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Abstract

The project waperformedto describe plant development in Chinese Cabbage (CC) and Pak Choi
(PC). Special focus was on the leafvelopment an@C's heading traiin comparison witiPC's non
heading traitIn addition we investigatd the expression levels of heading related genes thrthegh
plants’developmental stages. Three CC genotypes (216, A088C16§ and four PC genotypes
(Glu024, PC13, PC184 and PC101) were plantedhreeblocks in the greenhouse. We defined three
specific growthstages (rosettdolding and heading stage) in @€notypesnainly by leaf angleand

leaf edgecurls. Heading in Z16 and AOO03 were characterized by eregtth of leaves and also lea
edge curling that form a head shape. The head shape of Z16 was round and for A003, head shape was
cylindrical. We analysed the gerexpressiorprofiling from all seven genotypassingcentralleaf
sampledharvested weeklgndalsofrom expanded rosette, folding and heading leaves during the
heading stage in C@enotypes. Althe eightcandidategenegBr-Arf3.1, Br-Arf4.1, Br-Kan2.1, Br-
Axrl, Br-Brx.1, Br-Arrl5, Br-Ga20ox1 Br-Rcd1.9, which were identified in selected sweéps
Chinese cabbage, did not showextpressiorpatternrelatedto the B. rapaheadingsub specieslhree
Auxin related genefBr-Arf3.1, Br-Arf4.1, Br-Axrl) were sequenced in the genotypes studied, and
their expressiorpatterrs alsodid not relate tadheallele compositionsBased on this study, we propose
more detaikd observation of leaf developmeind thedatain geneexpressiorprofiling canbe used

to selectsampla for furtherexperiments

Key words: Brassica rapaChinese cabbage, growth stages, leafyingadRF-gene expression

Vi



1 Introduction

1.1 Brassicaceae

The Brassicaceae is a medisimed and economically importafaimily of flowering plants
(Angiospermy, which includes approximately 340 genera and more than g85flegHall, Fiebig et

al. 2003. This family includes the genus Brassica, which contains many important crop vegetables,
such aBrassica rapgChinese cabbage, Pak Choi and turrisgssica olerace#broccoli, cabbage,
cauliflower), oilseed cropBfassica napudBrassica rapaBrassica junceandBrassica carinata

and condimenté~ahey and Talalay 1995

Cultivated Brassicas are represented byBsassicaspecies. The genetic relationship between six
major species is described by the well know triangle @lagaharu 1935Figurel). The three
diploid specie®Brassica rapgalso known a8rassica campestriA genome)Brassica nigra(B
genome) an@rassica olerace§C genome) formed the amphidiploidexiesBrassica juncedA and
B genomes)Brassica napugA and C genomes) ariBlassica carinatgB and C genomes) by
hybridization(Wang, Wang et al. 20)1

B:asswaagh

Brassica carinata
BBCC ;2n=4x=34
Ethiopian mustard

Brassica juncea
AABB; 2n =4x =36
Brown mustard

Wild cabbage

Brasslca oleracea :
Brassica campestris

CC;2n=2x=18
Cabbages, kale, Brussels sprout, AA;2n=2x=20
broccoli, cauliflower . Turnip,
Chinese cabbage,
turnip rape

Swedes: and rapeseed

Figure 1 Triangle of U describes the genetic relationships between the three amphidiploid speciBs (
carinata, B. napusand B. junced and their diploid ancestral speciesB. nigra, B. oleraceaand B.rapa).

1.1.1 Brassica rapa
Cultivated subspecies 8f rapalikely originated independently in two different centerSsurope and
Asia. In the European center, turnip and turnip ragpeférousforms) are the dominating forms
(Reiner, Holzner et al. 1993 _eafy vegetables such as Chinese cabbage, Pak choi and Narinosa
probably have been domistted first in China, East Asia. And China is also the center of origin of
Chinese turnip rape (sspeifera) (Li 1981), which is a unique turnip rape (oil typ@hese crops

1
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provide collectively 12% of the world's edible vegetable oil produdtiabana, Banga et al. 1993
Other accessions &. rapamost likely derived from different morphological types in the two centers
of origin and subsequentvolved separatelzhao, Wang et al. 2005

Based firstly on the organs used and secondly on their morphological appearance, a number of major
species can be distinguished with their-spbcies names giving in the pé3tederictsen 2001

These include oil seed types (ssleifera), the turnip types (sspapa) grown for their swollen stem

basis, and a large and diverse group cultivated for ldeies In these leafy vegetables several
subgroups can be clearly distinguish&€te Chinese cabbage group (gskinensikis characterized

by largeleaveswith a wrinkled surface, a patgreen colour, large white midribs and heads of different
shapes. Pak choi (sgphinensi} does not form a head and has darker green and sheaotsvith a
pronounced white midrifzhao, Wang et al. 2005Three leafy typ®.rapavarieties and one turnip

type were described f¥an Wyk 2009 shown below Eigure?2).

a

Figure 2 Pictures of leafyB. rapassp. a: chinensis(Pak choi) b: parachinensigCaixin); c: rapa (Turnip); d:
pekinensigChinese cabbage).

a: ssp chinensiswhich includes Pak choi, Bok choi, and Tat soi. Thgesetypeoriginated in
Southeast Asia and hakeen cultivated in China and Japan for a long time, where they are also
widely naturalized. Thesgenotypedorm compact clusters of petioles that are not as densely packed
as in cabbage heads. Their fleshy green or white petioles and leafy greens fmautieel whole

young plants, either cooked in soups,-Bti&s or salted and fermented inteaanknown as Pak choi
pickle.

b: ssp parachinensisChinese flowering cabbag€dixin, sometimes called Chinese broccoli,
although this name often refers te tlelated. olearaceavar. alboglabrg, which has elongated
flowering shoots and fleshy midriltesavesthat do not form into tight clusters or heads. Along with
theirleavesand buds, the flowering stems are pickled or prepared as a cooked vegetalne in so
Asian dishes.

C: ssp rapa, turnips, which have a fleshy, globbaped root. Theggnotypeslescribed in Roman

accounts dating to 400 B.C. as one of the oldest cultivated root crops. And they are still widely used in
Europe and western China, preparad or cooked in soups, sautés, and stews. The yleangsare

also used as cooked greens.

d: ssp pekinensisnapa or celery cabbage (sometimes known as Peking cabbage, most common as
Chinese Cabbage), which may either form simply a loose cluster loy fheiglribsleaves or may have
2



a dense head of flamidrib leaves These varieties have a long history of cultivation in East Asia,
where they are used in soups and as a cooked vegetable.

1.2 Heading Chinese cabbage
The high yield and good storability @hinese Cabbage makes it as an economically important
vegetable worldwidéLiu, Zhang et al. 2014

1.2.1 Morphological characterization of Chinese cabbage

Growth stages of CC for crop and seed production purposes: (1) emergence stage; (2) seedling stage;
(3) rosette stage; (4) heading stage; (5) flowering stage; (6) silique and sed@ptage Kuo et al.

1988. Increasing study focus on the vegetative growth of Chinese Cabbage, which goes through four
stages: (1) seedlinstage; (2) rosette stage; (3) folding stage; (4) heading stage, characterized
respectively with the apparent morphological markers of(leaén 1983

In the previous resear¢®pena, Kuo et al. 1988the leaf development at the seedling stage: two true
leavesdevelop between the fully extended cotyledons and there are normallgaixesin two whorls

among earlymaturing varieties or eiglg¢avesn three whorls among lat®aturing maturing ones

For rosette stage: tiheavesare fully expanded into rosette in more or less horizontal position and near
the soil surface. There is no folding stage defined inside, next is heading stage: heading starts at about
12"to 13" leaf stage for earlynaturing varieties and 4o 25" for late maturing ones when the

youngest, innermogtaveshegin to incurve and touch at their tips.

Folding stage is added into the vegetative growth stages of CC in the latefYhgdeeng et al. 2000

At seedling stage, primary and juverldavesare differentiated and grow; at rosette stage, plant forms
rosette by extending curvirgwardleaves upon entering the folding stage, the foldiegvesare
differentiatal; at heading stage, the headiegvesbhecome bigger and fold into a head, with less space
for the inneleaves Juvenildeaves rosettdeaves folding leavesand headindeavesare four types of
leaveghat differ in shape, size, colour and physiological function.

Rosettdeaveswi | | form a fAframed which functioned as
growth and development. Heading stage is the last vegetative stage of Chinese cabbage, the head
leavessurrounding the shoot apexes are tight enough to form heads or hearts thereby becoming
storage organ for essential nutrief@e, Ramchiary et al. 20LIThe initiation and developmental

process of the legfhead may be influenced by many factors, including the uneven distribution of
Auxinlevels in thdeaves temperature, weak light, short days and the carbohydrate nutritiorfltevel
1957%).

Different Chinese cabbage accessions have different kinds of heading traits. Leafy heads can be
divided into four shapes: round, oblong, cylindrical, and cone Figu(e3). The two most common
shapes are round and cylindri¢ilao, Wu et al. 2014

p h



Figure 3 The plants of RILs with round (A), oblong (B), cylindrical (C), and conelike (D) heads at the
rosette stage. E to H, The round (E), oblong (F), cylindrical (G), and core (H) shape headgMao, Wu
et al. 2014.

1.2.2 Genetic control of heading traits in Chinese cabbage

The understanding of the leafy head development at a molecular level will greatly facilitate the genetic
improvement of the Chinese Cabbage yield, its nutritional value and the quality of its appearance
(Wang, Li et al. 201RAlong with the high speed of development of sequencing technology, genome
sequencing oBrassica rapawas initiated as a multinational collaboration between China, the UK,

Korea, Canada, Australia, and Japan since 2008.{brassica.bbsrc.ac.)kand later using lllumina
technology accelerated litye group of Wang at NVMEAAS. It is estimated that the Chinese Cabbage
genome contains 46000 genes, whereas 27379 genes are currently believed to exist in the Arabidopsis
genome (TAIR9 informatiorttp://www.Arabidopsis.org/(Hong, Kwon et al. 2008

There are collaboratigbetween WUR Brassica group and group IVF CAAS. MBnyapaand
B.oleraceaare sequenced. And from the comparison between heading aheading accessions in
B.rapa identification of selection areas was resulted. Gene content was carefully investigated. Some
molecular pathways were selected, iexin, Cytokinin (CK), Gibberellic acid (GAgtc. Allelic

variations in geneBr-ARF3.1, Br-ARF4.1andBr-AXR1 are speculated that involved in the heading
traits formation Fromthe observation of 808.rapaaccessiongFigured), they found theARF3 gene

with the G allele is associated with CC (318/356), while this association is less strong in PC (325 out
of 440have C allele). So there is no strict correlatiorl aot all CC have the CC alleléw these
genesThe headings a quantitative trait clearly
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ARF3-Auxin response factor 3 AXR1- Auxin resistant 1
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ARF4-Auxin response factor 4

Non-heading
Heading

Figure 4 Overview of three genes’ allele differences in 8@rapaaccessions by IVFThese accessions
mainly divide into two categories, heading and noeading. Same traits accessions can have different
genotypesfor one gene.

In the model plant Arabidopsis, phytohormones like Auxin, CK, GA, Jasmonic aciddiiSalicylic
acid (SA) and other molecular networks piayportant role in controlling the exit from the stem cell
maintenance in the shoot apical meristem (SAM), like leaf initiation, polarity, cytoplasmic growth,
cell division, endoreduplication, transition phase, cell expansion and differeniatitve, De Vos et
al. 2019 (Figureb). These pathways effects the leaf development, consequently they may also
regulate the hading traits in some respects.

Mature Leaf

1.Stem cell maintenance
1 insam

Ethylene

Auxin/CK/BR/GA Auxin ABA

ABA/JA
Sugar

Figure 5 Overview of the regulatory processs that determine the development of a leaf. The

developmental path of cells is indicated with red arrows, key regulatory processes are numbered and
indicated and regulation of these processes by phytohormones/sugar is shown by blue arrows (pointed and
T shaped arrows indicate positive and negative regulation, respectivelyiKalve, De Vos et al. 2014
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a. Auxin mediated signalling pathway related genes
Auxin is one of the plant hormones that affect the expression of genes involved in developmental
processes at the celfu] tissue, and organ levéiun, Yu et al. 2012 And Auxn Response Factor
(ARF) is one of the plant protein families well known for their roléirxin-mediated responses. It
has been reported that tARF proteins are encoded by a largene family inArabidopsis thaliana
(Hagen and Guilfoyle 2002Mutation ofARFgenesAtARF3 andAtARF4, resulted in abnormal
development of floral organs afehveqFinet, Fourquin et al. 200 A similar role in leaf
morphology may affect leaf folding and headingirrapa Another member of th€ANADI gene
family in A. thalianaregulate abaxial identity and laminar growth of lateral orgBe&ker, Alvarez et
al. 2005. KAN2.1, together witltKAN1 are primary determinants of abaxial cell féEshed, Baum et
al. 200). And an early report dhuxin Resistant (AXR1) alleles suggested thaXR1 mutations
mainly affect cell numbers in relation to leaf developngeirtcoln, Britton et al. 1990 However,
another report mentioned th&KR1 mutations affect cell number and cell size, irrespective of cell
type as wel(Horiguchi, Fujikura et al. 2006

b. Cytokinin mediated signalling pathway related genes
Cytokinin is a plant hormorihat plays positive and negative regulatory roles in many aspects of plant
growth and developmefRiefler, Novak et al. 2006 And analysis of cytokinins suggested that they
are important regulatory factor of plant meristem activity andamogenesis, with opposing roles in
shoots and root@Verner, Motyka et al. 2001The result suggested tHaRX promotes Arabidopsis
root grovith and shoot growth, this gene family atgon-off-function results in epinastic leaf growth
(Beuchat, Scacchi el. 201Q. Another report showed thAuxin and cytokinin signalling converge
on ARR15in the central zone of meristem during the development of shoot apical mgSatehiu
etal. 2011

c. Gibberellic acid mediated signalling pathway related genes
Gibberellic acids (GAs) are a class of tetracyclic diterpenoid carboxylic acids, members of which
function as hormones in many land plant linedgeano, Nakajima et al. 200.7GAs regulate
multiple aspects of plant growth and development, including reprody&lieet and Sun 2005
Based on the research res@®20o0x1has significant effects on floral organ growkiackett, Powers
et al. 2012 and causes an enlargementeafvesnvhen ectopically expressed in Arabidopsisiang,
Raman et al. 1998

d. Jasmonic acid mediated signalling pathway related genes
Recent molecular genetitudies confirmed the involvement of JA both in developmental and
defencerelated processéXie, Feys et al. 19981t was siown that JA is a class of plant growth
regulator that plays pervasive roles in several aspects of plant development, including seed
germination, pollen development, responses to mechanical and insect wounding, pathogen infection
and drought streg$challer 200L There was also evidence to support a role of JA in Arabidopsis leaf
senescenc@He, Fukushige et al. 20pRadicatinduced ell deathl RCDJ) is involved in the
jasmonic acid mediated signalling pathw@wermyer, Tuominen et al. 200@&nd anther conclusion
suggested th&CD1gene could be an important genetic resource to improve plant function against
various stressg§ujibe, Saji et al. 2004



1.3 Research goals

This thesis mainly focus on two research questions, the first tmeléscribe in detathe phenotype
differencesduring plant developmettetween Chinese cabbage and Pak Ghol adeaf growth,
headingdevelopmenstagesThe seconduestions whether and at which developmerstdge
headingelatdgenes expregdifferently between CC and PC

In order toanswetthe firstquestion 3 CCgenotypesand 4 PQyenotype were grown in uniform
conditions. Then we made observations at regular intervals. Methods like counting the leaf numbers,
checking thdeaves smoothnesdeaf growthangle and coloswere used in the greenhouse’s
experiment. Through this informatioresearch goals for the first questicanbe 1. Descriptions of
differentleaf phenotypegor thesegenotypedetween and within CC and PZ Definitions &

different growth stageelated tcheadingn CC genotypes

The secondjuestionin this studycan be answered Ipyofiling the expression dfeading relatedenes.
Quantitative real time PCRkperiments were performddr both heading CC and ndreading PC.
Through the candidate genes’ relative expression ldlielse research goals for the second question
can be 1. Identification of &pressiorpatternsn central young leaves at weekly intervals between
subspecies CC, Pahdrelatedgene alleles2. Identificationof expressiorpatternsoetween different
growth stages for eagenotypan CCand PC 3. Identification of &pressiorpatterngn expanded
leavesbetweerleaf types angbositionsin CC's heading stage



2 Materials and methods

2.1 Plant materials and growing conditions
Three heading Chinesabbage DH (doubled haploiggnotype4Z16, A003, CC168and four non
heading Pakhoi DH genotypegglu024, PC101, PC17®C184 were used in this project.

All the plantsof these henotypesvere germinated on seeding soil (Lentse zaai en stekgrond) for one
week and then transplanted into 17 @n21cm pots (soil: Lentse potgrond nummer 4) in Unifarm
Nergena, Wageningen UR (519 Nj1 1 NjNjN 319aNf5i2tNjNfEe Theat@ragerature aas € in

the day and 16 °C at nighthe humidity was set at #bin a day timeA dripping system wasasedfor
watering and @&hannelwasusedas a gutter system in the greenhods$e plants were grown under

long day conditions (16photoperiod including 8h lighting supplementary) fetBweeksThese

plants werdertilized once a week and the rest of the week water was supplied

The number of seedlings for each Géhotypewas 60including50 transplanted to big pots (21cm
diameer) and 10 ito small pots (17cm diameter). The number of seedlings for control group PC is 25
for eachgenotype 15 in big pots and 10 in small pots respectivébtlel).

Table 1 Quantitative distribution of per genotypein CC and PC

Chinese Cabbage (pegenotypé Pak Choi (pergenotypg

The amount of seedlings 60 25
Seedlings transplant into Big pots 50 15
Seedlings transplant into Smallpots 10 10

2.2 Greenhouse setting

Due to the sun movement during the day time, there is always a sunshine gradient decreasing from the
window side (South) to the door at the corridor side. This asymmetrical sunshine distribution may
affect the plants™ growth at different positions. Bloesidns were consideredhe able to take this
difference into accounthe block design included 3 main blocks 2, 3 perpendiculato the sun
gradientand3 subblockgA, B, C)for each main block in this compartmehigure6). All the plant

materials, both for small pots (17cm width) and big pots (21cm width), were randomly aroaeged

each subblockhenlabelledwith their positions (the detail information labels shown in the

appendix). The three main blocks were positioned from the window (south) to the door (north). And
every main block was divided into three subblocks arranged from east to west.
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Figure 6 Lay out of the greenhouse compartment: block design included 3 main blocks and 3 subblocks
for each main block. the orange lines show the small pots™ (17cm width) positions in the greenhouse, and
the green lines show the g pots™ (21cm width) positions

Table 2 The number of all plants for eachgenotypein the greenhouse and their quantitative distribution.

Small pots™ block design Big pots’ block design

Accessio Main Block 1 Block 2 Block3 backup| Block 1 Block 2 Block 3  backup
n blocks
Subblocks A
CC168 1
Z16
A003
Glu024
PC101
PC175

B
1
1
1
1
1
1
PC184 1
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The plant materials in small pots (17cm width) were placed in the mid and both sides of the
compartment. Every subblock contained 7 plants incluttiad8 CCgenotyps and 4 P@enotyps.
And these 7 plant materials were randomly placed in subbfoglre7).
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Figure 7 Layout of the small pots™ block design in the greenhouse compartment.

As Figure8 shows, each main block contained three subblock A, B and C. In every subblock, 5
seedlings of each CC accession were planted in the big pots (21cm width) and 1 seedling of each PC
accessionawell. These 19 plants were randomly placed in this subblock. Totally, there were 19
plants in each subblock and thus 57 in each main block.
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Figure 8 Layout of the big pots™ block design in the greenhouse compartment.
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2.3 Phenotyping methods

2.3.1 Leaf numbers counting

From the seconaieekonthis project in the greenhoudeaveswere counted when sampling plant
material. The counting started from the outside oldest leaf to youegésf 45 cmin the central part
of the plant. As differengienotypeshad different sampling time lengtlue to their onset of flowering
thenumber of weeksf countingwasdifferentfor differentgenotypegTable3). Non-heading”C
genotyps Glu024,PC175,PCl84were counted tilthe 8" week and®C101till 9" week Theleaves

of headingCC genotypeA003 were still counted until the 2veek of this project in the greenhouse,
Z16 and CC168vere evaluated till'Bweek

Table 3 The number of weeksthat leaf numberswere counted for CC and PC genotypes.

The time length of the
experiment in the Wi W2 w3 W4 W5 W6 W7 w8 W9 w10 W11 W12 W13
greenhouse

Z16
CC168
Glu024
PC175
PC184

A003
PC101

2.3.2 Leaf phenotype s observation

During several weeks™ experiment in the greenhousdedives phenotypen differentCC andPC

genotyps were carefully observed. The leaf shape, leaf syttieafcolour andeaf shapavere

marked The leaf shape was evaluated like round shape, oval shape or torpedo shape. Leaf surface was
evaluated in levels like smooth or wrinkles. And lealbar was marked from yellow to dark green.

The leaf shape was divided into two parts including leaf angle by approximately leaf growth angle
comparing with the horizontal line and leaf edge curl by inward curl or outward curl.

2.3.3 Developmental stages observation

Different developmental stages of the plants were recorded by taking photos every Thursday at 9 am
This method startefilom the second week of the experiment in the greenhdlutiee flowering stage
of each genotypeAs different genotypesad different time length afevelopmentastages, théime
lengthof observations pagenotypediffered as well Table3). Picturesof oneconsistent
plantgenotypeweretakenfor all the block/subblock combinations (so 9 plants selectedgrastype
for pictures) These photos were taken from top view and gide respectively, the best one per
genotypewastaken photos with black backgrourfddure9 The besplant materiabf eachphenotype
was selected and takphotosweekly both from the top view and side view with black backgrqund.
For CC genotypes, three specifimwthstagegrosette stage, foldinstageandheading stageyere
expected to be observed mainly by leaf angle®or rosette legf20-60x folding leaf and50-90x
heading leh
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Top view Side view
(CC168) (CC168)

Figure 9 The bestplant material of eachphenotypewas selected and takephotosweekly both from the
top view and side view with black background.

2.4 Harvest leaf samples for RNA isolation

The sampling methods in this experiment were separated into two parts including central leaf harvest
and headingtagdeaf harvest. For lib sampling methodsamples assembledtibes were marked

with their positionsin the greenhousieom week 2 For eachtime pointx genotype combinatiomhree
biologicalrepeats were taken, which wespresented bthe threemainblocks. Andeach timepoint x
genotypeblock sampleontained a mixture oehf samples from each of thnglants per subblock

2.4.1 Central leaf harvest
For the central leaf sampling part, the youndgsst of 45 cm width(Figure10) washarvested and
stored in the 5 ml tube by liquid nitrogen immersion immediately.

The first week's sampldaeekl) were harvested by Xiaoxue Sdallowing weeks were samples by
myself At weekl, plants were not yet transplanted atitl all in seedling tray. Three biological
repeats were taken for each genotype, and each biological repesgingie plant After the first
week, all other seedlings (not sampled ones) were transplatigabts andlaced according to
experimental desigin the greenhouse.

For week 2, leaf samples were harvested from 17cm pots. After week 2, leaf samples were harvested
from 21cm pot s plant material s. Thethepamedso c o |
the week 25. And the time of harvest samples per genotype was diffePéghgenotype Glu024,
PC175,PCl84were sampled tilthe 8" week andPC101till 11" week Theleavesof CC genotype

A003 weresampleduntil the B" week 216 andCC168 were harvested till"8veek The detail

information can be checked the appendix.

For all the PQyenotypesthere was only one plaim each subblockBeforeCC genotypesheading
stage CC genotypes werearvested frononeandthe same plardf the five plansin each subblock.

12



Figure 10 Central leaf harvest: the youngest leabf 4-5 cmwas harvested. This photo was taken from PC
Glu024 atweek?2.

2.4.2 Harvest of leaf samples in heading stage for RNA isolation

Two CCgenotype Z16 and A003 showed obviolisading irthis experiment. For these two
genotypesduring their heading stages, 3 differéypesof led were harvested including rosette leaf,
folding leaf and heading leak well What was more, for eadipe of leaf, sampleswvere taken fron3
different positionsthe op of the laf, right and left from midveirthe middle, ight and kft form
midvein; the bottom positionright and kft from midvein (Figure11).

During the heading stagthe leaveswere also counted.he oldest leaf was number oend then, the
rosette leaf would be counted and sampledeaf disks(3cm width)from oneclearrosette leaf
Continuing tothe middle parttheexact border between rosette dolding leaf washard tobe
distinguishedThe most reliable folding leaf would be counted and samplethe heading leathe
first fully expandecheading leafvas preferred tbe harvestedHoweve, in CC A003, the heading

leaf was also hard identify. Therefore the most reliable onéth vertical growth angle angellow
colourwould be counted and sampldthe detail number of ledaypes sampled during the heading
stage for these two genotypas ahown irFigure13. For example at week 4 in Z1&he 5" leaf was

a rosette leaf, thé"8eaf was a folding leaf and the"lleaf was a heading leaind they were sampled.

In order to harvest leaves at heading stagdetheesneeded to be peeledf from outside to inside.
This means for each week a new plant was UBeel detail harvest materials™ information for these
two genotypesan be checlekin the appendix.

Top

Middle

Bottom

rosette leaf | folding leaf heading leaf

Figure 11 Three types of leaf representdifferent growth stages, following rosette stage, folding stage and
heading stage.
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2.5 Primer design

Specific primers were designed for a set of gehaswere detecteid selective sweeps lmomparing
heading Chinese cabbages withn-headingB. rapatypes(Table4). Full cDNA sequences were
retrieved from Arabidopsis databa$et)://www.arabidopsis.orpand then blasted agairtassica
databasehttp://brassicadb.org/brad/index.phSequence comparisons were conducted using Clustal
Omega littp://www.ebi.ac.uk/Tools/msa/clustaloAnd for those wh multiple orthologous genes,
specific primers were designed using Primer3Rit (/www.primer3plus.coin Primers from

previous studies were also used and these primers included referenéetiyene

2.6 RNA isolation and cDNA synthesis
Frozen leaf samples80xC) were grinded in the mortar using the liquid nitrogen.

All the RNA was isolated from the gh.iThisdnetodt i ssue
following the plants RNA isolation protocol adapted by Johan Bucher, who is our Brassica group’s
technician. After the RNA isolation, the concentration and quality of these RNA samples were

guantified by using the NanoDrop 1000 spectrophetem(Thermo Scintific), where the absorption

ratio at 260/280 should be around 2.0 as pure RNA samples. DNA contamination was removed by
usingRNas¢ r ee DNase | treatment (Invitrogen), which
And some RNA sampk were randomly picked to check their qualities using gel electrophorese.

These cleaned RNA samples were diluted with MQ water to 100 ng/ul in a 10 ul volume cDNA
synthesis system. The cDNA syHWHe¢bhNAi Sy wtalse pies f Kir i
(Biorad) following the manufacturer's protocol. A final volume of 20 pl cDNA product per simple

was obtained and it was diluted with MQ water by the ratio 1:40 reaching a concentration around 30

ng/ul for later experiments.
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Table 4 Primer s designedfor both candidate headinggenes andhe usedreference gene, which included their forward and reverse sequences, primer length,
temperature, GC contents andthe PCR product size. The annotation information wasselected fromthe gene’s GO Biological Progress
(http://www.arabidopsis.org/).

Candidate genes Brassica ID 5'-3' Length TM GC% PSESSUCt Annotation
TGGTGATGCTGTGCTTTT abaxial cell fate specification, auxin metabolic process, aaciivated
cc 20 59.04 50 signalling pathway, determination of bilateral symmetry, floral meriste
1 rnARF3-a Bra005465 231 determinacy, floral whorl delopment, flower morphogenestsgan
AAGAACTTCGGTGCAGG 14 5585 5263 morphogenesis, pattern specification pregesgetative phase change,
GA virus induced gene silencing, xylem and phloem pattern formation
GCTGGTGTAGTGACTGGA
20 59.03 55 . L o . .
5 HARFA BRA002479 GT 186 abaX|aIc_:eII fate specification, auxiactivated signalling pathwa
TTTGGGCCTTGGAGATGA vegetative phase change
cT 20 58.92 50
AGGACGAGTTCAGCAAT DNA repair, auxin homeostasis, awantivatedsignallingpathway,cullin
CCT 20 5873 50 deneddylation, histone methylation, leaf morphogenesis,
3 rtAXR1 Bra015396 204 photomorphogenesis, positive regulation of transcription, protein
TCCCCAACATCGGAACA 20 5839 50 deubiquitination, protein neddylation, protein ubiquitination, reciproca
AAC meiotic recombination, response to water deprivation
CACGGCAACCAACAATA 20 5912 50 carpel development, cell differentiation, embryo development ending
4 MKAN2-a Bra033844 GCT ’ 198 seed dormancy, ovule developnt, polarity specification of
TGAACAAAACGGGCATG adaxial/abaxial axis, response to abscisic acid, seed dormancy proce
20 59.04 50 S
GAG seed grmination
TCAAGTAGAACCCGGTGT 20 5903 55
5 HBIBRX.1 Bra023219 CC ' 195 auxin-activated signaling pathway, cytokiractivatedsignallingpathway,
’ CTAGCAGGCGTTTGAAG lateral root development, response to abscisic acid, root developmen
AGC 20 59.28 55
CGGTGAAGTTAGCAGAC 20 5894 55
6 HBIARR15  Bra003782 GTG ‘ 179 circadian rhythm, cytokinikactivatedsignallingpathway, phosphorelay
TCGCTTGGAAGATGGAGT 20 5902 50 signal transduction system, response to cytokinin
GT '
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Product

Candidate genes Brassica ID 5'-3' Length TM GC% size Annotation
abscisicacid biosynthetic process, embryo development ending in see
CACGTTAGATGCTTCCAG 20 5899 55 dormancy, flower development, gibberellic acid mediated signalling
7 HBIGA200X1  Bra013890 GC 175 pathway, gibberellin biosynthetic process, leaf development, oxidatio
reduction process, reproductive structure developmeet] dormancy
ACTCTCGCCTGCTTTTCT 20 59.03 50 process, seed germination, shoaly photoperiodism, flowering,
cT unidimensional cell growth
R abscisicacid-activated signalling pathway, cell communication, cell de
?gTGC SHeTETEEeT 20 58.99 50 defence response to bacterium, incompatible interaction, defence res
8 HBIRCD1.2 Bran35511 249 to fungus, embryo development, endoplasmic reticulum unfolded pro
' TCCTGCTAAACTTGCCTG response, ethyleractivated signalling pattay, glycolytic process,
GT 20 59.23 50 hyperosmotic response, jasmonic acid mediated signalling pathway, |
root morphogenesis, viral process, water transport
Reference Actin- oleracea éigTGGACATCAGGAAG 20 5470 55
ié_?CCACCGATCCAGAC 20 5470 55
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2.7 Expression profile analysis

2.7.1 Quantitative Real -Time PCR

gRT-PCR reactions were performed @8well plates following the standard proto¢bigure12) by
usingCFX96 Therm&Cycler (Bio-Rad). Each well contains a 10 pl volume system with 5 pl SYBR
Green Supermix, 3.4 ul MQ water, 0.3 pl forwamdmer, 0.3 ul reverse primer and 1 pl cDNAs
differentgenotypehad different amounts of samples, the plate designs were different. However, the
similarities for each plate were thatery sample in one well included three biological repeats and
there was always one reference gantn to avoid erors and check the quality of these sampRa.
electrophorese was also ustat few samplesfter gQRFPCR reactions, | randomly selected 4 pl
products from the plate mixed with 5 yul MQ water and 1 ul loading dye to perform a §étgirsto

test the pmer and cDNA quality

Selected Protocol

Standard gRT-PCR at Plant Breeding prcl Edit Selected. ..

Preview
Est. Run Time: 01:44:00 (96 Wells-SYBR/FAM onfy)} Sample Volume: 10ul

1 2 B 4 5

350 C 350 C 30 C
3:00 015 0:10

600 C
1:00

(=R =]

3/ ox

Figure 12 Standard gRT-PCR protocol at Plant Breeding Group: 95xC 3 min, 39 cycles of 9%C 15 sec
and 60xC 1 min, 95xC 10 sec, 6%C 5sec and 9%C.

The Cq values of these samples were recorded byahbkine automatically. After checking the result
through the BieRad program, these data were exported into Microsoft Excel for further calculation.

2.7.2 Data analysis
The expressio leveldifferences between the candidate genes and the reference geralaglated
as the following equation:

Y6 6 6 0E QQOBHW =5t

And the relative expressi level of the candidate gens@mparedo their expressiorevels at time
point zerowas calculated as the following equat{timee second week gfenotypeZ16 was used as
comparison/contrdior all genotypek

(R

YWo Yo Yo dp @ QEQ

i Qa G @y i QhaE”Y
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3 Results

3.1 Morphological observation during development of Chinese cabbage and

Pak Choi

In this projectsix traits (leaf number, leatolour, leaf shape, leaf surfadeaf angleand leaf typg
weremeasuredluring development of C(Z16, A003, CC168and PC(Glu024, PC175, PC184,
PC101)in the greenhouse.

3.1.1 Leaf numbers
Thenumbers ofeaveswvere measuredieekly from thesecond week.

For CC Z16(Figurel3, a), at week4, the first week of heading stadbe leaf numbers are 1A.
dramaticincreag from week 3with eightleavesand this is thetrongesincrease though Z16°s growth
stagesTheleavesnumbers are stable around 25 in the last three waadek 5, 6 and 8)

The leaf numberef A003 (Figurel3, b) increaseo 42 at week 9whichis the last week of folding
stage There is a dramatic increslsy 15leavesbetween the weekandweek 10the first week of
heading stageAnd this is he strongesincrease through A003’s growth stages as.wélthe last
week experiment in the greenhouse,ld& numbersn A003 are 70.

The first two week's rosette staigeCC168 leaf numbers increase tienat week JFigurel3, ¢). At
week®, the first week of heading stadeaf numbers increase from 21 at week 5 ta24eek 6 And
during theheading stage, tHeavesare stable around 2%here is no draatic increas from the
folding stage to the heading stage for CC16&ddition, the growth situations for all plants of
genotype CC168 were bad becalgseresstarted rotting, browning and dryistaring from week 5

The leaf numbers counted each waek presentefibr PC genotypesslu024,PCL75,PC184 and
PCL01in Figurel4. At week 2 all four genotypesiad about five leave#\nd the leaf numbers slowly
increasd along the development afl four PCgenotyps’. ForPCL75, the leaf numbers decrease
between week 7 and week 8. The reasay bethatnew leaves in flowering stagesre miscounted
as vegetative leavedter week 6, when boltingccured. And then at wée8, the internode elongated
andspecificleavesn flowering stagecould be easilglistinguishedrom thevegetativdeaves so
counting was correct agaiRor thePC genotype&lu024,PC175 andPCl01, we stoppedcountingat
week 8§ while for PC101 lastcounting wasat week 9.
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Z16 leaf numbers and the number of samples in heading stage
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Figure 13 Overview of leaf numbersin three CC genotypedqa) Z16, (b) AO03 and(c) CC168. Total leaf

numbers are indicated abovecolumns The number ofdifferent leaf type that was sampledfor heading

leaf harvestis indicated by coloured numbers rightto the columns: orange represents rosette |€#ype,

blue folding ledf type and green headindeaf type. Square colours of weeks indicategrowth stages of CC.
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Pak Choi leaf numbers
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Figure 14 Overview of leaf numbers in four PC genotypes. Different colored columns indicated different
genotypes: red reprasents PC Glu024, bluePC175, greenPC184 and purplePC101.

3.1.2 Leaf phenotypes
During thisproject leaf colour leaf shape, leaf surface were observed and leaf type was defined in the
process of CC and PC growth.

Leaf colour

The leaf colours are different between and within these CC and PC gen@tigpee15). Z16's leaf
colour ismedium green, CC168 light green and theolourof A003is between yellow and green
For four PC genotypes, they are all medigmenexcept PC175, which is dark green.

Leaf shape

The leaf shapeat week 2of these genotypes are indica(igure15). All leavesareoblongshapeat
leaf young stageAnd thefully expendednatureleaf stapeof these genotypesan be seen from the
Figure19, thecontinuousphotos ofdevelopmentastagesn CCsand PG. Thematureleaf shapes of
Z16 and CC168 are tlsameastheir leavesat young stageoblong shape-or A003, the young leaf
grows and elongates its leaf length atheé matureleaf istorpedoshapeThe four PC genotypes’ leaf
shapesemain the samtiroughtheir developmenandthe matureleavesare stilloblong shape.

Leaf surface

Y oung andnatureleaf surfaces of these seven genotypes can be seenkigtitel5andFigurel9
respectively. Z16's leadt young stagerinkles heavily especiallyaround the midribs partheleaf
edge<curl upwardsThesewrinkles will expand though the ledévelopmentthe mature leaf surface
is flat and smooth but near the midribs part, theeesdll wrinkles.For CC168, the young leaf and the
matureleaf are similar in leaf surfacAll the leaf surfaces are flat and smooth. The young leaf of
A003 is similarto its mature leaf. There atechomeson thetop leaf surface. And from thenlarged
zoomedpicture above th€igurels, it indicates that thosgichomesare on the adaxial side of the leaf,
and by the observation in the greenhouse, there @rechomeson the abaxial leaf surface. PC
Glu024 alsohastrichomeson its adaxial surfac& he leaf surface @ll these fouPCgenotypesis

flat and smooth.
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Z16 CC16 A003 Glu024 PC184 PC175 PC10:
Figure 15 Sevenleaf phenotypes atveek two from three CC genotypesand four PC genotypes

Leaftype

In the process of CC and PC growth, the leaf @wgte leafedgecurls changeFor the CC genotypes,
rosette leaf, folding leaf arftkading leaf were observed during plant developntégti(e17). For

Z16, he rosette leaf angle is aroun@@ parallelto thesoil surface. In the folding stag®lding leaf
grow upward around 260x. And the headingeavesgrow upwardaround 6690i. For AO03, the
rosette leaf angle i20xthe same as Z16°s. However, the folding leaf afigttuates from 20 to

801 or even 90. Andall the heading leaves grow vertically,i 9The main difference of these two
types of leaf in AOO3 isvhethertheleafedge curl enough is overlap with each other at the top position
(Figurel6). For both of CC genotypethe leafedgecurl is different between different leaf types and
different genotypes as WeFor Z16, rosette leafdgecurlsinward especiallyat the top partFolding
leaf edgecurls inwardfrom the middlepartto the top part. fie wholeedge otheading leaturls

inward from the bottom to the top part. For A003, rosette leaf is flatshightcur atthe top part.
Some of thdolding leaves'edgeat the top positiocurl both inward an@utward,someof them grow
vertically, but the top part does not overlap with each offiee. heading leagédgecurlsinwardfor the
whole leafespecially the top part, leaf edge curls heavily and overlaps with each@fH#8 s
rosette leaédgecurlsoutward at the top position, folding leedilgecurlsinward and outward, and the
headingeavesalmost have no green part because of rotting or other symptoms, sd @ituation is
unknown(Figurel7).

Figure 16 Top view picture of CC A003 at week ten. Depictegellow triangle indicates the first three
heading leaves that we counted from the outside to the inside of the head.
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Figure 17 Overview of leaf growth situations in three CC specifigrowth stages. These photosere taken
third week of heading stage for eacenotype.Three coloured arrows indicates threetypesof leaf, yellow
indicates therosetteleaf, blue folding leaf and green heading leafln eachcolumn the leaf angle is given

first, and then the leaf cul is illustrated.

Figure 18 Overview of leaf growth situation in four PC growth stages. These photos were taken atek 6.
In each column, the petiole angle and leaf angle at different weeks are shown.
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