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SI Materials and Methods
Plant Material, Growth Conditions, and Phenotypic Analysis. An F2
mapping population, segregating for B2 was developed in the
following way. An annual wild beet (Beta vulgaris subsp.maritima,
accession 991971) homozygous at both bolting loci (BB/B2B2)
was crossed with the biennial B. vulgaris B2 mutant (accession
056822), which is homozygous for the mutated B2 allele (BB/B2′
B2′) (1). The M3 line 056822 had been obtained after ethyl
methanesulfonate (EMS) mutagenesis of the annual accession
930190 (2). Twenty-one F1 plants (BB/B2B2′) were bag isolated
to produce F2 seeds. Later, F3 seeds were obtained from bag
isolated F2 plants. A total of 6108 F2 plants were grown under
long day (LD) conditions (16 h light/8 h dark, 22 °C, 900 μE) in
the greenhouse (sowing date April 4, 2010). Then, they were
transferred into the field on May 17–18, 2010. F2 plants were
phenotyped twice a week for bolting (BBCH scale code: 51) and
flowering time (BBCH scale code: 60) (3) from May 17, 2010
until October 25, 2010. Plants were classified as annual (bolting
without vernalization) or biennial (bolting after vernalization).
Annual plants were further classified as very early bolting, late
bolting and bolting without flowering. Very early bolting plants
bolted within twelve weeks after sowing (until June 24, 2010),
whereas late bolting plants started bolting 13–30 wk after sowing
(June 26, 2010 – October 25, 2010). Very early bolting and late
bolting plants started to flower after bolting. Also late bolting
plants without any visible flowers were observed. F3 seeds were
harvested from annual F2 plants which bolted within 30 wk after
sowing (before October 25, 2010). The remaining F2 plants stayed
in the field over winter, and F3 seeds were harvested in the next
year. Those plants were classified as biennial because they bolted
after winter (vernalization).
Homozygous B2B2 plants were distinguished from heterozy-

gous B2B2′ F2 plants by phenotyping their F3 progenies. Eight F3
plants per family, derived from a single annual F2 plant, were
sown in 96mer multipot-plates (May 16, 2011) and grown under
natural light conditions outside the greenhouse until October
2011. F3 families were phenotyped for bolting (BBCH scale
code: 51) (3) at three different time points (August 8, September 1,
and October 12, 2011).
A second M3 mutant line (seed code 031823) (1, 2) was used for

sequencing to verify EMS mutations within the candidate genes.
For expression analysis, we used plants of the two biennial EMS

mutant lines (seed code 056822 and 031823) and the annual line
001684 (selfing progeny of 930190), which had been the donor
line for EMS mutagenesis. Two biennial lines (seed code 93161P
and 090023), and the annual wild beet accession 991971 were used
as controls. Plants were grown under LD conditions (16 h light/6 h
dark) at 22 °C in the greenhouse for 7 wk. Then, plants were
transferred to a climate chamber for 12 wk at 4 °C. After cold
treatment, plants were grown in the greenhouse.

DNA Techniques. Two leaf samples were taken from 4-wk-old F2
plants and freeze dried for 3 d. Extraction of genomic DNA was
performed using the standard CTAB method (4) with slight
modifications. DNA was used for PCR in a 10-fold dilution.
Standard PCR was performed using Taq DNA Polymerase (In-
vitrogen). PCR fragments were separated on agarose gels (1%,
2%, or 4%). Primer sequences and PCR conditions are given in

Tables S5 and S6. PCR products were Sanger sequenced at the
Institute of Clinical Molecular Biology (IKMB, CAU Kiel).
We used the vector pUC18 for cDNA cloning. BvBBX19 cDNA

from the accessions 991971 and 056822 was amplified by PCR
with the primers BBf and BBr (Table S6). These primers have
compatible sequence ends that are recognized by the restriction
enzyme BamHI. The resulting DNA fragments were restricted
and ligated into the corresponding restriction sites of the cloning
vector pUC18 and then transformed into the Escherichia coli
strain DH5 alpha.

Gene Expression Analysis.We measured the expression of different
genes from accessions 991971, 001684, 056822 and 93161P
by quantitative RT-PCR (RT-qPCR) at zeitgeber time 6. Leaf
material was harvested 44 d after sowing and 2 wk after ver-
nalization. The diurnal expression of BvBBX19 was analyzed by
RT-qPCR with leaf material from accessions 056822, 031823,
001684, 991971, 93161P, and 090023. Leaf samples were col-
lected 44 d after sowing in 2-h intervals for 24 h. Total RNA was
extracted using the peqGOLD Plant RNA kit and DNase treated
on column with the peqGOLD DNase I Digest kit (PEQLAB).
cDNA synthesis was done with 500 ng of total RNA using a First
Strand cDNA Synthesis kit (Fermentas). cDNA was diluted 20-
fold, and 2 μL were used for RT-qPCR. Three independent bi-
ological and three technical replicates of each sample were an-
alyzed. RT-qPCR was performed with the Power SYBR Green
PCR Master Mix (Applied Biosystems) on a CFX96 Real-Time
PCR detection system (Bio-Rad) with a final reaction volume of
20 μL including a final primer concentration of 20 pM (Table S6;
refs. 5 and 6). The BvGAPDH gene from beet was used as a
reference. Resulting data were analyzed with the CFX Manager
Software v2.1 (Bio-Rad). The comparative CT (ΔCT) method
was applied. Relative expression levels were calculated and
normalized to the geometric mean of BvGAPDH.

Bioinformatic Analysis. We used the physical map (7) and two
versions of the sugar beet draft genome from the doubled hap-
loid accession KWS2320 (RefBeet-0.9), a preliminary version
(RefBeet-0.4) and version which can be download (http://bvseq.
molgen.mpg.de) (8) and a preliminary collection of predicted
gene models (RefBeet-0.3geneModels) for which the latest version
(RefBeet-1.1geneModels) is now available (8).
Ab initio gene finder FGENESH (9) was used to analyze the

gene structure of BvBBX19. To predict and analyze the con-
served domain architecture of 15 BvBBXs, peptide sequences
were analyzed with the web-based domain identification and
annotation tool SMART (10). Parameters of both programs
were set as default.

Marker Development and Genetic Mapping. For fine mapping of
the B2 locus a genetic map of chromosome 9 was generated.
Sequence scaffolds and EST sequences (11), located on chro-
mosome 9 were used to develop molecular markers segregating
in the F2 population. Segregating SNPs were detected as cleaved
amplified polymorphic sequence (CAPS) markers. All markers
used in this study are listed in Table S5. Genetic distances were
calculated using the Kosambi mapping function (12) of JoinMap
4.0 (13) with a LOD threshold value of 5.0.
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Fig. S1. Development of F2 and F3 populations. The crossing parents carry the dominant B allele and the nonmutated B2 allele (in annuals) or the mutated B2′
allele (biennial mutant). F2 families were generated by selfing annual F2 plants. (A) A normal flowering early bolting F2 plant grown in the field (bolting within
twelve weeks after sowing, before June 24, 2010). (B) A late bolting plant, which did not set flowers (bolting within 13–30 wk after sowing, between June 26
and October 25, 2010). (C) A nonbolting biennial plant 30 wk after sowing (until October 25, 2010). (D) F3 families grown in 96mer-multipot trays outside the
greenhouse under natural light conditions from May 16 until October 19, 2011. (E) Four-week-old F3 plants grown in multipot trays.
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Fig. S2. Maximum likelihood phylogenetic tree of 30 AtBBX and 15 BvBBX amino acid sequences. CONSTANS is marked by an arrow. The bootstrap consensus
tree inferred from 1000 replicates was constructed by Mega5.2 after aligning the predicted protein sequences from 15 BvBBXs and 30 AtBBXs by MAFFT.
Bootstrap values are given at the branching points. Scale bar represents 0.2 amino acid substitutions per site.
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Table S1. Cosegregation between marker alleles and the bolting time locus B2 with 1301 F2
plants

B2 locus
marker

Annual (B2B2) Biennial (B2′B2′)

M1M1 M1M2 M2M2

No PCR
product M1M1 M1M2 M2M2

No PCR
product

CAU3785 338 5 0 36 2 11 645 264
CAU3786 307 3 0 69 1 12 868 41
CAU3782 342 2 0 35 2 8 810 102
CAU3784 373 0 0 6 0 0 922 0
CAU3783 341 9 0 29 0 24 856 42
CAU3787 333 25 1 20 2 53 829 38
CAU3788 335 24 0 20 0 59 791 72

F2 plants were determined as homozygous for the annual allele (B2B2) or homozygous for the biennial allele
(B2′B2′) by phenotypic analysis of their F3 offspring. B2 genotypes were determined by molecular marker
analysis. M1 and M2 represent marker alleles derived from the annual parent and the biennial mutant parent,
respectively.

Table S2. Molecular markers used in this study

Marker Name Application Reference

MP_R0018 Scaffold identification Schneider et al. (11)
KI_2783 Scaffold identification Schneider et al. (11)
TG_E0140 Marker development, genetic mapping Schneider et al. (11); this study
MP_E0043 Marker development, genetic mapping Schneider et al. (11); this study
CAU3782 Marker development, genetic mapping This study
CAU3783 Marker development, genetic mapping This study
CAU3784 Marker development, genetic mapping This study
CAU3785 Marker development, genetic mapping This study
CAU3786 Marker development, genetic mapping This study

Marker sequences were used to identify candidate scaffolds (RefBeet-0.9) by BLASTN with publically available EST
sequences as queries or sequences were used to develop molecular markers for genetic fine mapping the B2 locus.

Dally et al. www.pnas.org/cgi/content/short/1404829111 4 of 8

www.pnas.org/cgi/content/short/1404829111


Ta
b
le

S3
.

Pr
ed

ic
te
d
g
en

e
m
o
d
el
s
fo
r
B
.
vu

lg
ar
is

lo
ca
te
d
in

th
e
cr
it
ic
al

re
g
io
n
in

w
h
ic
h
B
2
is

lo
ca
te
d

G
en

e
m
o
d
el

Si
ze

,
b
p

Su
g
ar

b
ee

t
ES

T
A
ra
b
id
o
p
si
s
th
al
ia
n
a

h
o
m
o
lo
g
(A

t
lo
cu

s
#)

A
.
th
al
ia
n
a
h
o
m
o
lo
g

A
.
th
al
ia
n
a
g
en

e:
G
O

m
o
le
cu

la
r
fu
n
ct
io
n

A
.
th
al
ia
n
a
g
en

e:
G
O

b
io
lo
g
ic
al

p
ro
ce
ss

iy
n
m
.t
1

30
45

B
Q
58

84
56

,
B
I5
43

52
4

A
t4
g
34

71
0.
2

A
rg
in
in

d
ec
ar
b
o
xy

la
se

2,
A
D
C
2

A
rg
in
in
e
d
ec
ar
b
o
xy

la
se

ac
ti
vi
ty
,

ca
ta
ly
ti
c
ac
ti
vi
ty

Sp
er
m
id
in
e
b
io
sy
n
th
et
ic

p
ro
ce
ss
,
ar
g
in
in
e
ca
ta
b
o
lic

p
ro
ce
ss

g
zd

y.
t1

15
27

N
A

A
t2
g
21

27
0.
3

U
b
iq
u
it
in

fu
si
o
n
d
eg

ra
d
at
io
n
1,

U
FD

1
U
n
kn

o
w
n

U
b
iq
u
it
in
-d
ep

en
d
en

t
p
ro
te
in

ca
ta
b
o
lic

p
ro
ce
ss

zc
p
q
.t
1

15
71

B
Q
58

68
26

A
t2
g
21

28
0.
1

G
C
1,

A
TU

LA
,
SU

LA
,
N
A
D
(P
)-
b
in
d
in
g

R
o
ss
m
an

n
-f
o
ld

su
p
er
fa
m
ily

p
ro
te
in

C
o
en

zy
m
e
b
in
d
in
g
,
n
u
cl
eo

ti
d
e

b
in
d
in
g
,
ca
ta
ly
ti
c
ac
ti
vi
ty

C
el
lu
la
r
m
et
ab

o
lic

p
ro
ce
ss

ah
q
j.t
1

46
3

B
F0

11
04

4
A
t2
g
21

29
0.
1

U
n
kn

o
w
n
p
ro
te
in
,
lo
ca
te
d

in
:m

it
o
ch

o
n
d
ri
o
n

U
n
kn

o
w
n

U
n
kn

o
w
n

cp
o
r.
t1

33
45

B
Q
59

20
67

A
t2
g
21

30
0.
2

A
TP

-b
in
d
in
g
m
ic
ro
tu
b
u
le

m
o
to
r
fa
m
ily

p
ro
te
in

M
ic
ro
tu
b
u
le

m
o
to
r
ac
ti
vi
ty
,

A
TP

b
in
d
in
g

M
ic
ro
tu
b
u
le
-b
as
ed

m
o
ve

m
en

t

rw
m
w
.t
1

14
58

B
Q
58

95
56

,
B
Q
59

18
88

A
t4
g
38

96
0.
1

B
-B
o
x
ty
p
e
zi
n
c
fi
n
g
er

fa
m
ily

p
ro
te
in

Se
q
u
en

ce
-s
p
ec
if
ic

D
N
A

b
in
d
in
g

tr
an

sc
ri
p
ti
o
n
fa
ct
o
r
ac
ti
vi
ty
,

zi
n
c
io
n
b
in
d
in
g

R
eg

u
la
ti
o
n
o
f
tr
an

sc
ri
p
ti
o
n

w
ff
m
.t
3

11
20

B
Q
48

78
17

,
B
Q
58

79
36

,
B
Q
48

95
72

A
t4
g
38

97
0.
1

Fr
u
ct
o
se
-b
is
p
h
o
sp
h
at
e

al
d
o
la
se

2,
FB

A
2

Fr
u
ct
o
se
-b
is
p
h
o
sp
h
at
e
al
d
o
la
se

ac
ti
vi
ty
,
ca
ta
ly
ti
c
ac
ti
vi
ty

R
es
p
o
n
se

to
ca
d
m
iu
m

io
n
,

g
ly
co

ly
si
s

yy
yi
.t
1

11
42

B
Q
49

05
62

A
t4
g
38

98
0.
1

U
n
kn

o
w
n
p
ro
te
in

U
n
kn

o
w
n

U
n
kn

o
w
n

n
yz
d
.t
1

22
32

N
A

A
t4
g
39

01
0.
1

G
ly
co

sy
l
h
yd

ro
la
se

9B
18

H
yd

ro
la
se

ac
ti
vi
ty
,
h
yd

ro
ly
zi
n
g

O
-g
ly
co

sy
l
co

m
p
o
u
n
d
s,

ca
ta
ly
ti
c
ac
ti
vi
ty

C
ar
b
o
h
yd

ra
te

m
et
ab

o
lic

p
ro
ce
ss

d
yi
q
.t
2

21
18

B
Q
59

04
73

,
B
Q
59

04
82

A
t1
g
75

56
0.
2

Zi
n
c
kn

u
ck
le

(C
C
H
C
-t
yp

e)
fa
m
ily

p
ro
te
in

N
u
cl
ei
c
ac
id

b
in
d
in
g
,

zi
n
c
io
n
b
in
d
in
g

U
n
kn

o
w
n

kt
yp

.t
1

47
93

B
Q
58

96
61

A
t2
g
16

48
5.
1

N
u
cl
ei
c
ac
id

b
in
d
in
g
;
zi
n
c
io
n

b
in
d
in
g
,
D
N
A

b
in
d
in
g

si
R
N
A
-d
ep

en
d
en

t
D
N
A

m
et
h
yl
at
io
n

U
n
kn

o
w
n

sw
fx
.t
1

12
59

B
Q
58

66
88

A
t2
g
16

46
0.
1

Pr
o
te
in

o
f
u
n
kn

o
w
n

fu
n
ct
io
n
(D

U
F1

64
0)

M
et
al

io
n
b
in
d
in
g

U
n
kn

o
w
n

B
LA

ST
N

an
al
ys
is
w
as

p
er
fo
rm

ed
u
si
n
g
th
e
cr
it
ic
al

re
g
io
n
o
f
sc
af
fo
ld

sc
00

04
8
(R
ef
B
ee

t0
.9
)
as

q
u
er
y
ag

ai
n
st

p
re
lim

in
ar
y
p
re
d
ic
te
d
g
en

e
m
o
d
el
s
(R
ef
B
ee

t0
.3
_G

en
eM

o
d
el
s,
p
u
b
lic

av
ai
la
b
le

ve
rs
io
n
:
R
ef
B
ee

t1
.1
_

G
en

eM
o
d
el
s;

re
f.

8)
(C
LC

M
ai
n
W

o
rk
b
en

ch
,
ve

rs
io
n
5.
7.
1,

B
LA

ST
N

th
re
sh
o
ld
s:

e-
va

lu
e:

0.
0;

id
en

ti
ty
:
10

0%
).
Th

en
,
th
e
o
b
ta
in
ed

g
en

e
m
o
d
el
s
w
er
e
u
se
d
fo
r
B
LA

ST
X

an
al
ys
is

ag
ai
n
st

th
e
TA

IR
p
ro
te
in

d
at
ab

as
e

(B
LA

ST
X
ve

rs
io
n
2.
2.
24

,
th
re
sh
o
ld

e-
va

lu
e
<

0.
05

).

Dally et al. www.pnas.org/cgi/content/short/1404829111 5 of 8

www.pnas.org/cgi/content/short/1404829111


Table S4. Results from a BLASTP search using the first B-box region of the CONSTANS protein
sequence as query

Conserved domains
Gene model
accession ID Gene name Reference Chromosome ESTs ID

2B-box + CCT twpr.t1 BvCOL1 Chia et al. (1) 2 BQ589119
BQ588630
BQ488270
BQ589113

iqrn.t1 BvCOL2 Chia et al. (1) 2 BQ583937
BQ588069

yjyh.t1 — — 8 GT746521
GT746522

eoqx.t1 — — 7 CV301775
ycgs.t1 — — 9 BQ593762
dkfq.t1 — — 6 EG551136

EG552682
1B-box + CCT jrft.t1 — — — BQ489587

BQ489817
jnrj.t1 BvCOL3 Chia et al. (1) 6 BQ487825

BQ487842
BQ583972
BQ583909

2B-box rwmw.t1 BvBBX19 This paper 9 BQ589556
BQ591888

ftde.t1 — — 4 BQ489825
BQ589815

nkua.t1 — — 9 —

noeh.t1 — — 1 —

qfjm.t1 — — 3 BQ586969
jrau.t1 — — 6 GT745494

GT745495
1B-box wgxg.t1 — — 7 BQ594583

Fifteen BBXs genes were identified in the sugar beet genome. Gene model IDs are from the RefBeet-1.1
(ref. 8). Chromosome localization is based on the BLASTN search result of each gene sequence against the
reference sequence RefBeet-1.1.

1. Chia TY, Müller A, Jung C, Mutasa-Göttgens ES (2008) Sugar beet contains a large CONSTANS-LIKE gene family including a CO homologue that is independent of the early-bolting (B)
gene locus. J Exp Bot 59(10):2735–2748.
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Table S5. Nonanonymous and developed sequence based (RefBeet-0.9) molecular markers on chromosome 9 for analysis of
cosegregation with bolting phenotypes in the F2-population

Marker name Marker type

Marker assay
Marker allele
in annual
parent, bp

Marker allele
in mutant
parent, bpPrimers

PCR conditions
for marker assay Detection

CAU3782 SNP/CAPS C375 + C376 95 °C, 3′ + [(95 °C, 30″ +
52 °C, 30″ + 72 °C, 20″) ×
36] + 72 °C, 10′

Tsp509I digest + GE* 2% 175 135 and 40

CAU3783 SNP/CAPS C505 + C470 95 °C, 3′ + [(95 °C, 30″ +
55 °C, 45″ + 72 °C, 60″) ×
36] + 72 °C, 10′

BseGI digest + GE 1% 272 and 252 524

CAU3784 InDel C507 + C508 95 °C, 3′ + [(95 °C, 30″ +
54 °C, 30″ + 72 °C, 20″) ×
36] + 72 °C, 10′

GE 4% 174 152

CAU3785 SNP/CAPS C450 + C451 95 °C, 3′ + [(95 °C, 30″ +
57 °C, 30″ + 72 °C, 30″) ×
36] + 72 °C, 10′

PstI digest + GE 2% 553 346 and 207

CAU3786 SNP/CAPS C442 + C443 95 °C, 3′ + [(95 °C, 30″ +
55 °C, 30″ + 72 °C, 30″) ×
36] + 72 °C, 10′

TaqI digest + GE 1% 465 353 and 112

CAU3787† InDel C261 + C237 95 °C, 3′ + [(95 °C, 30″ +
55 °C, 30″ + 72 °C, 22″) ×
36] + 72 °C, 10′

GE 2% 405 599

CAU3788† InDel C229 + C230 95 °C, 3′ + [(95 °C, 30″ +
57 °C, 30″ + 72 °C, 30″) ×
36] + 72 °C, 10′

GE 2% 295 387

*GE, gel electrophoresis.
†Marker developed based on EST sequence derived from Schneider et al. (11).
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