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Abstract

In this study, the effect of vernalization on tyrmiaits and other morphological traits in
Brassica rapas described and an association mapping approashuse to find markers
associated with the measured traits. Therefor@@dpt accessions representing both fodder
and vegetable types from different geographic nsgind 7 non-turnip accessions were
grown after three different vernalization treatnsef®t, 4 and 8 weeks vernalization) and
phenotypic data on turnip, leaf and flowering sailas obtained. The accessions were
genotyped with 40 SSR markers, including five tprcandidate genes.

The exposure of seedlings to cold for either fmueight weeks resulted in smaller,
more elongated, a deeper growth into the soil atat changes of the peel. The smaller
turnip diameter and the lower weight of vernalitgahips is most probably caused by the
delayed turnip swelling onset and the slower groWifferent effects of vernalization on
flowering and leaf traits were observed.

In total 128 significant allele-trait associatiomsre found by a General Linear Model
approach. Of the five turnip candidate genes psmanly nm_60 was proven to be associated

with turnip traits (turnip weight and width).

Keywords: Brassica rapaphenotypic variation, vernalization, associatiorppiag
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I ntroduction

Brassicarapa

Brassica rapais one of the approximately 3710 species within Brassicaceae family
(Beilstein et al. 2008)B. rapais a diploid species of thBrassicagenus, which consists of
three diploid specie®. rapa(2n = 20; genome composition AA3, nigra(2n = 16; genome
composition BB) andB. oleracea2n = 18; genome composition CC) and three amploidig:
B. juncea(2n = 36; genome composition AABBB,. napus(2n = 38; genome composition
AACC) andB. carinata(2n = 34; genome composition BBCC). Each of thesphadiploids
is evolved through interspecific hybridization betm two of the elementary diploids. The
relationship between the species and their genamgeslearly displayed in the ‘triangle of U’
(Figure 1) (U 1935).

"~ Brassica carinata : Brassica juncea
BBCC ; 2n = 4x = 34 / Vild cabbage AABB; 2n = 4x = 36
Ethiopian mustard ' 23 Brown mustard

oA o\ g

Brassica oleracea
CC;2n=2x=18

Cabbages, kale, Brussels sprout,
broccoli, cauliflower

Brassica campestris
AA ;2n=2x=20
Turnip,

Chinese cabbage,
turnip rape

ARGC; 2n =4x =38
Swedes and rapeseed

Figure 1. Schematic overview of the relationship liereen the different species of th®&rassica genus in the
‘triangle of U’

Based on several studies using molecule markeescénters of variation are identified
in B. rapa Europe and Asia (Song et al. 1988; Zhao et &52@hao et al. 2009). Whether



these centers of variation are also the centerwigin or if there is one common center of
origin is not clear to date. Turnip and turnip rajpéeiferousforms) are the types most
abundant in the domestication in Europe and thiy keagetable types like Chinese cabbage
and pak choi are found mainly in Asia (Zhao et28l05). However, in Asia there are also
turnip rapes and turnips. The variation witldn rapain the two centers of variation likely
arose independently from each other (Zhao et &850

All the different organs (leaf, swollen stem, swallroot, inflorescence or seeds)Bof
rapa are of interest for consumers, a lot of morpholabicariation has evolved during
domestication history. Based on the organ thaseduhese morphotypes are classified into
leafy, turnip and oil types (Figure 2B. rapa consists of approximately 15 different
subspecies or morphotypes (Bonnema et al. 2009jeD@hsen 2001). The best known
rapa subspecies are turniB.(rapal. subsp.rapifera), Chinese cabbag®(rapal. subsp.
pekinensiy oil rape B. rapal. subspoleifera) and pak choil. rapal. subspchinensis.

Based on DNA fingerprints, a morphotype from theeaegion is often closer related
to an other morphotype from the same region thahdéosame morphotype from a different
region (Zhao et al. 2005) which suggest that dfér morphotypes were selected

independently in those regions.

Figure 2. Different morphotypes ofB. rapa. From left to right: leafy (Chinese cabbage), turip (vegetable
turnip) and oil type

Zhao et al. (2010a) investigated a large core ctdie of B. rapaaccessions. These
accessions originate from the WUR core collectiad the VIR collection. The accessions
from the WUR collection were obtained from the DutCrop Genetic Resources Center
(CGN) and the Institute of Vegetables and Flowers @e Oil Crop research Institute from
the Chinese Academy of Agricultural Sciences (CAAB)e lines of the VIR collection were



obtained from the Vavilov Institute of Plant Indys(VIR) in Russia. Based on the data of 13
SSR markers and one CAPS marker profiled over®23@paaccessions, Zhao et al. (2010a)
found five subgroups. The first subgroup (S1) cstssof annual oil types (yellow sarson and
summer oil). Group two (S2) consists of 67 accessi@ll Chinese cabbages. The third
subgroup (S3) is mainly composed of pak chois afelvaChinese cabbage, Chinese turnip
rape and neep greens accessions. Group four (88jstoof European turnips and some oil
types. The last subgroup (S5) is composed of thk@s®ai winter oils, other oil types and
Japanese turnips.

Based on the distribution of the accessions overfie subgroups, the two core
collections are not evenly represented in eachrsuipgZhaoet al. 2010a), so a combination
of these two core collections for association mags an improvement compared to only the
WUR core collection. Because some morphotypestdreisderrepresented in the combined
collection, addition of material from other genenksi is preferred. This will result in core
collection that harbors the complete genetic vimapresent irB. rapaspecies Zhao et al.
2010a).

Vernalization
Vernalization is the prolonged exposure of plamidemperatures between 0°C and 7 °C.

Various effects of vernalization have been repoited. rapa Flowering and bolting of
turnip plants was strongly induced by four weeks/@malization at 3 °C (Takahashi et al.
1994). The effect of vernalization was inhibitedhé& plants were subsequently grown under
short day conditions. It is known that turnip actess need a relative longer vernalization
period compared to oth&. rapaaccessions (Bonnema, personal communication).
The induction of flowering by vernalization was @lsbserved in other members of the
Brassiceafamily like Arabidopsis and Radish (Carolus 1936heGn and Saito 2004;
Koornneef et al. 2004; Napp-Zinn 1985). Other motpgical responses to vernalizationBn
rapa are not described in literature. But frofk thalianais known that the leaves of
vernalized plants are smaller and more erect (Hapét al. 2008).

A lot of quantitative traits loci (QTL) related taorphological traits (flowering, leafy
traits and growth-related traits) B rapawere reported (Lou et al. 2007; Zhao et al. 2007),
but these QTL are not related to the effect of akzation on the morphology @. rapa.
Only a few QTL specific for the morphology &. rapa under vernalized conditions are

detected (Nini 2008). These QTL, related to flowgrtime, leaf traits and developmental



traits are found on linkage group A04, A07, AO8 &kitD. Less QTL were found after 31
days of vernalization compared to 18 days of vézatibn.

Turnip formation
Little is known about what determines which storaggan a plant is using. Withi. rapa

several types of storage organs are found: oleieseeds, fleshy leaves, enlarged stems like
broccoletto’s or enlarged hypocotyls and rootdedaiurnip. It is most likely that the turnip is
composed of both the swollen primary root and alarged hypocotyl (Zhang, personal
communication). A lot of variation in the morphologf turnips is present between different
accessions (Zhang, personal communication). Thi@tion and the growth of the storage root
is essential for the quality and the yield (Reidl &nglish 2000), but till now the genes
underlying the process of turnip formation are fdly unraveled (lwata et al. 2004). To
understand what makes a plant using a certaingaayegan, the process of the formation of
the storage organs should be understood. Althobhghwthole genome of thB. rapais
sequenced (Zhang, personal communicatiomy.brassica-rapa.oyg

Lu et al. (2008) found 18 QTL correlated with rogtowth in B. rapain a k

population of the cross between AJH97-3 ¢Sthe Chinese Cabbage cultivar Aijiachuang)
and QSH97-24 (sof the Chinese vegetable turnip cultivar Qishih&8jnce their linkage
groups were not assigned to tBe rapachromosomes, it is not possible to compare these
QTL regions to those in other studies. One majot. QMMUQTL-1) explaining up to 40% of
the variation was found by Lou et al. (2007) in @ EBnd a double haploid population of a
cross between a yellow sarson accession (YS-14Baalapanese vegetable turnip (VT-115).
Till now, these two researches are the only pubtishformation on QTL related to the turnip
formation inB. rapa.

In Brassica napuQQTL related to turnip formation were found by a wpoat the
University of Kiel (Lange et al. 2010, submitted@hey also identified a number of candidate
genes associated with storage root formation basecDNA libraries of upregulated genes
during secondary root growth.

In the same study where TuQTL-1 was detected, aflother QTL of morphological
traits, like flowering time, seed weight, seed cpldant height, leaf shape etc. were found
(Lou et al. 2007). TuQTL-1 was co-located with FUQZ (the major flowering time QTL,
explaining up to 60% of the variation) on the tdplinokage group A02. It is not known
whether the co-location of TuQTL-1 and FLQTL-2 igedto tight linkage, pleiotropy or
epistasy. A phenotypic correlation between flowgriime and turnip formation in oF



populations was only observed if the parents of pogulation differed greatly in flowering
time (Vos 2009), so there was no correlation betweenip formation and flowering time in
all segregating population.

Many of the QTL positions for flowering time B. rapaseem to correspond with map
position of FLC paralogues (Lou et al. 2007). Based on QTL analysiBrassicaandA.
thaliana FLCs and FRI are proven to be genes controlling the effect efalization on
flowering in A. thalianaandB. rapa(Lee and Amasino 1995; Okazaki et al. 2007; Oslatdrn
al. 1997; Schranz et al. 2006). There are in tfal FLC mapped inB. rapa BrFLC1,
BrFLC2, BrFLC3 and BrFLC5BrFLC genes show high homology &tFLC, although size
of the putative proteins @rFLC is different (Kim et al. 2007). Of thBrFLC paralogues,
BrFLC2 was located on A02 and co-localized with the m&diLs FTQTL-2 and TuQTL-1
(Lou et al. 2007). IB. rapaplants were vernalized, the gene expressiddrB. C2 was much
lower, resulting in a shorter flowering time (Kinh &. 2007; Zhao et al. 2010b). The same
effect was found offLC in A. thaliana (Koornneeét al. 2004; Schranzt al. 2006) The
explained variation by the FLQTL-2 was much lowéemvernalization (Lou et al. 2007),
which is in agreement with the decrease BL.C expression (Zhao et al. 2010b). If the
TuQTL-1/FLQTL-2 co-location is caused by pleiotropyepistasy, vernalization is supposed
to have an effect on the turnip traits controllgdloQTL-1.

Association mapping
If two alleles or markers at different loci are ebsed more or less frequent than expected

based on the random formation of haplotypes, thedegregate not independent from each
other. This is called Linkage Disequilibrium (LD)dhis present in both natural and breeding
populations (Flint-Garcia et al. 2003; Mackay amavEll 2007). LD is a powerful tool to link
the observed phenotypes to genetic diversity. Tiasker-trait association based on LD is
called association mapping. By plotting the LD agaithe genetic of physical distance, an
estimate of the average distance between reconumsas obtained. This is a measure for the
average spacing of the markers over the genomewtbald be needed for an association
mapping study. This distance isB1 rapaapproximately 10 to 15 cM (Del Carpio, personal
communication) when calculated over the whole gemohiowever in certain regions it
decreases to several tens of kb.

For association mapping, no segregating populatdrasbiparental cross are needed,
but large collections are required, so a broademeptypic variance can be studied. One
further advantage is that the mapping resolutiomigher compared to that in controlled



crosses. (Gupta et al. 2005; Myles et al. 2009 Tmjor disadvantage of association
mapping is the occurrence of false positive assiocis due to the population structure. So
observed marker-trait associations are not onlgeauny physical/genetic linkage but also by
population cofounding. Association mapping can becsssful in the identification of loci
associated to a certain phenotypic trait (D’hoo@let2008; Simko et al. 2004; Zhao et al.
2007).

SNP (single nucleotide polymorphism) or SSR (&nggquence repeat) markers are
often used for association mapping studies. Thgsestof markers are used because they are
highly conserved throughout related genomes, highlymorphic and they are anchored on a
reference genome map (Collard et al. 2005). Ifnttaekers are anchored on a reference map,
the results of different studies can be comparéiks Property is the main reason why SSR
markers are used in this experiment. In generalmaker density of four times the
chromosome number is stated to be a good starbig for a association study (Zhu et al.
2008), but many factors like length of the chrommepgenetic and phenotypic diversity and
availability of marker systems have their impacttbe results of the study. By using multi
allelic SSRs the number of markers needed is maekr than by using biallelic SNPs. Many
SSR markers have been developedBorapato construct genetic maps (Choi et al. 2007,
LING et al. 2007; Suwabe et al. 2002) and theiuo@nce in the genome is abundant (Jin, in

preparation).

Scope of thesis
One aim of this thesis is to investigate the effeut different vernalization conditions on

turnip formation and other morphological traitsaiiverse selection of turnip accessions. To
examine this, phenotypic measurements on turnigs tifowering traits and some leafy traits
will be performed on selected accessions after,Zeuw and eight weeks vernalization at 4°C.

An additional aim is to define the population stuwe within the used turnip
accessions using genotype information. Therefore 8farkers covering all linkage groups
and some focusing on candidate genes relatedngttormation and flowering time will be
used for the calculation of the population struetur

An additional aim is to combine molecular markerittrdata with the population

structure to identify markers associated with tiaég of interest.



Material and Methods

Plant materials

This study consists of two parts. One part is tleeghouse experiment for the phenotypic
observations on the effect of vernalization andfagopart is the molecular analysis with SSR

markers.

Phenotypic measurements

For the phenotyping under different vernalizatioonditions, 41 turnip accessions were
selected: representing the geographic and morpivalogariation as much as possible,
according to Zhao et al. (2010a) (Table 1). Onlytdrhip accessions were chosen because
only a limited number could be grown due to spacthe greenhouse and available time for
scoring. Twenty-six accessions were chosen from WHdR collection, based on their
phylogenetic distancezao et al. 2010a; Zhao et al. 2007; Zhao et al. 200/5k0ome
accessions were closely related to each other, only was selected. All nine turnip
accessions of the VIR collection were includedhe experiment. Additionally seven new
potentially interesting turnip accessions from Rasgere added to the experiment. Because
they arrived too late, phenotypic traits are meagwnly on non-vernalized plants.

Beside the turnip accessions, seven accessiooth@f morphotypes were included in
the experiment to see the effect of vernalizatiortteeseB. rapamorphotypes. These groups
of cultivars are: yellow sarson (YS), pak choi (PG} seed rape (OR), winter oil (WO),
Broccoletto (BRO) and Chinese cabbage (CC). Theptete list of all the accessions can be

found in Table 1.

Genotyping
All turnip accessions in the WUR collection and ¥R collection (n = 54) were used

for the molecular data analysis. The seven turogessions from Russia and the eight non
turnip accessions were also included. Beside thosessions, CC-chiifu and 3 other recently
obtained turnip accessions from Korea (W-red rotintlY-early T and Tk-198-T) were also
used for genotyping (Table 1). For accessions whigdre not grown for phenotypic

measurements only two plants were planted for DébAaition.
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Table 1. List with all the accessions used in thigudy. If an accession is used for phenotypic obsegtions, it has a number in the first column.

Accession Accession morpho-  Collection Cultivar name Accession Country of Subtaxa in gene bank
number used in type* No. origin

experimental

layout of

phenqtyping

experiment

(Appendix 1)

1 T-1050V VT VIR Volynskij 1050 Ukraine rapa

2 T-1283V VT VIR Zolotoj shar 1283 Netherlands rapa

3 T-163V PC VIR Local 163 China rapa

4 T-307V VT VIR Osterzundomskij 307 Russia rapa

5 T-385V VT VIR Bartfeldskij 385 Ukraine rapa

6 T-738V VT VIR Karelskaya 738 Russia rapa

7 T-821V VT VIR Grobovskaya 821 Russia rapa

8 T-826V VT VIR Milanskaya belaya 826 Russia rapa

9 T-830V VT VIR Petrovskaya 830 Russia rapa

10 W-FT-004 FT WUR Lange Gele Bortfelder CGNO06678 Denmark fodder turnip

11 W-FT-047 FT WUR Moskovskij CGNO06866 Soviet Union fodder turnip

12 W-FT-051 FT WUR Krasnaja CGNO07164 Russia fodder turnip

13 W-FT-056 FT WUR Daisy; Bladraap CGNO07179 France fodder turnip

14 W-FT-086 FT WUR CGNO07223 Pakistan fodder turnip

15 W-FT-097 FT WUR Buko; Bladraap CGN11010 Germany fodder turnip

16 W-VT-007 VT WUR Maiskaja CGNO06710 Soviet Union vegetable turnip
17 W-VT-008 VT WUR Pusa Chandrina CGNO06711 India vegetable turnip
18 W-VT-009 VT WUR Ronde Rode -Tsutsui CGNO06717 Japan vegetable turnip
19 W-VT-010 VT WUR Platte Ronde Blauwkop Ingesneden Blad- Lila Ker CGNO06718 Hungary vegetable turnip
20 W-VT-012 VT WUR Ronde Rode Heelblad-Yurugu Red CGNO06720 Japan vegetable turnip
21 W-VT-013 VT WUR Ronde Rode Heelblad-Scarlet Ball CGNO06721 Japan vegetable turnip
22 W-VT-014 VT WUR Platte Witte Blauwkop Heelblad-Milan CGNO06722 Italy vegetable turnip
23 W-VT-017 VT WUR Platte Witte Meirapen CGNO06732 Netherlands vegetable turnip
24 W-VT-018 VT WUR Goudbal; Golden Ball CGNO06774 Netherlands vegetable turnip
25 W-VT-044 VT WUR Soloveckaja CGNO06859 Soviet Union vegetable turnip
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26
27
28

29

30
31
32
33
34
35
36
37
38
39
40
41

W-VT-052
W-VT-053
W-VT-089
W-VT-091
W-VT-115
W-VT117
W-VT-120
W-VT-123
W-VT-137
YS-143
WO0-083
PC-105
PC-175
OR-213
BRO-025
CC-113
CC-chifu**
SM-14
SM-15
SM-16
SM-17
SM-18
SM-19
SM-20
Tk-198-T**
W-early-T**
W-FT-001

W-FT-002
W-FT-003
W-FT-005
W-FT-088
W-red round-T*

VT
VT
VT

VT

VT
VT
VT
VT
VT
SO
WO
PC
PC
OR
BRO
CcC

CcC

VT
VT
VT
VT
VT
VT
FT

FT

FT
FT
FT
FT

WUR
WUR
WUR

WUR

WUR
WUR
WUR
WUR
WUR
WUR
WUR
WUR
WUR
WUR
WUR
WUR

RSAU
RSAU
RSAU
RSAU
RSAU
RSAU
RSAU

WUR

WUR
WUR
WUR
WUR

Hilversumse; Marteau
Teltower Kleine

D’Auvergne Hative
Snowball; Blanc Rond de Jersey

Kairyou Hakata
Toya
Platte Gele Boterknol

Terauchi-Kabu

BRA 77/72

Huang po tian you cai
Natalino
Bei jing 106

JE 4-11
Petrovskaya 1-122
JJE 2-1

Iz 2-11
Petrovskaya 34-12
Petrovskaya 1-35
ECD 04-0126

Halflange Witte Blauwkop Ingesneden Blad-
Barenza

Grote Ronde Witte Roodkop-Norfolk; De Norfolk a
Collet Rouge

Lange Witte Roodkop
Ochsenhorner

Blauwkop Heelblad-Oliekannetjes

CGNO07166
CGNO07167
CGN10995

CGN10999

CGN15199
CGN15201
CGN15210
CGN15220
CGN20735
FIL500
CGNO07220
CGN15171
VO2B0226
OCRI0235
CGN06823
CGN15195

CGNO06669

CGNO06673
CGNO06675
CGNO06688
CGN10985

Netherlands

France

United
Kingdom

Japan
Japan
Netherlands
Japan
Uzbekistan
India
Pakistan
China
China
China

Italy

China

Russia
Russia
Russia
Israel
Russia
Russia
Russia
Korea
Korea

Netherlands

United
Kingdom
Netherlands
Germany
Netherlands

Korea

vegetable turnip
vegetable turnip

vegetable turnip
vegetable turnip

vegetable turnip
vegetable turnip
vegetable turnip
vegetable turnip
vegetable turnip
spring yellow sarson
Chinese cabbage
pakchoi

Chinese cabbage chinensis

broccoletto

Chinese cabbage

fodder turnip

fodder turnip
fodder turnip
fodder turnip
fodder turnip
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W-VT-006
W-VT-011
W-VT-015
W-VT-045
W-VT-090
W-VT-092
W-VT-116
W-VT-119
W-Wenzhoupancai

VT
VT
VT
VT
VT
VT
VT
VT
VT

WUR
WUR
WUR
WUR
WUR
WUR
WUR
WUR
WUR

Pusa Chandrina

Platte Witte Blauwkop Ingesneden Blad-Siniaja
Bianca Lodigiana; Italiaanse Witte

Milanskaja; Italiaanse Witte

De Croissy

Amerikaanse Witte Roodkop Heelblad
Nagasaki Aka

Roodkop-Pfalzer

CGNO06709
CGNO06719
CGNO06724
CGNO06860
CGN10996
CGN11000
CGN15200
CGN15209

India

Soviet Union
Italy

Italy

France
Netherlands
Japan
Netherlands
China

vegetable turnip
vegetable turnip
vegetable turnip
vegetable turnip
vegetable turnip
vegetable turnip
vegetable turnip
vegetable turnip
rapa

**%

CcC Chinese Cabbage

PC pakchoi

BRO broccoletto

NG mizuna/Komatsuna/neep green
T vegetable turnip/fodder turnip
OR Chinese turnip rape

WO  winter turnip rape

SO yellow sarson

Kindly provided by Dr. Jungu Lee
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Experimental setup and design
The seeds are sown first in 6 cm petri dishes oeethayers of wet filter paper. Three

treatments were applied to the plants: no vernadiza4 weeks vernalization and 8 weeks
vernalization. Of each accession, 9 seeds are pewtteatment to be sure that four replicates
could be transplanted

The seeds were germinated at room temperatuspfooximately three days. As soon
as the cotyledons and to a small extend also hyploa@re developed (Figure 3), the petri
dishes were placed in a cold room at 4°C for veza@bn in the dark. The three different
treatments were sown with intervals of four weeksak seedlings can be transplanted at the
same moment. All seedlings were transplanted fp gibts on the ninth of February. The pots
were placed in the greenhouse at 18°C. After threeks, four average, vigorous seedlings
per accession per treatment are transplanted tonipots and placed according to the
experimental layout (Appendix 1).

For the plants which were only needed for DNAasioih, only four seeds were sown
and two seedlings were transplanted. These plasits mot vernalized.

L
o
* 4
N
. >
P

>

Figure 3. Stage at which seedlings were put at 4°C.

The plants were placed on tables according tonaptete randomized block design
with four blocks. Every block contains one of tleif replicates of each treatment. The exact
layout of the experiment can be found in AppendiXd keep the plants equally spaced if a
plant was missing, plants from the ‘Russian’ turagzessions or plants which will only be
used for genotyping were placed in the open space.
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Phenotyping
Turnip traits
Since the effect of vernalization on turnip formatiis the main aim of this study, the
phenotypic scoring was focused on the turnip trditee scored turnip traits were shape (TS),
diameter (TWi), weight (TWe), color of the uppentpand the lower part (TCu and TCI),
swelling onset date (TSo), depth of growing of thenip (TD), and smoothness of the skin
(TSs) (Table 2). The turnip shape was scored arrdinal scale of 1-6 (1 = oval, 2 = round to
oval, 3 = round, 4 = oval to long, 5 = long, 6 Twéong). The color of the turnip was also
scored on an ordinal scale: 1 = white, 2 = greeitéyB = cream, 4 = yellow/light brown, 5 =
light purple/pink, 6 = purple, 7 = dark purple, &ed, 9 = dark red. The width of the turnip
was determined by measuring the diameter (in cnthatwidest point with a caliper. The
onset of turnip swelling is set if the diametertloé turnips exceeds 5 mm. The days needed
from transplanting till the onset of the swelling tbe turnip were counted. The depth at
which the turnip grows was scored at an ordinalesoa1-3 (1 = complete underground, 2 =
intermediate, 3 = complete above ground). The shmass of the tuber skin was also
measured on an ordinal scale of 1 — 3 (1 = verydim@® = intermediate, 3 = very wrinkled
skin). Pictorial representations of each ordinalescan be found in Appendix II.

TWi was measured every two weeks and the first oreasent took place three weeks
after transplanting. The TWi was measured seveadinihe TSo was checked three times a
week, starting four weeks after transplanting aoatioued till all turnips were swollen. TC,
TS, TWe, TSn, TD and the TSs will be determinetiaest, approximately 100 days after

transplanting.

Flowering traits
The following flowering traits were measured; flowg time (FT), bolting, (FB), flower

color (FC) and the shape of the flower (FS) (Ta)l&he flowering time was measured as the
number of days between transplanting and the opgeainthe first flower. Bolting was
guantified by measuring the length of the floweartmh at the moment the first flower
appears. The color of the flowers was measurecharrdinal scale of 1 — 5 (1 = orange, 2 =
dark yellow, 3 = yellow, 4 = medium yellow, 5 =Higyellow). The shape of the flowers was
also measured on an ordinal scale of 1 — 5 (1 #,0pe= not touching, 3 = touching, 4 =
overlapping, 5 = strong overlapping). Pictorial regentations of these ordinal scales are

presented in appendix Il. All plants were scoregehtimes a week whether the first flower
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opens. If that was the case, FB, FC and FS werrrdeted. This measurement started three
weeks after transplanting because some of the Magdanon turnip accessions are supposed
to flower already 20 days after vernalization (Zleaal. 2007).

Leaf traits
Based on the observations of Hopkins et al. (280&)leaves of vernalized. thalianaplants

are smaller and more erect, some leafy traits aldlo be measured in this study. The
following traits were measured: Lamina length (LIamina width (LWi), petiole length (PL)
(Figure 4), petiole width (PW), leaf erectness (L.Beaf color (LCo), leaf surface (LSu), leaf
trichomes (LTr) shape of the leaf tip (LTi), leadige shape (LEs), lamina attitude (LA),
moment of senescence of the third leaf (LSe) aredntiimber of leaves at the moment of
flowering (LN) (Table 2).

One fully developed leaf (third or fourth leaf) @dich plant in three out of four blocks
was picked and scanned approximately 40 days afiesplanting. Images were analyzed
with the software program ImageJ v. 1.48://rsb.info.nih.gov/i) to measure the LL, LW,
PL and the PW. Based on the LL and LW the leafxndd) was calculated. LI is the ratio

between the lamina length and the lamina width. ffégh picked leaves were also used for

scoring the LSu, LTr, LTi and LEs. The scoring loé teaf surface was on an ordinal scale of
1 - 3 (1 = very smooth, 2 = intermediate wrinkldd; very wrinkled). The habit of the leaf
tip was scored from 1 — 3 (1= very sharp, 3 = rQuenid leaf edge shape from 1 — 4 (1 =
entire, 2 = slightly serrated, 3 = intermediateated, 4 = much serrated). The level of curling
of the lamina was scored from 1 — 7 (1 = extremepddown curling, 4 = straight, 7 =
extreme deep up curling).

The leaf color was measured with a SPAD meter (Man8PAD 502 Chlorophyll
Meter) approximately 40 days after transplantingooa fully developed leaf of every plant in
three out of four blocks. Per leaf, five spots wereasured and one average value was
calculated by the meter.

The leaf development of six accessions (T-1283WW117, W-VT-115, W-VT-052,
YS-143, and PC-105) was also investigated by meastine LL, LW and the PL twice a
week with a ruler. Only six accessions were usedabge the time was limited. The
measurements started two weeks after transplaniihg. same leaf (third) was measured
every time and measurements continued till senescehthe leaf. The date of senescence
(LSe) was also recorded and the number of daysséilescence of the third leaf was

calculated. Only these accessions were also usdtidaletermination of the erectness of the
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leaves LEr. This was done on an ordinal scale 6f41(1 = horizontal, 2 = light upright, 3 =
leaf has angle of approximately 45°, 4 = steepgipyion a fully developed leaf.

The leaf number was scored at the moment of flowgerSo when the first flowers
opened, the number of leaves was also countedhétrtoment of harvest (100 days after

transplanting), the weight of the leaf and steratfoan (LWe) was also determined.

—

Figure 4. Pictorial representation of measurement®n lamina and petiole. The smaller lobes were not
included in the lamina length measurement.

Table 2. List of phenotypic scored traits. Pictori& representations of each ordinal scale can be fodnin

Appendix Il.
Trait name Abbreviation  Description measurement
protocol
Turnip shape TSh Form of the turnip ordinal; 1-6
Turnip width TWi Diameter of the turnip at the widest point, measured by a cm
caliper
Turnip color upper part  TCu Dominating color of the upper part of the turnip ordinal; 1-9
Turnip color lower part TCI Dominating color of the lower part of the turnip ordinal; 1-9
Turnip swelling onset TSo Number of days between transplanting and the start of the # days
swelling of the turnip
Turnip growing depth D Depth in the soil at which the turnip grows ordinal; 1-3
Turnip smoothness TSs Smoothness of the turnip skin ordinal; 1-3
Turnip weight Twe the weight of an individual turnip 100 days after transplanting g
Flowering time FT Number of days between transplanting and the appearance of # days
the first flower
Bolting FB Extent of length growth of the flowering branches cm
Flower shape FS Shape of the flower ordinal; 1- 5
Flower color FC Color of the flower ordinal; 1- 5
Lamina length LL From tip of lamina to the bottom of lamina (Figure 4) cm
Lamina width LWi Lamina width at the widest point (Figure 4A) cm
Leaf index LI Ratio of LL to LW: LL/LW ratio
Petiole length PL From base of petiole to bottom of lamina (Figure 4A) cm
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Petiole width PW Width of petiole at widest point (including lobes) (Figure 4) cm

Leaf erectness LEr The angle between the leaf and the soil ordinal; 1 -4
Leaf color LCo Amount of chlorophyll in the leaves

Leaf surface LSu Level of wrinkling of the leaf ordinal; 1 -3
Leaf trichomes LTr Absence or presence of trichomes on the leaf ordinal; 0 and 1
Leaf tip shape LTi Form of the leaf tip ordinal; 1 -3
Leaf edge shape LEs Level of serration of the lamina edge ordinal; 1 -4
Lamina attitude LA Curling of the leaf blade ordinal; 1 -7
Number of leaves LN Number of leaves at the moment of flowering # leaves
Leaf and stem weight Lwe Weight of the stem and leaves g
Senescence of leaf LSe Days after transplanting the 3" |eaf is senescent # days

Genotyping

DNA isolation

DNA of all turnip accessions from the WUR core eotlon and the VIR core collection was
isolated by Zhao et al. (2010a). The use of thisADNs better in the time schedule because
we do not have to wait till the plants have enoowgtterial for a DNA extraction. This already
isolated DNA is the pooled DNA of ten plants pecession. Genomic DNA of the 66
accessions used in this study was additionallyatedl as a control and to have a backup in
case there is not sufficient DNA available. Twebfg¢he 66 accessions in this study were not
used by Zhao et al. (2010a) but used for preserkenanalysis.

Of each accession grown in present experimenggenemic DNA of eight plants was
isolated as eight separate samples. Of each plemtleaf discs were taken from one of the
younger leaves (not the third leave, because shaded for measuring the leave development).
The DNA isolation was performed according the RETCH protocol (Gert van Arkel &
Maarten Nijenhuis) (Appendix I).

SSR marker analysis
A touch-down PCR program was used (Table 3). Theamatdge of a touch-down PCR

program is that the amplification of the correcbguct over any non-specific product is
stimulated. The PCR protocol can be found in Appemd. In total 45 SSR markers were
tested (Appendix V). By choosing the markers, agnegdistribution over the genome is aimed
to obtain reliable population structure calculatiGarthermore as many as possible markers

in interesting regions were chosen (e.g. FTQTLAYditionally five markers physically
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linked to turnip candidate genes were designeddéaet al. 2010, submitted) Oub Of the
PCR product was loaded on a 5.5% polyacrylamidegeélanalyzed with Global Edition IR2
DNA analyzer (Li-Cor Biosciences, Lincoln, NE). Theotocol for the Li-Cor analyzing can

be found in Appendix VI.

Table 3. PCR touch-down program for SSR markers.

# cycles Temperature Time
(T) (min)
1 94 3
10 94 1
65-56 1
72 15
30 94 1
55 1
72 1
1 72 5
Hold 10 o0

Data Analysis

Population structure
The program STRUCTRURE 2.3.t{p://pritch.bsd.uchicago.edu/softwarevas used to

identify the population structure of the used asmgs. This program uses a Bayesian

approach to calculate the probability of a certaimber of pre-set number of populations (K),
based on the allele frequencies (Falush et al.;Z@f&hard et al. 2000). An admixture model
was used, which allows a mixed ancestry and indigr@nallele frequencies were assumed
between the populations. The number of subpopusitieas set to vary between 1 and 10 and
for each fixed number of sub-populations, 2 indeleets MCMCs (Markov Chain Monte
Carlo) were run using 600,000 iterations for eamhg the first 100,000 iterations were
discarded as burn-in.

Both marker data of informative markers (Appentlixobtained for this study and
marker data of the study of Zhao et al. (2010apwsed as input. Accessions were assigned
to a subpopulation when the fraction explainedatemn by that group was larger than the
variation explained by any of the other sub-popaoie.

After the number of sub populations was revealaldl, indentified single sub-
populations were used for testing whether a suh#atipn was present within the sub-
populations. The non turnip lines which were inelddn determining the population structure

were not included in this calculation, because tiveye initially assigned to different sub-
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populations Zhao et al. 2010a). Same settings were used for thepatation as described

previously.

Phenotypic variation

Phenotypic data was analyzed by using the statistgrogram Genstat v13 (VSN
International Ltd., Oxford, UK). Ordinal scoreditsawere analyzed using a Kruskall-Wallis
ANOVA and for the continue data the normal ANOVApedure was used. If a trait had no
normal distribution of the variance, the data wasdformed with either a log (base €) or a
standardize transformation to get a normal distidouof the variance. Traits were tested for a
significant influence of the sub-population (igmai vernalization treatment), the
vernalization treatment (ignoring sub-populationyl dor a interaction between vernalization
and sub-population. If plants were not floweringtlz¢ moment of harvest (100 days after
transplanting), the flowering time was set to 2@9<after transplanting.

The measurements in time were analyzed with Repéated Measurementsienu,
choosing the optionCorrelation Models by REML’ To get better balanced data, the
differences for the day of transplanting were igmband set to the average number of days
after transplanting.

To visualize the correlation between the phenatypaits for the three different
vernalization treatments, a principal componentlyaig (PCA) was performed. The PCA
analysis was conducted by using the software pnodRa(www.r-project.org). A plot was
made with two principal components (most of theetithe two components having the
highest cumulative explained variance) as axisaanavs representing every trait. The length
of the arrow indicates the percentage of variaégplained by the two principle components
on the axis. The angle between the arrows indi¢agss correlation.

Association mapping

To correlate the phenotypic data with the markea,d&ie program TASSEL V.3.0. was used.
A General Linear Model (GLM) approach was usedjnigkhe population structure into
account. The statistical model for this model igifl= population structure + marker effect
+ residuat in which the population structure serves as aadate. Alleles with rare
frequencies (<0.10) were filtered out of the datagen F-test was performed for each
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association between a trait and a locus. A p-vai®.001 was used as a threshold for
significance.

Additionally also a Mixed Linear Model (MLM) was ed to calculate the
probabilities of each possible marker-trait assamia This model takes beside the population
structure and the markers also the random effetts account, so it incorporates also
information about relationships among individudlke statistical model of a MLM model is:
Trait = population structure + marker effect + Individgat residual.Settings for the MLM

were the same as for the GLM approach.
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Results

Validation of used DNA

DNA was isolated from young leaves from four wedd#t plants grown in the greenhouse.
The concentration of the isolated DNA was deterihiaed ranged between 10 and 13Quhg/
To compare whether these newly isolated DNA sampiiesch accession give similar allelic
patterns upon screening with SSR compared to thA Bi\Zhao et al. (2010a), four markers
were tested. The four tested markers displayedtal 25 alleles when screened over 61
accessions using the DNA stock of Zheibal (2010a). This DNA stock consists of the
pooled DNA of 10 plants. Only 18 alleles were detdovhen screened over exact the same
61 accessions of using isolated DNA in this stysho{ed DNA of four plans/accessions). All
these 18 alleles were also detected when the DNzZhab et al.(2010a) was used.

If for one accession a band was visible for a aeéele in only one of the two DNA
stocks, this was counted as a mismatch. The numbenismatches per marker differed
between only 1 and 23. Markers with a low numbealégles (marker 362 and est-18) and
with many accessions having that allele had orfgmamismatches. The more rare alleles per
marker, the more mismatches; likely these rardesllerere not detected in the mixed sample.
In Figure 5 an illustration of the difference inngplexity between a SSR with many alleles

and one with only two alleles in the accessionsesed is given.
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Figure 5. Examples of gels of two of the SSR markgused, screened over 61 accessions; SSR 89 and .8sMarker 89 displays many alleles differing inmtensity
and est-18 has only two alleles. For both gels, DN# my own study was used.

Table 4. Comparison in allele detection per SSR maer between the two used DNA stocks for the 61 a@sons. For each allele the number of accessionsvirey
that allele and the number of mismatches between ¢htwo stocks per accession are shown. If for onecassion an allele was present in one of the stocksd this
allele was not present for that accession in the lo#r stock, this was counted as a mismatch. Both theumber of mismatches per allele and total number fo
mismatches per marker (sum of all the alleles) isigen. The number of mismatches per allele shows thiifference between the two DNA stocks.

SSR marker 272 362 96 est-18

Allele (length in bp) 269 354 360 362 368 373 387 390 306 309 32 314 316 318 320 322 327 330 333 336 339 215 217
# of accessions* in stock

. 54 2 14 11 40 2 10 50 15 33 34 7 18 3 31 20 3 2 7 8 9 32 39
Zhao with allele
#ofaccessionstinstock o\ oo 42 a8 7 7 s 0 24 32 0 0 O 4 35 5 4 9 10 o0 34 39
de Visser with allele
# of accessions™ with -, 9 42 4 5 9 15 15 14 7 18 3 22 23 1 3 7 8 9 3 2
mismatches per allele
Total number of

39 15 145 5

mismatches per marker
*The same 61 accessions were used.
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Population structure

In total 29 SSR markers of the 45 tested marken® wdormative (visible PCR products
without a ladder pattern or more than 15 alleles) the selected accessions. These
informative markers were combined with the datd bISSR markers of Zhao et al. (2010a)
(Appendix V) and used for calculating the populatgiructure. Two main populations were
found by STRUCTURE within the used accessions (f€idi). The portion variation of each

accession explained by each subpopulation is siowable 5.

Figure 6. Result of population structure calculatim assuming two population (K=2) named P_I (Asian
turnips, n = 25) and P_II (European turnips, n = 4).

The first sub-population (P_I) consists of all ips1from Asia (n = 25), but also some
accessions from the Soviet Union region and onession from the Netherlands. The second
sub-population (P_II) consists of 42 accessiorisEalopean turnips and some turnips from
Russia. Two accessions from India were also asgigm#his sub-population.

The non turnip accession which were also includetthe experiment were mostly grouped in
P_I except BRO-025 and PC-105, however PC-105 wag admixed (0.479/0.521), while
Bro-025 fitted well in group P_I1 (0.22/0.78)

Calculating sub-population within the two sub-p@tigns gave no result. For both sub-

populations, a population structure without any-guups was the most probable.
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Table 5. List of sub-population to which each acce®n belongs (based on 40 SSR markers) includingeth
fraction of the variance which is explained by eaclsub-group. Additionally the sub-group to which eah
accession was assigned by Zhao et al. (2007 and ZId) is shown (study of 2007 also with structure-
membership fractions). The colors indicate the tavhich sub-group each accession belongs: gold = P_1,

dark green = P_II, blue = 1*, yellow = 2*, red = 3% light green = 4*

accession country of structure- Sub structure-membership fractions in Sub Sub
origin membership popu- Zhao et al. (2007) popu- popu-
fractions in this lation in lation in lation in
study this study study study
Zhao et Zhao et
al. al.
(2007)* (2010a)**
W-VT-115 Japan 0.918 0.082 P_I _ 1 Sla
W-early-T 0.906 0.094 P_I N.D. N.D.
Tk-198-T 0.902 0.098 P_I N.D. N.D.
PC-175 China 0.841 0.159 P_I 1b S4b
W-VT-012 Japan 0.841 0.159 P_l _ 1 S3
CC-chifu 0.832 0.168 P_l ND N.D.
YS-143 India 0.829  0.171 P_I _ 3b S1b
W- China 0.824 0.176 P_l N.D. Sla
wenzhoupancai
W-VT117 Japan 0.821 0.179 P_l 1 S5
W-VT-116 Japan 0.788 0.212 P_l 1 S4a
W-VT-009 Japan 0.782 0.218 P_l 1 S5
W-red round-T 0.746 0.254 P_l N.D. N.D.
SM-14 Russia 0.738 0.262 P_I N.D. N.D.
W-VT-013 Japan 0.723 0.277 P_I 1 S5
OR-213 China 0.699 0.301 P_I 1b S3b
W-VT-123 Japan 0.69 0.31 P_I 1 S5
W-FT-001 Netherlands = 0.678 0.322 P_l 0.072 0.806 0.009 0.113 2a S4a
CC-113 China 0.633 0.367 P_l 4b S2b
WO-083 Pakistan 0.626 0.374 P_l 0.319 0.324 0.207 0.151 2b S3b
T-163V China 0.62 0.38 P_l N.D. S5
SM-16 Russia 0.604 0.396 P_I N.D. N.D.
W-VT-137 Uzbekistan = 0.543 0.457 P_I 0.154 0.595 0.084 0.168 2a S5
SM-19 Russia 0.54 0.46 P_I N.D. N.D.
W-FT-086 Pakistan 1 S2
W-FT-051 Russia 1 S5
PC-105 China 1b S3b
SM-20 Russia N.D. N.D.
SM-17 Israel N.D. N.D.
SM-15 Russia N.D. N.D.
W-VT-008 India 0.162 0.792 0.013 0.033 2 S4
T-385V Ukraine P_ll N.D. S4
T-738V Russia P_lI N.D. S4
SM-18 Russia P_lI N.D. N.D.
W-VT-052 Netherlands P_lI 0.098 0.699 0.026 0.177 2 S4
T-821V Russia P_lI N.D. S4
W-VT-007 Soviet P_lI 0.413 0.539 0.02 0.029 2 S4
Union
W-FT-056 France P_ll 4 S4
W-VT-090 France P_lI 0.066 0.77 0.006 0.158 2 S4
W-FT-004 Denmark P_lI 0.044 0.846 0.035 0.075 2 S4
BRO-025 Italy P_lI 0.164 0.764 0.033 0.039 2 S4
W-FT-097 Germany P_ll 0.049 0.691 0.007 0.253 2 S4
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T-830V Russia 0.185 0.815 P_ll N.D. S4

W-VT-091 United 0.177 0.823 P_lI 0.02 0.859 0.04 0.081 2 S4
Kingdom
W-VT-010 Hungary 0.163 0.837 P_lI 0.196 0.761 0.009 0.034 2 S4
W-FT-003 Netherlands | 0.157 0.843 P_lI 0.046 0.774 0.005 0.175 2 S4
W-VT-092 Netherlands | 0.157 0.843 P_lI 0.01 0.972 0.008 0.01 2 S4
W-FT-088 Netherlands | 0.147 0.853 P_lI 0.02 0.894 0.034 0.052 2 S4
W-VT-017 Netherlands | 0.143 0.857 P_lI 0.022 0.865 0.016 0.097 2 S4
W-VT-089 France 0.139 0.861 P_lI 0.035 0.853 0.016 0.095 2 S4
W-VT-053 0.125 0.875 P_lI 0.059 0.804 0.013 0.124 2 S4
W-FT-002 United 0.119 0.881 P_lI 0.041 0.921 0.007 0.032 2 S4
Kingdom
T-1283V Netherlands | 0.112 0.888 P_lI N.D. S4
W-FT-005 Germany 0.11 0.89 P_lI 0.118 0.784 0.019 0.078 2 S4
W-VT-006 India 0.107 0.893 P_lI 0.025 0.85 0.008 0.117 2 S4
W-VT-018 Netherlands | 0.107 0.893 P_lI 0.097 0.756 0.046 0.101 2 S4
W-VT-014 Italy 0.102 0.898 P_lI 0.058 0.785 0.066 0.091 2 S4
T-826V Russia 0.091 0.909 P_lI N.D. S4
W-VT-044 Soviet 0.084 0.916 P_lI 0.192 0.643 0.12 0.045 2 S4
W-VT-119 Egltzgrlands 0.076 0.924 P_lI 0.135 0.731 0.042 0.092 2 S4
W-VT-120 Netherlands | 0.07 0.93 P_lI 0.037 0.881 0.04 0.041 2 S4
T-307V Russia 0.057 0.943 P_lI N.D. S4
W-FT-047 Soviet 0.046 0.954 P_lI 0.123 0.767 0.007 0.103 2 S4
T-1050V Bﬂlrg?ne 0.04 0.96 P_lI N.D. S4
W-VT-045 Italy 0.039 0.961 P_lI 0.012 0.971 0.007 0.01 2 S4
W-VT-015 Italy 0.028 0.972 P_lI 0.014 0.822 0.008 0.156 2 S4
W-VT-011 Soviet 0.022 0.978 P_lI 0.178 0.776 0.025 0.021 2 S4
Union
In studies of Zhao et al. in a different sub group
non turnip accession
* 1 = Pak choi and Asian turnips, 2 = European turnips, 3 = Annual oil types and 4 = Chinese cabbages
ki S1 = Annual oil types, S2 = Chinese cabbages, S3 = Pak choi, S4 = European turnips and S5 = winter oils and Asian

turnips.

Phenotypic variation

According to the population structure proposed fievipus paragraph, all turnip accessions
were divided into P_I or P_Il. The non turnip astess were placed in a separate group.
Phenotypic traits were analyzed separately pergsabp. Means and standard deviations of
each trait were calculated for the three vernabmatreatments per sub-group and can be
found in Appendix VII. All turnip traits were sidicantly influenced by the vernalization
(P<0.05). A significant difference for weight, widishape and smoothness of the turnips was
observed between the two sub-populations. Accesgiom P_II had a larger turnip diameter
(Figure 7a) and a higher turnip weight compare@doessions from P_l. The onset of the

turnip growth was significantly delayed by the \aimation.
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The weight of the turnips appeared to be normatjyriduted for the European turnips
(P_IN) in all vernalization treatments. The turmipight of the unvernalized Asian turnips was
also normally distributed. The eight and four weeémalized Asian turnips however showed
a left skewed distribution for turnip weight. P had a slightly higher variation in diameter
compared to P_IL. In P_I the variation in turnip rde&ter increased if the plants were
vernalized while P_Il showed the opposite trendjFé 7a). Taking all traits into account,
there is no clear trend in the variation per treathor subpopulation.

The prolonged exposure of the seedlings to coldltess in a significant smaller
diameter of the turnips which was more evidentim Asian turnips (P_I) (Figure 7a). Beside
that, the turnips of both sub-populations had aenarinkled surface, were more elongated
and growing deeper in the soil if they were vezedi

The moment of Flowering and the bolting were digantly influenced by the length
of the vernalization period. Plants which were wadimed start to flower earlier and had
shorter flower stalks. None of the flowering trastsowed a significant difference between the
sub-populations. Neither the sub-population nor ldmgth of vernalization had significant
influence on the shape (Figure 7b) and the coldheflowers.

Most of the leaf traits were significantly inflused by the subpopulation (Appendix
VII). Only the length of the leaf and the petiotee surface and color of the leaf and the
weight of the leaves (including flower stalk) warelependent from the subpopulation to
which the accessions belong. The significant eftéaternalization on the leaves was limited
to the length, color, presence or absence of tndwy erectness of the leaves and the number
of leaves at the moment of flowering. The vernaliptants had smaller lamina length, but the
lamina width did not differ significantly due toehvernalization although the variation was
rather small for the lamina width. (Figure 7c). Lehape is another example of a trait with a
very narrow distribution but the differences aii# 8ot significant between subpopulations or

treatments (Figure 7d).
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Figure 7. Box-plots of four different traits over two sub-populations and three vernalization treatmets.

White bars represent P_| (n = 25) and the grey bar®_Il (n = 41). A = TWi (significant influence of
population and vernalization P<0.05)), B = FS, C =L Wi (significant influence of population and

interaction between population and treatment P<0.0band D = LS. The letters in diagram C indicate the
interaction between vernalization and population; dferent letters indicate a significant difference(F-test,

P =0.05).

Developmental measurements

The average values over four plants per accessotrgatment of the four traits (LL, LWi,
PL and TWi) which were measured in time are showirigure 8. LL, LWi and PL were
measured for only six accessions (T-1283V, W-VT;1W-VT-115, W-VT-052, YS-143,
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and PC-105) and the TWi was measured for all tuasgessions (n = 36). For all four traits it
is obvious that vernalization causes a smalleranslbwer growth of either the leaf or the
turnip. The initial growth speed (22 days aftengjalanting) is for LL and LWi the same in
vernalized condition as in the unvernalized condsi The length of the petiole is already
increasing less in plants which were vernalized §oweeks compared to the two other
treatments. For the turnip diameter the same tisnobserved; the 8 weeks vernalization
resulted in delayed growth rate. The leaf traitsenmeasured till leaves were fully expanded
and started to senescence. Both four and eight sveeidnalized plants had the same final
lamina length which was smaller than that of theemnalized plants. At the moment of
harvest the turnips were not full grown, but theger the plants were vernalized, the smaller
the turnips.

By testing the whole growing curve for the effeas vernalization, only the
development of LWi was not significantly affecteg the vernalization (F-test, P <0.05); the
vernalization caused a significant different grofdghLL, PL and TWi. A large outlier of the
lamina width of the 0 weeks vernalization treatmenday 31 was observed and a decrease of

the lamina width from day 22 till day 24 for alktithree treatments.
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Figure 8. Plots of the development of the lamina tgyth (A), lamina width (B), petiole length (C) and

turnip diameter (D) showing the effect of the threevernalization treatments on the growth. Plots A ti C
show the average of six accessions (T-1283V, W-VTI, W-VT-115, W-VT-052, YS-143, and PC-105) and
plot D shows the average turnip diameter for all tle turnip accessions. Four plants per treatment per
accession were used as a replicate.

Correlation between morphological traits

Correlations between all morphological traits sdoaed derived traits calculated from those
traits (LI, root/shoot ratio) and p-value of allroglations are included in Appendix VIII.
Flowering traits were hardly correlated with otfewer traits or other traits. Only the bolting
was correlated with the days to flowering (FT).

Turnip traits were correlated very often signifidg with other turnip traits (Table 6,
Appendix VII). Many of the traits related to thesiand shape of the turnip are all correlated
with each other: TWi, TD, TSo and TWe. The uppet #re lower turnip color are also very
tightly correlated, what means that the same cotnbinations were observed frequent.

Quite some leafy traits appeared to be correlai#id other leafy traits or with turnip
traits. LEs is significantly correlated with LL, S Tr LWi and PW. The PW is also
correlated with the LTr, LWi, LCo and the LI. Othieteresting correlations are LI — LTr and
LWi — Lco. The correlations between a leaf traitl anturnip trait are mostly related to the

turnip color or to the number of leaves at the mioinoé flowering (Appendix VIII)
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Table 6. Number of significant correlations (p = 05) between and within groups of traits.

# of correlations  Flower Leafy Turnip

Flower 1
Leafy 2 17
Turnip 6 18 19

A graphic restitution of the correlations betweeats$ is given by the PCA plot in
Figure 9. The first two principle components represonly 33% of the variation. Three real
distinct groups with traits are present which ar@idated with red circles in Figure 9. One
cluster contains only turnip traits: TWe, TWi anD.TAlso a clear cluster with leaf traits is
present, consisting of LW, PW, LL Les and LTr. Tihst cluster consists of turnip, leaf and
flower traits: TSh, TSs, LA and FS.

The same three clusters were also observed wharotlahly one treatment was used.
So vernalization had similar effect on all the tsawithin one cluster. All other traits not
grouped in one of these clusters showed very Variedrrelations relative to each other for

the different vernalization treatments (data navatn)

Dim 2 (14.52%)

T T T i T T T
-15 -1.0 -05 00 05 1.0 15

Dim 1 (18.4%)

Figure 9. PCA plot of all traits based on all threetreatments. Dim 1 and Dim 2 on the X and Y axis
represent the amount of variation explained by eithr the first or the second principle component.
Between brackets the total amount of variation exglined by each principle component is displayed. The
red circles highlight the clusters of traits. For dbreviation of traits, see Table 2.
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Association mapping

Number of marker loci associated with traits a¢st tevel of 0.01 was given for the two used
approaches, GLM and MLM in Table 7. For this styoipfiles of 40 SSR markers were used,
based on DNA samples from mixtures of ten plantsapeession. For the 12 new accessions,
the DNA was a mixture of four plants per accessAdhaccessions of which phenotypic data
was obtained were used, so both turnip and nonptaccessions. For nearly all traits, the
number of associated SSR markers decreased aftedimg a correction for random effects
in the model (MLM). The number of associated loer frait ranged between 2 and 11 in the
GLM and between 0 and 5 in the MLM (Table 7). Evait had at least two significant
associations in the GLM. For only 15 traits a digant association with one or more markers
was revealed by using the MLM.

The same marker-trait associations were only redeahder different vernalization
treatments for a limited number of traits under dssumption of the GLM (Table 7). Only
two of these multiple occurrence of a marker-tessociation were also observed using the
MLM (TWi - BRMS-050 and TSo — BR384t). BRMS-050 walso associated with TWe_0,
TWe_4, TD_8, LWe_4, PW_0, Les 0, Les 4 and FS_43&R appeared to have also an
association with TWi_0, LN_0 and FB_8. A completeiwiew of all significant marker-trait

associations under both the models can be fouAgpendix IX.

Table 7. Overview of number of loci significantly asociated with the 24 traits studied (P<0.01). Two
models were used: GLM (assuming a linear effect dhe marker corrected for the population structure)
and MLM (a GLM model which is corrected for random effects). Markers for which a trait-marker
association was detected for more than one vernadition treatment are shown on the right side of this
table.

# of markers markers in common for the three different vernalization treatments
per model
Trait name GLM MLM GLM MLM
Turnip width 7 2 BRMS-042-2t, GOL3, BRMS-050 SRMS-
Turnip weight 6 3 BRMS-042-2t, GOL3, BRMS-050, nw_60
Turnip shape 4 2
Turnip swelling onset 6 5 BR343t, BR384t BR384t
Turnip color upper part 9 1 BRHO04D11flc2t, BRMS-043t, Na1l2A01m, Nal2HO07t, Br326t
Turnip color lower part 7 0 BRHO04D11flc2t, BRH80C09flc3, BRMS-043t
Turnip growing depth 4 0
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# of markers markers in common for the three different vernalization treatments

per model
Trait name GLM MLM GLM MLM
Turnip smoothness 3 0
Flowering time 5 4 BRHO04D11flc2t
Bolting 3 0
Flower shape 5 0
Flower color 2 3
Lamina length 7 0 Nal2A01m, Ra2A01, Ra2E12t, BRMS-042-2t
Lamina width 7 1 BRH80C09flc3, Ra2E12t
Petiole width 4 2
Leaf erectness 6 0
Leaf color 3 0
Leaf surface 5 0
Leaf trichomes 4 3
Leaf tip shape 3 1
Leaf edge shape 6 4 Br308t, BRMS-034t, BRMS-050, Na12A01m
Lamina attitude 6 1
Number of leaves 11 1 BRMS-042-2t
Leaf and stem weight 5 2
Total number of found 128 35 29 2

association

To investigate the effect of the absence or presefia allele, the distribution of a
trait is plotted in absence or presence of thdealleigure 10). Four significant marker trait
associations were selected for further study: BRMMIc2t 204 - FT_0, GOL3 259 -
TWi_0, BRHO4D11flc2t 244 - TCl_4 and BR321_152Gul 0. BRH04D11flc2t_204 was
selected because the already in literature destrédation between this marker and flowering
time (Lou et al. 2007). GOL3_259 was chosen becthiseallele appeared to be correlated
with turnip width and turnip weight for several matization treatments. An other allele of the
marker BRH04D11flc2t was selected because the @$mwocwith the turnip color and this
allele was unexpected. BR321 152 — Tcu_0 was chbseause BR321 was one of the
markers which had only a few significant markerttessociations. The average flowering
time increased in absence of the allele BRHO4D21f204 from 136 days to 167 days. This
main effect was mainly due to the European subgr@gl) since the Asian subgroup
showed the opposite trend (Figure 10A). So theiligion of this trait was really different
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for the two sub populations but the correction $ab populations in the GLM procedure
corrects for this. All the other plotted traits shalso that the presence of the associated allele

gives different trait scores.
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Figure 10. Distribution of traits in the absence ompresence of the associated allele;: BRH04D11flc204-
FT_0 (A), GOL3_259 - TWi_0 (B), BRH04D11flc2t _244TCI_4 (C) and BR321_152 - TCu_0 (D). The
absence (-) or presence (+) of the alleles is pledton the X-axis. In case the information about thallele
was unknown for one or more accessions, a asterigkshown on the X-axis. Traits are plotted per sub
population separately. The white bars represent P_(Asian turnips, n = 25) and the grey bars indicate
P_II (European turnips, n = 41).
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Discussion

Large differences were observed in the marker dased on the DNA isolated in this study
(four plants/accession) and the DNA isolated in gtedy of Zhao et al. (2010a) (ten
plants/accession). The large differences betweeDA stock of Zhao et al. (2010a) and the
DNA stock, isolated in this study might be due &tenogeneity of the accessions, since most
B. rapaspecies are self incompatible. Especially wherleaslare occurring in less than half
of the accessions, many differences were obseiedal€ 4). The reason for this might be that
these rarer alleles are not detected because tie ddfbur plants was pooled in this study,
instead of the DNA of ten plants, so statisticé#lgs chance to detect. If there were a high
frequency of rare alleles for the four selected ke in the collection of accessions, one
would expect that pooling ten instead of four pamrgsult in a higher total number of alleles.
As the total number of detected alleles is nedmbydame; 440 versus 431, it is concluded that
there are hardly any rare alleles present in tbheuymts of the four selected markers. So rare
alleles are not the reason for the mismatches leettvee two DNA pools.

Calculation of the population structure based aih ltioe scoring of my study (DNA of
accessions present in study of Zhao et al. (20d@& used if possible) and the study of Zhao
et al. (2010a) (results of 11 SSR markers) resualtsnly a few differences in population
structure compared to the study of Zhao et al. [2@Uable 5). In my study nine accessions
were added of which the DNA was only pooled forrfplants and 29 more markers were
used, but the same population structure was olataiftas indicated that although the results
are obtained by a different person and with a decseerage of markers, the results are the
same, which eliminates the explanation that theetesl difference between the two DNA
stocks might be caused by the different person awtidhe work.

Most probably the differences are caused by therbgéneity of the plants. Sin&
rapais self incompatible, all accessions are heterogesieBy using the pooled DNA of ten
plants compared to only four, only two more rafeles were observed but many differences
are present although the total number of detectbelem was the same (Table 4).
Heterogeneity is therefore the most probable reésothe differences between the two DNA
pools. Therefore the isolated DNA of this studydependable and can be used for further
studies.

At the moment, much effort is invested in obtainfixgd lines ofB. rapaaccessions

(Bonnema, personal communicatiorl)sing fixed lines for association studies would
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eliminate the problems related to heterogeneous RNais therefore preferred over working
with heterogeneous lines.

The result of the population structure is reallynparable to the studies of Zhao et al.
(2007) (Table 1). Zhao et al (2007) analyzed 1&@&ssions, all from the WUR collection and
used 233 polymorphic AFLP marker profiles of oneghe plant per accession. Less markers
were used in my study compared to Zhao et al. (R0 the DNA was pooled for either ten
(accessions present in study of Zhao et al. (20d0jpur (new lines). Differences between
this study and the other two studies are indicatgd a ‘a’ in the last column. Only three
accessions are assigned to a different sub populakT-001 is a Dutch fodder turnip
accession but is now assigned to the group of Asiamps (membership fraction P_I =
0.678). In the data of Zhao et al. (2007), thisiufits very well in the European turnip group
(membership_fraction 2 = 0.808). The fraction ekpd variance by P_1I is not very high, so
the limited number of markers (n = 40) are mosbpldy the reason that FT-001 is assigned
to a different sub population. It is unexpectedt ttés Dutch accession belongs to the sub
population with Asian turnips.

VT-137 has also a membership fraction for P_I ofyd.543, which is just higher
than 0.5. This Turnip from Uzbekistan may have ghHevel of genetic admixture between
European and Asian gene pools, which gives bothulptipns nearly equal probabilities. It is
also possible that the numbers of markers usetisnstudy was not sufficient. FT-056 was
assigned to the group of the Chinese cabbagesisttidy of Zhao et al. (2007), which is
unlikely. By looking principally to only turnip aessions, the program will force this
accession to one of the two sub-population. FT4&d also a very high membership fraction
for the European turnip (Zhao et al. 2007), so #dusession is now assigned to the European
group. This accession was also grouped in the Earopurnips in the study of Del Carpio
(2010) in which also a high number of markers wsedun = 412). In conclusion, calculating
the population structure based on only a limitedhber of markers for pooled DNA (the
approach in this study) gives comparable results population structure with a high number
of markers on DNA of single plants.

It would have been better to run the data of thdysof Zhao et al. (2007) again, but
now only including the accessions which are alsd pfathis study. This would result in a
better comparison between the two studies.

The non turnip accessions are forced by the progmone of the two sub groups
although they were previously assigned to a diffeseib group. This outcome is not reliable

due to the limited number of non turnip accessiarthis study.
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Most of the SM Lines from Russia were assigned tdl, But the structure-membership
fractions of P_II were close to 0.5. These migldicgate that these lines have a high amount
of admixture between the Asian and the Europeanpgrit is advised to use more markers for
these highly admixed lines to assign these linesenpoecisely to either the Asian or the
European turnips.

The distribution of leaf treats was very differdot the two subgroups. A number of
the turnip traits also had different distributianghe two sub populations. A PCA plot for all
the turnip or all leaf traits with all the accessdall three vernalization treatments combined)
should also reveal a separation between the twopsphlations. Such a plot is shown in
Figure 11 for all the turnip traits. Here it is &ty shown that most of the turnips of the Asian
subgroup are grouped together based on only timgpttnaits, so the values of the different

principle components were really different per sobg.

Individuals factor map (PCA)

Dim 2 (23.48%)

T A TE21V

WFTO56

Dim 1 (43.73%)

Figure 11. PCA plot in which the individual accessins are shown for only the turnip traits. The majoity

of the Asian turnips (P_1I) is grouped together attie upper side of the plot, as indicated with the ikcircle.

Dim 1 and Dim 2 on the X and Y axis represent theraount of variation explained by either the first orthe
second principle component. Between brackets thetad amount of variation explained by each principle
component is displayed.
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Effects of vernalization
In agreement with observations by Takahashi €t18PR4), the decrease of flowering time for

vernalizedB. rapaplants was also clearly found (Figure 12) and apggb#o be significant

(Appendix VII). Many other significant effects oéknalization were found in this study.

Figure 12. Example of effect of vernalization on ta flowering time of PC-175. Left plant is unvernalied,
middle vernalized for four weeks and right plant wa vernalized for eight weeks. All three plants arérom
the cultivar PC-175.

The observation that leaves of Arabidopsis are lemahd more erect upon vernalization
(Hopkins et al. 2008), was also apparenBinrapa Some other traits (LTr, LCo and LN)
appeared to be influenced by vernalizatiorBinrapa. VernalizedB. rapaplants seemed to
have less number of leaves compared with non-viegathplants. This might be due to that
the leaf number was counted at the moment of flmgeaind the vernalized plants took less
time to grow till flowering. Leaf color change iremnalized plants, indicated by the decrease
in chlorophyll content, may suggest that vernalipkhts were less vigorous.

Many turnip traits were proven to be influencedthg vernalization (Appendix VII). It is
know that an early cold spill in the spring causesyield decrease (Lou, personal
communication), but the effects of vernalizationtomip traits are not described in literature

yet.
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Figure 13. lllustration of the correlation betweenflowering time and turnip size for the cultivar VT-117.
Left plant is unvernalized, middle vernalized for bur weeks and right plant was vernalized for eight
weeks.

Strong correlations between FT and TWe/TWi were eoled, resulting in
colocolization of FQTL-1 with FLQTL-2 on the top &02 (Lou et al. 2007). Similar results
were found by Raynaud (2010) and Vos (2009) wheadystg progeny of crosses between
accessions which had quite different flowering tirbeiring greenhouse observations this
trend was also observed (Figure 13). For all tistsdies VT-115 was one of the parents. As
shown in Table 8, for this specific accession theetation between FT and TWe/TWi under
different vernalizations is high. This specific deimation of traits is not present in many
other turnip accessions, resulting in the absem@e sagnificant correlation between FT and
TWe/TWi if a broader set of accessions is studieden different vernalization treatments (O,

4 and 8 weeks vernalization). (Table 13).

Table 8. Average TWe, TWi and FT for VT-115 for allthree vernalization treatments. Correlation
coefficient between TWe - FT and TWi — FT are respdively 0.76 and 69.

Vernalization [weeks] TWe TWi FT

W-VT-115 0 308 100 58.75
4 40 40 32.75

8 22 26.8 485
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It is more likely that the larger turnip size ofwemnalized turnips is caused by the earlier
turnip swelling onset (TSo0). Since there is a giroorrelation between TSo and TWe/TWi
(Table 13) and the swelling onset is significardiglayed by vernalization (Table 12) the
delayed TSo in vernalized plants causes a longexigg period for the turnips so they can
grow bigger. The difference in turning swelling ehss caused by the differences between
genotypes. The growing rate of the turnip diameéealso influenced by the vernalization
(Figure 8D), so this factor will also have influenon the final turnip width and weight. A
few very striking correlations concerning the tpriaits are the correlation TSh — FSh, LN —
TWe, LN — TWi and TC(l/u) — LEs. Expected corredaus like FT — FN and FT — Twe/TWi
were not observed. Pooling the three vernalizatieatments may be a reason for the lack of
these expected correlations. Additionally calcolatthe correlations for each vernalization
treatment separately would have been better. Bygusrdinal scales, less accurate data is
achieved and therefore the chance on false positisrelations is higher.

Comparing the results of the PCA plot obtainedRbpackage with the correlations
obtained by Genstat, a striking difference was okesk Some of the traits very close
correlated in the PCA are not significantly cortethat all in the output of Genstat (Figure 9,
Appendix VII). TSh and TSs are the best exampletrta$. They are even in all the
vernalization treatments close related (data naiwyh but Genstat calculates only a
correlation coefficient of 0.13 (P = 0.29) (Appexiill). After double checking the data, this
discrepancy still remained. The only explanatiothe both programs deal in a different way

with missing values and this causes differencelercorrelations.

Association mapping
In total 128 significant trait-allele associatiomsre found between 278 alleles from 40 SSR

markers and 23 traits (Table 7). For most of tharkers more than one trait was found to be
associated per marker and even more than on taitdf was to be associated per allele
sometimes (Appendix 1X). Because BRH04D11flc2t esigned based on a well studied
flowering time gene BrFLC2 (Kim et al. 2007; Zhaaaé 2010b) ,it is used as an example to
illustrate the outcome of this study. BRH04D11fla2&s found to be correlated with a
flowering QTL (Lou et al. 2007) an8rFLC2 was suggested as a candidate gene for this QTL
(Zhao et al. 2010b).

In this study, when using GLM approach beside flomge time in the unvernalized
plants (FT_0) and eight weeks vernalized plants @ TBRH04D11flc2t was also associated
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with LN_O, LA 8, LTr 0, TD 4, TSh_4, LWe 4, TWi 4B 4, TCI 0, TCl 4, TCu_4,
TCu_8 and TSo_8. Since a couple of these tralgi(LN) are found to be related to this
flowering locus in both this study and by Lou et @O007), it is suspected that tiBsFLC2
candidate gene is also co-regulating many othdtstraspecially traits influenced by
vernalization (Zhao et al. 2010b). However, using more restricted MLM approach, only
two traits are still correlated with BRH04D11flc2{A 8 and TSo_4. Significant association
with flowering time was no longer observed.

This example shows the complexity of the asso@atimpping output; the linkage of a
certain marker with a certain trait found in prexscstudies (Lou et al. 2007; Vos 2009; Zhao
et al. 2010b; Zhao et al. 2007) is confirmed irs tiudy under the GLM assumption, but for
every marker many more association with high deersits are found. Using the MLM
shows no longer a confirmation of the already dbedrmarker trait association, therefore it
is doubtful whether MLM is the right approach.

In case markers are found to be associated withitaunder several vernalization treatments
by both models (BRMS-050 — TWi and BR383t — Tsob)isilikely that these marker-trait
associations show the true positions of a geneinVestigate whether all the associations
found with only the GLM approach are valid, thetdlmition of some traits was plotted in
case of absence or presence of the associated @lglure 10). The absence or presence of
the alleles resulted in a quite different distribatof the trait. This was even the case for
unexpected associations like the association betwéanip color (TCl 4) and
BRHO04D11flc2t (Figure 10), so it is likely that dle detected marker trait observations are
indicating at least a genomic region related td.tBecause lots of marker-trait associations
were detected with a quite low density of randorarkers , this could suggest that the LD is
the investigated turnip accessions stretches oveerg long region. Testing markers of
interest with a found association on a populatiauld reveal more information about the
effect of an allele on the trait.

Since most of the accessions were turnips from tmty sub populations the used
accessions may contain too less genotypic variatibich is not sufficient compensated by
adding the population structure into the modeldfdata is used from other morphotypes,
still population cofoundings occur due to the papioh structure. This would imply that
although a trend in the trait distribution of ars@dated allele is found (like is shown in
Figure 10), this would not have been significarthé used model would be correcting for the

limited genotypic variation in a more suitable way.
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Some studies suggest that an appropriate numbsiaders was used (D’hoop et al. 2008;
Zhu et al. 2008), especially because also a coapleandidate genes is used and most
markers were multiallelic, but other studies sugjgjest a higher number of markers or even
complete sequence data of regions of interestegletto get reliable results (Hansen et al.
2001). Because on average only four markers pkadie group were used in this study and
the mapping position of some markers are still aukm the association between the
chromosomal region and the trait could not be pedgilocated. If a higher amount of
markers with known map positions is used, moreipeemformation will become available
about the association.

Of the three turnip growth candidate genes, ondyker nw_60 was associated with
turnip traits TWe, TWi and TCu. Like all the othmiarkers, nw_60 was also related to many
other traits (Appendix 1X). Comparing these assmmmmapping results with the outcome of
the correlation test, it is observed that mosthafse traits are significantly correlated with
each other.

Conclusions
Using only 40 SSR markers was already sufficienblitain a reliable population structure.

Pooling the plants of only four instead of 10 ptah&d not many influence on the detection of
rare alleles, because rare alleles were not vemyadnt in the screened accessions. The
effects of vernalization was significant for alkip traits. Vernalized turnips had a smaller
diameter, lower weight and more wrinkled. The dbisttion of many flowering and leaf traits
was also significantly different under the differerernalization treatments. Many significant
correlations were found between the different $rdut a correlation between flowering time
and turnip weight was not detected. 128 significauatrker-trait associations were detected
under the assumption of the MLM and 35 under tiseimaption of the GLM model.
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Appendix | : Layout of the experiment

Overview spacing of experiment within the greenlousmpartment (Compartment 11,
Nergena Greenhouse, Bornsesteeg 10 Wageningen).

Table 9. Overview greenhouse compartment 11. The a&pe in this compartment which is used for my
experiment is marked with the red rectangles.

Entrance

Al A A A .............................
Block 3 Block 1

Block 4 Block 2

! arge tables (2m * 11m)
’Small tables in the back of the compartment (1) 4

Each block is organized in the same order; Sindedhdhe table can be reached from one
side, the table is widthwise splitted in two fontiauation of the plot numbering (Figure 14).
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1 2 3 4

15 35 7 38

2 1 3 3

5 6 7 8 123 122 121

23 20 22 40 32 39 37

2 3 3 1 3 3 2

9 10 11 12 120 119 118 117
3 27 27 1 4 41 16 29
3 1 3 3 1 2 2 3

13 14 15 16 116 115 114 113
30 16 32 38 12 2 26 29
2 1 1 1 2 1 3 2

17 18 19 20 112 111 110 109
25 12 28 7 24 31 7 28
2 3 3 1 1 2 2 2

21 22 23 24 108 107 106 105
40 4 1 32 6 31 11 39
3 3 2 2 1 3 1 1

25 26 27 28 104 103 102 101
36 23 34 21 19 12 18 41
3 3 1 3 2 1 3 3

29 30 31 11 100 99 98 97
39 21 8 2 3 27 36 41
2 1 3 2 2 1 1

33 34 35 36 96 95 94 93
9 25 5 29 26 20 18 6

1 3 2 1 2 2 2 3

37 38 39 40 92 91 90 89
3 9 31 37 13 15 6 13
1 3 1 1 1 3 2 3

41 42 43 44 88 87 86 85
20 15 24 22 34 40 26 24
1 1 2 1 2 2 1 3

45 46 47 48 84 83 82 81
30 14 28 33 10 14 35 19
3 3 1 2 2 1 2 1

49 50 51 52 80 79 78 77
22 11 33 17 4 35 10 21
2 3 3 1 2 3 1 2

53 54 55 56 76 75 74 73
30 16 23 2 17 5 14 8

1 3 1 3 2 3 2 2

57 58 59 60 72 71 70 69
36 19 25 10 13 37 18 2

2 3 1 3 2 3 1 2
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61

33
1

62

5
1

63

8
1

64

17
3

68

34
3

67

1
1

66

38
2

65

9
2

Figure 14. Layout of block 1. The number in bold ae the plot numbers. The number below the plot
number is the cultivar and the last number indicats the treatment (1 = 8 weeks vernalization, 2 = 4egks
vernalization, 3 = no vernalization).

The complete division of the all the plants oves thur blocks is shown in Table 10.

Table 10. Complete overview of which plant is in wét plot number in which block. The upper number of
each plot number is the accession number (Table Bnd the lower number the treatment (1 = 8 weeks
vernalization, 2 = 4 weeks vernalization, 3 = no vealization)

Plotnr block 1 block2 block3 block 4 Plotnr block 1 block2 block3 block 4
1 15 7 39 5 20 7 23 14 29
2 3 2 2 1 2 3 2
2 35 30 11 4 21 40 3 12 28
1 1 3 1 3 1 1 3
3 7 23 22 13 22 4 7 41 30
3 3 3 2 3 2 3 3
4 38 17 15 17 23 1 39 19 19
3 1 2 1 2 3 3 1
5 23 2 32 36 24 32 11 3 3
2 2 1 2 2 3 2 3
6 20 8 30 29 25 36 23 32 11
3 2 2 3 3 1 2 3
7 22 26 30 27 26 23 33 10 18
3 1 3 1 3 2 1 3
8 40 1 39 20 27 34 10 40 9
1 2 1 2 1 3 1 1
9 3 6 2 27 28 21 19 20 22
3 1 2 2 3 3 2 2
10 27 36 17 1 29 39 28 19 13
1 2 3 1 2 1 1 3
11 27 18 1 23 30 21 5 37 10
3 3 1 2 1 2 3 3
12 1 8 38 16 31 8 17 14 36
3 3 1 2 3 3 2 3
13 30 34 29 11 32 11 4 27 25
2 2 1 1 2 1 2 3
14 16 30 30 32 33 9 19 23 40
1 2 1 2 1 1 3 2
15 32 24 22 14 34 25 26 26 10
1 3 1 1 3 2 3 2
16 38 20 40 14 35 5 4 1 16
1 3 2 3 2 2 3 3
17 25 13 4 2 36 29 14 10 1
2 2 1 2 1 3 2 2
18 12 28 16 36 37 3 39 34 7
3 3 3 1 1 1 1 2
19 28 28 40 21 38 9 25 8 38
3 2 3 3 3 2 2 1
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Plot nr

block 1

block2 block 3 block 4

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

31
1
37
1
20
1
15
1
24
2
22
1
30
3
14
3
28
1
33
2
22
2
11
3
33
3
17
1
30
1
16
3
23
1
2
3
36
2
19
3
25
1
10
3
33

N L

6
2
12
1
38
2
21
2
37
1
24
2
2
3
29
3
31
3
29
1
37
3
31
1
32
2
20
2
41

34
3
37
2
24
2
16
2
21
3

(3]

34
2
8
1
11
2
29
1
20
3
39
2
31
3
31
2
24
1

(o3}

Plotnr block1 block2 block3 block 4
64 17 22 33 1
3 1 1 3
65 9 24 24 17
2 1 1 2
66 38 35 32 12
2 2 3 3
67 1 38 8 8
1 1 3 3
68 34 22 6 9
3 3 2 2
69 2 27 9 34
2 3 1 1
70 18 22 1 8
1 2 2 2
71 37 15 35 24
3 3 2 2
72 13 19 41 37
2 2 2 2
73 8 21 27 5
2 1 3 1
74 14 18 7 25
2 1 3 1
75 5 16 25 3
3 3 3 2
76 17 32 18 38
2 1 2 3
77 21 13 24 37
2 1 3 3
78 10 9 17 12
1 2 2 2
79 35 30 21 37
3 3 2 1
80 4 20 26 18
2 1 1 2
81 19 36 11 28
1 3 2 1
82 35 40 9 17
2 2 2 3
83 14 5 33 2
1 3 3 1
84 10 21 2 28
2 3 3 2
85 24 27 39 23
3 1 3 3
86 26 12 34 24
1 3 2 3
87 40 10 3 7
2 2 1 1
88 34 27 13 14
2 2 2 2
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Plot nr

block 1

block2 block 3 block 4

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

13
3
6
2
15
3
13
1
6
3
18
2
20
2
26
2
41
1
36
1
27
2
3
2
41
3
18
3
12
1
19
2
39
1
11
1
31
3
6
1
28
2
7
2
31
2
24
1
29
2

11
2
29
2
11
1
17
2
10
1
9
1
40
1
25
1
12
2
5
1
41

N wkFENDN

41
1
38
3
35
3
5
3
13
1
36
1
5
2
29
2
4
3
37
1
28
1
14
1
8
1
25
1
19
2
36
3
31
3
27
1
31
1
6
1
31
2
38
2
12
2
28
2
23
2

2
3
19
3
15
3
19
2
7
3
23
1
15
2
30
1
13
1
4
2
26
3
31
1
22
3
15
1
4
3
10
1
32
3
5
3
35
3
40
1
41
3
25
2
22
1
20
1
26
2

Plotnr block1 block2 block3 block 4
114 26 40 26 39
3 3 2 1
115 2 13 36 33
1 3 2 2
116 12 25 13 33
2 3 3 1
117 29 16 20 27
3 1 1 3
118 16 14 18 33
2 1 1 3
119 41 31 16 35
2 2 1 2
120 4 14 23 41
1 2 1 1
121 37 33 17 35
2 1 1 1
122 39 34 3 41
3 1 3 2
123 32 37 2 39
3 2 1 3
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Appendix I 1. Pictorial representations of all ordinal scales.

1 =oval 2= round to oval 3: rohnd

4 = oval to long 5 =long 6 = very long
Figure 15. Ordinal scale for scoring the turnip shae.

3 =cream

1 = white (lower half) 2 = greenish (upper

half)
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4 = yellowllight brown 5 = light 6 = purple (lower half)
purple/pink
(lower half)

7 = dark purple (upper half) 8 = red (lover half) =dark red (upper half)

Figure 16. Pictures of the nine different scoring @lors for turnips. These nine colors are scored twe per
turnip: once for the upper half and once for the laver half.

2 = intermediate 3 = cetembove ground
Figure 17. Three classes of growing depth of turnip
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~

1 = very smooth 2 = intermediate 3= ver wrinkled
Figure 18. Ordinal scale for the classification ofhe three different levels of smoothness of the taip
scored in this experiment.

not touching overlappi =t
OpEn . pRing rong
g tauching overlapping

Figure 19. Different shapes oB. rapa flowers.

1 = orange 2 = dark yellow 3 = yellow 4 = medium 5 = light yellow
yellow
Figure 20. The five different scoring colors of thdlower color.

1 = very smooth 2 = intermediate 3 = very wrinkled
Figure 21. Different classes of smoothness of theaf surface.
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286

1 = very sharp = intermediate = round
Figure 22. Classification of the form of the leafip.

&

1 entire 2= slightly serrat8c- intermediate 4 = very serrated
serrated
Figure 23. Four different classes of leaf edge seting (Lou et al. 2007).
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1 = extreme deep down 2 = deep down curling
curling

4 = straight 5 = little up curling
Figure 24. Different classes of the lamina attitudesed for scoring.

3 = little down curling
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Appendix |11: DNA isolation protocol

RETCH 1.3 protocol (Gert van Arkel & Maarten Nijenh uis)

| always use this protocol for young/ not mature plant material. I have only use these on
non frozen, fresh young tissue.

Day before harvesting the plant material:
Put the 96 micronic tubes in a blue holder anckrttzem well
Add 2 steel balls to every tubgifiple device ask Johan
Check if there is enough Isolation buffer and og@utions(volumes)
DNA isolation day:
Put the water bath on and set it to 65°C
Put the 70% ethanol to the -20°C
Put the isolation buffer at 65°C (pipetting becomegasier)
Put two leaf disc in a tube by closing the tube
Place the already done tubes onto ice leave 2 winesy for calibration.

Put the entire blue holder with the tubes intoitiguitrogen

Place the blue holder without the transparentritd & black and white adapter. The 2 rot
extensions should be facing one way and fixateénrRETCH machine.

Check the boxes with samples if they are reallgdix

Mill the samples for 30 seconds at 30 Hz for thiieees and changing the direction of t
holders

Put the entire blue holder with the tubes back ligiaid nitrogen
Centrifuge the boxes briefly in order to get thevder in the bottom of the tube
Add 400 pl of isolation buffer to the tubes onaedhed.

Place the blue holder without the transparentrlithe special designed clamp and tight th
nuts(This will prevent that the lids will pop off aftercubation at 65°C)

Incubate at 65°C in a water bath for 60 minutes

Cool the clamp containing the tubes for 15 minatesce-water

ind

he

ed
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Work in the fumehood for these steps.
Add 400 pl of chloroform : isoamyalcohol (24 : b)the tubes and mix by inversion for
minutes

(Machine is in the 1.132 Lab)

Separate the phases by centrifuging at 6000 rpradfaninutes

During the centrifuging fill new tubes with 280 igbpropanol

Pipette 2x 175 ul of the water phase in tube tbatains 280 pl isopropanol
Mix the content carefully by inversiofhook if you can see the something moving inside
solution)

Pellet the DNA by centrifuging for 8 minutes at 60@m

Discard the supernatant

Add 300 pl of ice cold 70% ethanol

Centrifuge for 5 minutes at 6000 rpm

Discard the supernatant and let the pellet dryragét in the fumehood

Next day dissolve the pellet in 100 pl of MQ camitag 4 ug/ml RNase

Let the tubes containing DNA stand on the lab bdocl® hours
(The RNase will get rid off the RNA in your DNA pln

Check the DNA quality of a 1% agarose gel by pagttin
2 ul of isolated DNA
8 pl of MilliQ
2 pl of loading buffer

Load 12 pl on the gel

Check the DNA concentration on the NANOdrop

The manual is in the Brassica protocol folder

Concentration: is in ng/ul

260/280: a value of 1.8 is considered as pure DalAes of 2.0 or higher are
considered as pure RNA

> th

58



Lyses buffer 500 ml

Tris-HCI 1M (pH 7.5) 100 ml
EDTA 0.5 M (pH 8.0) 5 mi
NaCl5 M 200 ml

MQ 195 ml

CTAB 10g

Extraction buffer 500 ml

Tris-HCI 1M (pH 7.5) 50 ml
EDTA 0.5 M (pH 8.0) 5 mi
MQ 445 mi

Sorbitol 319¢g
Sarkosyl 5%

Isolation buffer 200 ml
Lyses buffer 84.0 mi
Extraction buffer 84.0 mi
Sarkosyl 5% 33.5ml
Sodium bisulfide 500 mg
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Appendix | V: PCR reaction

First of all you need to book a PCR machine in ohthe agenda’s for the time you are going

to use it

Making a PCR mastermix (this is a mix of: primaislTP’s, Taqg buffer, Taq polymerase and

MilliQ)
Get a bucket or tray with ice ambrk on ice the entire time.
Get the next solutions from the -20.
- Primers (foreward and reverse)
- dNTP’s
- Super Taq buffer 10X
- Super Taq (polymerase)
Place the Super Taq (polymerase) immediately an ice
Get a new Eppendorf tube and clearly write downtarasx on it.

When the solutions are thawing make the calculatfonthe mastermix in your lab journal.

This reaction will be used for 3 ul DNA sample

Mastermix 1X 48X
Primer forward 1.0 48.0
Primer reverse 1.0 48.0
dNTP’s 1.0 48.0
Super Taq buffer 10X 2.5 120.0
Super Taq (polymerase) 0.2 9.6
MilliQ 16.3 + 782.4
Total 22.0 pl

Put 22.0 ul of the mastermix inside a well of a R@l#&e.

DNA template and MilliQ are variable; increasing tamount of DNA with 1.0 pl (4.0) wi
decrease

the amount of MilliQ with 1.0 ul (15.3 plyYwhen changing the volume of the MilliQ and D
the

mastermix volume changes to so in this exampld @d. (Sometimes you will need mo
DNA

for a PCR reaction because otherwise the reactibnat work).

Add the 3.0 pl of DNA template/sample (look at €xample Mastermix above.

The total volume inside a well of a PCR plate isvr&b pl.
Heat seal the plate with a seal next to the grealing machinécheck the seal).

NA

e
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Appendix V: SSR markers

Table 11. Overview of the SSR markers which are udein this study. The yellow indicated markers are keady screened by Zhacet a.. (2010a) for most of the
accessions. Markers which appeared to be informatévare indicated with an asterisk in the column ‘labode’.

Linkage
group Position LG-
(WU- Lab (cM)-WU reference Labelled

Marker integrated) code map map primer Reference For Rev
Suwabe et al.

BRMS-043t 3 3* 59.089 IRD800 (2002) GCGATGTTTTTTCTTCAGTGTC TTAATCCCTACCCACAATTTCC
Lowe et al.
(2003)/ jinsun

Nal10D09 4 4* R04, RO5 IRD800 Kim AAGAACGTCAAGATCCTCTGC ACCACCACGGTAGTAGAGCG
Suwabe et al.

BRMS-014 6 6 R0O6 IRD800 (2002) CCGTAAGGAATATTGAGGCA TCCCAATTCTCAAACGGTA
Suwabe et al.

BRMS-040 7 7* 23.4 IRD800 (2002) TCGGATTTGCATGTTCCTGACT CCGATACACAACCAGCCAACTC
Lowe et al.
(2003)/ jinsun

Ra2E12t 8 8* 77.732 IRD800 Kim TGTCAGTGTGTCCACTTCGC AAGAGAAACCCAATAAAGTAGAACC
Lowe et et al.

Nal2A01m 6 14* 70.2 IRD800 (2003) GCATGCTCTTGATGAACGAA GCTTCAACCTCTCAATCGCT
Suwabe et al.

BRMS-018t 7 15 25.7 IRD800 (2002) TCCCACGCCTTCTAGCCTTC ACCGGAGCTTTTCTGTTGCC
Suwabe et al.

BRMS-051t 9 16* 69.2 IRD700 (2002) GGCCAAGCCACTACTGCTCAGA GCGGAGAGTGAGGGAGTTATGG
Suwabe et al.

BRMS-033 20 R0O8 IRD700 (2002) CCTCCTTGTGCTTTCCCTGGAGACG GCGGAAACGAACACTCCTCCATGT
Suwabe et al.

BRMS-007t 5 23 41.863 IRD700 (2002) AAATTGTTTCTCTTCCCCAT GTGTTAGGGAGCTGGAGAAT
Suwabe et al.

BRMS-008 3 27 0 IRD700 (2002) AGGACACCAGGCACCATATA CATTGTTGTCTTGGGAGAGC
Suwabe et al.
(2002)/Jinsun

BRMS-054 4 30* R04 IRD800 Kim CAATCTCTGCAACAAACAAATG TTCCTCAGCATCAAGTAACCTC
Suwabe et al.
(2002)/Jinsun

BRMS-088 32* R0O8 IRD800 Kim TATCGGTACTGATTCGCTCTTCAAC ATCAGGTTGTTTATTTGAGAGCAGATT
Suwabe et al.

BRMS-096 1 33 RO1L IRD700 (2002) AGTCGAGATCTCGTTCGTGTCTCCC AGTCGAGATCTCGTTCGTGTCTCCC
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Linkage

group Position LG-
(WU- Lab (cM)-WU reference Labelled

Marker integrated) code map map primer Reference For Rev
Lowe et et al.

Nal0A08 9 34* 05,n9 IRD800 (2003) CATGGTTAAAACAATGGCCC CAAGAAACACCATCATTTCTCA
Lowe et et al.

Nal2H09t 2 40 65.149 IRD800 (2003) AGGCGTCTATCTCGAAATGC CGTTTTTCAGAATCTCGTTGC
Lowe et et al.

OI12F02 9 46 N9, N15 IRD800 (2003) GGCCCATTGATATGGAGATG CATTTCTCAATGATGAATAGT
Suwabe et al.

BRMS-031t 1 56 64.409 IRD800 2002 TGCCACCAATGACAATGACACTATC GATGCACTGGGACCACTTACATTTT
Lowe et et al.

0l11B05 3 85 64.019 IRD700 (2003) TCGCGACGTTGTTTTGTTC ACCATCTTCCTCGACCCTG
Lowe et et al.

Ra2A01 7 89* N7 IRD800 (2003) TTCAAAGGATAAGGGCATCG TCTTCTTCTTTTGTTGTCTTCCG
Lowe et et al.
(2003)/ jinsun  TAATCGCGATCTGGATTCAC

Ra3H10 5 93 R0O5 IRD700 Kim ATCACAACAGCGACGAGGTC

BRH80A08flc1t 10 95* 58.0 IRD700 Jinsun kim TTCCCAAGCTTGCTGGTACT GAGATTTCCCTCGCTTGATG

BRH80C09flc3 2 96* R02 IRD700 Jinsun kim CAGTGAAGTTCAACCGCAGTGAAA CATGAGTGAACATAAAACAGTGAAA

BC105t 1 198 5.8 IRD700 Ma Rongcai GACGCCTCAATTGCTTACTT AGGGAATGAGGATGGGTCTG
Suwabe et al.

BRMS-042-2t 3 210* 120.123 IRD800 (2002) AGCTCCCGACAGCAACAAAAGA TTCGCTTCCTTTTCTGGGAATG

F3H-SSR2t 3 256* 124.467 IRD800 Dunia GTCATCTCCAGGTAAATCCA TCTTGAACAACCTCTCCCTA

chsssrl3 10 272* 2.5 IRD700 Dunia AGTGAGACGAAGTCCAGAAA GCATAATCTTAGGCAACCAG
Choi et al.

EJUBR10 10 362* 63.1 IRD800 (2007) TCTCTCACCTGCCTTGTCT ACTCCTCGGTAATGCCTC
Choi et al.

ENA13i 2 363 22.428 IRD700 (2007) CTGCGTTCCAGTACCCTCTC TCATCCTTAATGGTCCTGCC
Choi et al.

ENA23h 2 367* 42.248 IRD800 (2007) GCTGTGCCAGTTCCTCTTTC TCATTCCAAATGGCCTTACC
Choi et al.

GOL3 382* R0O8 IRD700 (2007) ACT CACTTT TGT TGG GCG TC GGAGCCGCTTTCTCTACCTT
Choi et al.

KBRH143D22 383* RO8 IRD800 (2007) GAT GTG ATACTT TGG CGA CGG TGA AGG ATA ATATGG TCT TGG CC
Lange et al.

nw_51 392 IRD800 (2009) GATTTATGCTCTGATCCCCAAG GCTACAATTAGATCGGCTCCTG
Lange et al.

nw_55 396* IRD800 (2009) ACTTGGGATTTTCTCGTCACCAC TAAAGCGACTTTCGTTCAGACA
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Linkage

group Position LG-
(WU- Lab (cM)-WU reference Labelled
Marker integrated) code map map primer Reference For Rev
Lange et al.
nw_57 398* IRD700 (2009) AGAGTGGCAAACCAATGCTCT AATCCTCTTTTCCTCCAAGCC
Lange et al.
nw_60 401* IRD700 (2009) CCACAAGTACGATGAAGG ACGTAACATGACCAGGCAAAT
Lange et al.
nw_61 402 IRD700 (2009) GGTCCATCTTGACTTACATTATATTT CAGCCAATCTTGTTGCTTTA
est- A A
Br308t 1 2* 4.4 IRD800 AC CTAAACACCGACGAC AGAGAGAATGAGAATGCGAA
est-
BR325 4 19 47.384 IRD700 ATCAGTTGGATCTTTCCAGA GTCATCTCTTTCTCGGTGAG
est-
Br326t 2 20* 56.439 IRD700 CGTTTGATGGGAGTTATTGT ACTGAGCAGCTGGACTGTAT
est-
BR343t 9 37* 61.0 IRD700 GGTAGATACAGGTTTGGCTG GACAAGTAAAGAGCTCCCAA
est-
Br344t 6 38 60.5 IRD800 TTTGATTGATTCGCTTTGAT ACAACTATCCAATTAGCCGA
est-
Br340t 9 40* 80.7 IRD700 AATCCCTCTCTCTCATTTCA TGGATTACTCCATCCAAAAC
est-
BR356t 3 50* 68.34 IRD700 GCATCTCAGCCTTACAACTT AGCAAGAACCCAGAAACATA
est-
BR378t 5 72* 28.742 IRD800 TTCATCCATCCATCTTTCTC ATGATTCCTCCATGTTCATC
Suwabe et al.
BRMS-034t 5 5* 16.007 IRD800 (2002) GATCAAATAACGAACGGAGAGA GAGCCAAGAAAGGACCTAAGAT
Suwabe et al.
BRMS-050 3 21* 115.319 IRD700 (2002) AACTTTGCTTCCACTGATTTTT TTGCTTAACGCTAAATCCATAT
Lowe et al.
Nal2HO07t 6 73* 62.8 IRD805 2003 GCGGCATTAGTTGTCAGTCC TCGTTGATTTACATACATGCG
BRHO04D11flc2t 2 94* 10.293 IRD700 Jinsun kim CAGTGAAGTTCAACCGCAGTA CATGAGTGAACATAAAACAGTGAAA
BC7t 6 176* 0.0 IRD804 Ma Rongcai AGTTGGCCCCATTTCATTGTTAT CATCTTGACGGCCTCCATCTCCA
est-
BR319t 8 13* 33.351 IRD700 TCTATGATCATGGCTTCCTC TCTCCGGTGTAGAGTTTGTT
est-
BR321 9 15* 67.4 IRD700 CCTTATCCCATCTCTCCTCT GAGATCAAAGTCGTAGTGGC
est-
Br323 2 17* 13.74 IRD801 GTGGTGAACGTGCTTAAGAT ACGAGCTGGTTGAAAGTTTA
est-
Br360 3 54* 31.456 IRD802 CATCGTCGTCTCCAATACTA GAGTTGAGATCGTTCCTCTG
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Linkage

group Position LG-
(WU- Lab (cM)-WU reference Labelled
Marker integrated) code map map primer Reference For Rev
est-
Br372 7 66* 12.4 IRD800 AACGTAGTCACCAACGAAAC TCTGAGAAAAGAAGGAGCTG
est-
BR384t 4 78* 38.961 IRD803 TTCAATCACTTCTTCGTTTG GAAGTACAGAAACAGCACC
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Appendix VI: LI-COR Protocol

Before starting: Clean the gel making items with water, then vathanol and dry ther
with a new paper check glass plates carefully
Check if td° C heater near the window ssvitched on
Put equal volume afmhamide loading buffer to the PCR product cl
the seal agaid aix on vortex

The writing on the glass plates should not be reledahen they are placed on the lab tg
(mirror writing)

Place the two spacers on the large glass plzek{plat¢ and leave some space on
bottom of the platetiiis is easier for the cleaning of the glass platethe enjl

lace the other smaller platiqnt-plate on top of the back platevhich have the spacers ai
do not move the spacers, the writing on the frdetieps now readable

Place the two black holders at each side and maideetsat they make contact with the gl
plate on the bottom and the top

First screw the middle nut and then the bottom(nat to tigh}
Make the gel solution: 20 ml Long Ranger solution

15 pl TEMED &dd in the small fume hopd

150 pl APS4dd in the small fume hood, smells like rotten g
Pour the gel and let the capillary do the warlaybe gently tap on the glass with your fings

Place the top spacer in the gel and lock it with bhack / transparent holdescfew the top
nuts not to tight

Let the gel polymerize for 1% hour

Place the in the transparent holder on the laketadd the gel is standing vertical and pt
paper comb 1 mm in the géidm now on be very careful not to move the comb

Screw the top compartment at the top of the fréedgplaterfot to tigh)
Place a silver paper at the back of the back plate.
Place the gel inside the LICOR machine
Make a new buffer: 100ml 10x buffer
900 ml distilled watergreen tap
First fill the top compartment to the maximum tlsaindicated with buffer

Then fill the bottom compartment with the remainmgfer
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Run the calibration program, don’t change the patars only fill in the name of the fold
and the file name

D
—_

When running the program make sure that the inelicablues left and right are having not

more then 50 units of difference

Let the gel heat up until 45° C

Heat the samples in the 94° C heater for 1 minatedirectly place in cooling block from

fridge
Open the door of the LICOR machine

Clean the space between the comb by spraying wsyyriage this is now filled with ureun
which will interfere loading of a ggl

Load0.7 pl of IRD 800 product

Load 1.0 pl of the IRD 800 size markét (east 3 size markers should be included on
each side and one in the middle

Close the top compartment and the bottom compattrard then close the door of t
LICOR machine and press enter when the machineatelihis

Let the machine run for 5 minutes
Now load0.5 plof IRD 700 product

Load 1.0 pl of the IRD 700 size markét (east 3 size markers should be included on
each side and one in the middle

Close the top compartment and then close the dbtreoLICOR machine and press en
when the machine indicate this

Let the gel run for 3 - 4 hours

The LICOR will shutdown automatically

—
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Appendix VII: Summary of all phenotypic traits measured

Table 12. Phenotypic values of subpopulations. Psubpopulation, the average and the standard deviain are given for each vernalization treatment. Thevalues of
the non turnip accession are additionally shown foicomparison. Trait abbreviations can be found in Tale 2. The significance difference between P_| and Il
and/or vernalization treatments of a trait are indicated in the first column.

P_l P_ll non turnip accessions

0 4 8 0 4 8 0 4 8

mean SD mean SD mean SD mean SD mean SD me&iD mean SD mean SD mean SD
TSh: 2 2.6 14 35 1.6 3.9 1.3 3.0 15 2.9 15 34 14 N.D. N.D. N.D. N.D. N.D. N.D.
Twi: 1,2 83.2 25.3 53.8 374 440 34.8 96.9 34.58.48 36.3 70.0 35.9 N.D. N.D. N.D. N.D. N.D. N.D.
Tcu: 2 6.1 111 51 2.8 4.8 2.8 2.9 1.4 2.9 14 6 2. 13 N.D. N.D. N.D. N.D. N.D. N.D.
TCI: 2 3.9 2.7 4.2 2.7 4.1 2.4 1.9 1.4 2.0 14 20 1.3 N.D. N.D. N.D. N.D. N.D. N.D.
Tso: 1,2 27.4 5.8 28.2 8.8 29.8 7.1 32.6 5.4 30.5 5.8 33.1 6.8 N.D. N.D. N.D. N.D. ND. N.D.
TD: 1,2 2.6 0.7 2.2 0.7 1.9 0.7 2.7 0.5 2.6 07 32. 07 N.D. N.D. N.D. N.D. N.D. N.D.
TSs: 1,2 1.9 0.7 2.2 0.6 2.2 0.5 1.8 0.7 1.9 06 .2 2 06 N.D. N.D. N.D. N.D. N.D. N.D.
Twe: 1,2 265.6 137.3 124.4 1475 100.6 153.9 455.3665.4 310.7 204.4 202.8 202.0 N.D. N.D. N.D. N.DN.D. N.D.
FT: 2 60.8 319 344 157 319 15.5 57.7 255 38.1 148 405 22.2 614 239 325 85 30.6 6.3
FB: 2 74.9 42.0 559 33.7 41.2 211 94.6 42,8 67.0 29.0 57.3 36.8 719 389 456 269 347 127
FS 2.3 1.6 2.8 1.2 3.2 1.4 2.6 15 2.6 1.1 25 13 23 1.4 2.6 1.3 2.8 1.4
FC 3.2 1.0 3.8 4.4 3.2 0.8 3.2 0.4 3.2 0.8 3.1 1.3 33 0.7 3.2 0.8 3.3 1.0
LL: 2 22.6 4.4 20.4 3.9 19.1 4.8 21.2 3.1 20.1 2.420.1 2.6 17.3 6.5 154 6.3 134 6.0
Lwi: 1,3 12.7¢ 1.9 12.7d 1.8 12.1e 35 143a 91 144ab 23 148b 21 125 33 109 4.4 98 1 4.
LI: 1,2 1.8 0.4 1.6 0.4 1.7 0.5 15 0.3 14 02 41. 02 14 0.4 15 0.5 14 0.3
PL N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. ®. N.D. N.D. N.D. N.D. N.D. N.D. ND. N.D.
PW: 1 4.0 2.2 3.7 1.9 4.2 1.9 4.9 25 5.6 2.4 55 3.0 3.0 2.1 3.2 25 3.0 2.1
Ler*:1,2 4.0 0.0 2.9 0.6 15 0.8 2.6 1.2 2.9 0.6 3.0 1.1 2.4 0.7 2.3 0.5 2.0 0.5
Lco: 2 32.1 4.3 313 4.6 29.7 4.9 31.2 4.0 309 9 3. 30.0 3.3 359 8.9 341 9.1 345 84
LS 1.9 0.6 1.8 0.7 2.2 0.9 2.0 0.4 2.1 0.5 20 6 0. 20 0.7 1.9 0.8 1.8 0.8
LTr: 1,2 0.5 0.5 0.4 0.5 0.2 0.4 0.9 0.3 0.9 03 80 04 0.4 0.5 0.4 0.5 0.3 0.5
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Lti: 1 2.5 0.9 2.4 0.7 2.6 1.4 2.8 0.9 2.9 0.7 25 0.8 2.8 0.5 2.7 11 25 1.3
Les: 1 2.2 11 2.2 1.2 2.0 1.2 2.8 0.9 3.1 1.0 29 1.0 2.0 1.2 2.1 1.2 1.9 11
LA: 1 2.7 1.0 3.1 0.8 3.1 1.2 2.6 0.9 2.7 11 26 1.0 2.4 11 3.0 1.2 2.9 0.9
LN: 1,2 19.0 5.5 14.0 225 6.6 2.2 18.0 6.5 9.9 8 2. 10.6 5.0 183 151 7.3 3.5 5.0 1.9
Lwe: 3 280,7abc 200.2 273,4c 181.4 223,1c 112.6242,6bc 216.0 287,8ab 213.8 292,2a 192.7 21%370.8 140.5 138.1 89.3 50.9
Lse*: 1 33.3 6.1 28.9 3.2 27.8 4.8 36.4 6.1 309 95 383 10.9 38.9 45 339 107 380 6.2
N.D. no observations

* measured only on six accessions; see materiah@ttdods

1 significant difference between two populations@m®5). The non turnip accessions are no partefeht

2 significant difference between three vernalizati@atments (P<0.05). The non turnip accessiomsa@irincluded in the test

3 significant interaction between population anchaézation treatment (P<0.05)
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Appendix VIII: Correlations between morphological traits

Table 13a. Part | of table with all correlations béween morphological traits measured on all genotygein the three vernalization treatments and their Pvalues.
Yellow traits are traits related to flowering, red means related to leafy traits and the trais indicatd in green are turnip traits. Correlations are given below the
diagnal. The P-values of the correlations are showin het upper half. Significant correlations are hghlighted with a colour, which is explained belowhe table.

FB__FC _FS FT

* 0.36 0.06 0.03

011 * 0.40 0.61 0.36 0.06 0.06 0.61 0.68 0.16 0.1 0.24 0.50 0.20 0.77 0.78
-0.23 -0.11 * 0.80 0.20 0.04 0.23 0.41 0.72 065 0.21 0.75 056 0.94 0.07 0.60
0.27 -0.06 0.03 * 0.94 0.95 0.74 0.13 0.40 0.71 081 0.98 0.28 0.58 0.80 0.18
0.20 0.11 0.16 -0.01 * 0.74 0.59 0.48 0.17

006 -023 -025 001 004 * B o0 o095
025 -023 -015 004 007 063 * 057 0.82
048 006 -010 019  -0.09 -0.05 007  * 0.62
014 -005 005 010 017 001 -003 -0.06 *

0.07 -0.17 -0.06 -005 -025 -0.30 -0.26 0.15 0.12
013 003 016 003 -002 -060 021 010 -0.02
009 015 004 000 005 018 -018 -0.08 -0.02
-0.17 0.08 -0.07 -0.14 -017 -051 -043 0.06 0.4
0.00 -016 001 007 015 010 008 -011 034 002 002 001 -0.09 * 0.06  0.10
020 004 022 -003 001 -021 -009 039 020 020 018 006 016 023 * 0.39
-019 0.03 -0.07 -017 -021 -042 -023 041 012 034 034 -039 068 -020 011 *

012 -023 024 -015 -002 031 016 001 018  -019 -026 005 -027 002 004 -017
004 -003 007 -023 002 039 022 008 017 -032 -032 011 -026 006 004 -0.21
001 006 -022 018 -039 -0.03 -001 042 000 015 000 -002 024 007 002 019
007 016 034 -005 035 -006 -0.07 -023 -010 -012 -002 003 -011 -003 015 -0.11
0.06 -004 008 013 011 -036 -027 -009 010 015 022 -012 015 007 011 005
-0.07 -0.03 -002 -015 013 -0.22 -017 -022 -0.05 007 014 -011 024 -0.16 ~-0.05 0.20
029 006 -032 017 -027 014 022 050 007 021 -001 008 007 -011 0.09 0.3
024 -001 -018 020 -025 001 020 053 008 013 018 -007 004 -004 005 0.07
016 008 -034 026 024 014 015 039 003 014 -0.09 001 002 -019 -027 0.2

- correlaton between flower and leaf traits
correlation between flower traits
- correlation between leaf traits
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Table 13b. Part Il of the table with all correlations between morphological traits measured on all getypes in the three vernalization treatments and thir P-values.
Yellow traits are traits related to flowering, red means related to leafy traits and the trais indicatd in green are turnip traits. In the lower diognalof the table, the

correlations are given. The P-values of the corretebns are shown in het upper diognal.

FB 0.33 0.73 0.94 0.55 0.62

FC 0.07 0.80 0.66 0.21 0.76 0.82
FS 0.05 0.59 0.07 0.55 0.87
FT 0.24 0.06 0.14 0.69 0.31 0.22

0.66

0.96

<001 0.4

0.16

0.20
0.53

0.60

correlation between turnip traits
correlation between flower and turnip traits
correlation between leaf and turnip traits

0.90 0.86 0.36 0.30 0.06
0.08 0.25 0.92 0.26
0.18 0.08 0.11 0.24
0.08
0.68 0.57 0.53 0.80
0.59 0.10 0.31 0.26
0.28 0.91 0.16 0.48
0.37 0.53 0.57 0.92
0.05 0.57 0.73 0.86
0.21 0.37 0.77 0.13
0.69 0.47 0.69
0.11 0.78 0.60 0.85

0.73 0.32 0.59
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Appendix | X: Tablewith all marker-trait associations

Table 14. Overview of all the significant marker-trait associations per allele of each marker (P<0.019)r
the two different models used.

Traits significantly associated with allele

marker allele* GLM MLM
Nal2A01m 118 LL_O,LL_8,LS 8a
121 Les_4,les_8,LL_O, LTr_8, Tcu_4, Tcu_8
122 LL_O,LL_8
BRMS-051t 252 PW_4
253 LL_8,LTr_8
266 LN_4
BRMS-042-2t 214 LA 4
218 LL_ 4,LL_8,LS 8
229 LN_O, TSs_O, Twe_0, Twi_O
231 LN_4,PW_O PW_0
236 FT_4, Lwe_4, Twe_8, Twi_8 FT_4, Lwe_4, Twe_8, Twi_8
F3H-SSR2t 283 LN_O
chsssrl3 360 TD_0,TSs_0
368 FS_4
BRMS-054 81 LA_4,LN_O
83 Tso_4
A TCLO
Nal0A08 151 LN_O
EJUGR10 390 Les_8, Lti_4
ENA23h 186 TCI_8
215 FS_8,LW_4
219 LN_8 LN_8
GOL3 259 Twe_0, Twe_4, Twe_8, Twi_0, Twi_8
261 PW_0O
262 Lw_8
KBRH143D22 H Tso_4 Tso_4
BRMS-043t F TCI_O, TCI_4, TCI_8, Tcu_0, Tcu_4, Tcu_8
nw_60 379 FB_8
385 LN_O, Tcu_4
387 LA_8, Twe_0, Twe_4, Twi_0
BRMS-040 188 FT_4 FT_4
205 FC_8 FC_8
Ra2E12t 129 LL_O,LL_4,LW_0,LW_4 LW_4
161 LN_4
163 LN_4, TSh_8, Twe_8, Twi_8 TSh_8, Twe_8
Ra2A01 111 FC_4
125 LL_8,TD_4,TSh_8
127 Lco_8,LL_ O, LL_4,LW_0

BRH80A08flc1t 182

LS_4
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Traits significantly associated with allele

marker allele* GLM MLM
BRH80C09flc3 306 TCl_O, TCI_4,TCI_8
309 LW_0
322 Les 8
333 Lti_8, LW_8, TCI_8 Lti_8
336 LA_4,Lti_8,LW_8 Lti_8
339 Lti_8 Lti_8
Br326t 709 FS_4,Twe_ 0
719 TCu_4,TCu_8, LTr_8 Les_8
Br308t 224 Les O, Les_8
226 Les_4
236 LW_4, Lwe_8
238 LW_4, Lwe_8
BR343t 361 Tso_0,Tso_4,Tso_8 Les 8,Tso 8
Br340t 483 FS_8,LA_O
BR356t 189 TCu_O
196 Lco_4
205 FC_8 FC_8
BR378t 306 Lwe_4
310 Lwe_4 Lwe_4
nw_51 286 FT_8 FT_8
BRMS-050 167 Lwe_4,TD_8
180 FS_4, Twe_0, Twe_4, Twi_0, Twi_4 Twe_0, Twi_0, Twi_4
182 Les O, Les_4,PW_0 PW_0
BC7t 154 LTr_O
155 TCl_4,TCu_4
165 TD_4
178 FT_O
BR319t 450 LS_ 0
455 Lti_4,Tso_8 LTr_0, Tso_8
458 LN_8
Br360 265 TCl_8
267 LS_4
BRMS-034t 129 Les O, Les_8
134 Lw_8
149 FT_O,LL_4,TSh_O TSh_0
BR321 148 Lco_8
152 Les 0, TCu_O
Nal2HO07t 146 TCI_8, TCu_4,TCu_8 LTr_O
147 TSs_4
BRHO4D11flc2t 200 LA_8 LA_8
202 LTr 0O
204 FT_O,LN_O
208 TD_4, TSh_4, Twi_4
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Traits significantly associated with allele

marker allele* GLM MLM
211 FT_8
215 FB 4, Lwe_4
219 Tso_4
244 TCl_0, TCl_4, TCu_4, TCu_8, Tso_8
BR384t 290 LN_O
295 Tso_0, Tso_4, Twi_0 Tso_0, Tso_4
297 FB_8
* If a numbers were used, this is the size (bpjhaf amplification product. For some

markers, the size was not detected and the allete mamed with a character.
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