1.3 LOC106316836 co _ 0.2 2.0
LOC106304211 ULT1 _— 0.006 -2.0 LOC106310692 /DD8, NUC _— 1.1
LOC106322748 TPS1 0.009  -1.1 LOC106298783  GID1B _— 1.0
LOC106325069 XAL2 _ 0.013 3.5 LOC106325361 GA200x1 _— 1.0

O
o

LOC106305004 FPF1 1.2 0.019 -35 LOC106312330 PIF5 -
LOC106313686  MYB30 0.9 0.025 2.2 C :

EEEE * Blue and red colors indicate genes with
LOC106337599  SOCT 2.9 0.4 0.025 3.3

Loctosaoptas  AGLIS 00  [0038 -1 negatl\f[.e alnd positive effects on flowering time,
respectively.
LOC106322776  MYB30 2 fooas] 1o P y Kinoshita et al. 2023

Two FLC homologs (floral repressor) within the QTL were highly expressed in ‘nfc’
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Summary so far

1. QTL-seq, QTL analysis <_——

Genes withl TL region Y
F, generation using
2 grafting floral induction

Differentially
- expressed genes

3. RNA-seq analysis

Homologs of floweri
time-related genes

2. BLAST analysis

Two FLC homologs (LOC106318712, LOC106318713) were considered to

be the candidate genes responsible for the non-flowering trait of ‘nfc’
Kinoshita et al. 2023
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FLOWERING LOCUS C (FLC) - - - MADS-box transcription factor

Systemic expression

FRIGIDA pathway Vernalization pathway
(FRI, EFS, ATX1, (COOLAIR, VINSG,
PAF1, etc) VRN1/2/5)

(FCA, FLD, FY, FVE, etc)
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Brassica oleracea FLC homologs

Tandem duplication

v of BoFLC1 The two FLC homologs
| FLC3 | identified as candidate genes
v L4
T (Fic cosb | Fic.cosa) Ficcoss)| = | LOC106318712 || LOC106318713 |
BoFLC2 BoFLC3 BoFLC5 BoFLC1 BoFLC1a BoFLC1b

(Schiessl et al. 2019)

» They are located only about 17.5 kb apart
BoFLC1a BoFLC1b  They have high sequence similarity

< > .
17.5 kb in reference genome TO1000



5. Gene expression analysis — qPCR

BoFLC1a BoFLC1b
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Kinoshita et al. 2023



5. Gene expression analysis — qPCR

Relative expression(/BoActin2)
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5. Gene expression analysis — qPCR
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The constitutive high expression of both BoFLC7a and BoFLC1b
P repression of BoFT expression P> the non-flowering trait of ‘nfc’

e




Flowering of ‘nfc’ by grafting floral induction

development & vernalization 3&45
BoFLC1a,b
1 ) ]
> (scion)
‘T15°
mutation
development & vernalization o >
Radish BoFLC1a,b
r (rootstock) BoFLC2,3
2 s | GEN
BoFT non-flowering

Kinoshita et al. 2023

FT protein supplied from the radish rootstock may
bypass and overcome the floral repression by BoFLC1a and BoFLC1b



A cis-requlatory mutation in the vicinity of BoFLC1a and BoFLC1b %
may contribute to their upregulation

BoFLC1a BoFLC1b BoFLC1a iBoFLC1b

‘T15’ (flowering) ‘nfc’ (non-flowerlng)

1. BoFLC1a and BoFLC1b are tandemly arranged

BoFLC1a BoFLC1b
N ﬂ
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004 T s ; (@&)
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- ; T15’ (flowering) ‘nfc’ (non-flowering)
0.0 ab b
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2. The expression pattern is generally similar 3. ‘nfc’ is a natural mutant that appeared from “T15’
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Brassica napus

Bna.FLC.C02

LF: Bra.FLC.A10 Bna.FLC.C09b

A: Cold stable

Bna.FLC.A02

N Bna.FLC.A10
L 73 Brassica oleracea

Bna.FLC.C03a

MF2: FLC

B: Cold sensitive

Bna.FLC.A03b

Bna.FLC.C09a

Bna.FLC.A03a

andem Duplication

C: Rapid decay or low expression

(Calderwood et al. 2021) Bna.FLC.C03b

Elucidation of the regulatory mechanism of FLC expression in Brassica oleracea
would provide a useful insight into that in Brassica napus

23
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