


WageningenUniversity andResearch

Genome Wide Associatidstudy(GWASPf
cauliflower(Brassica oleraceaar. botrytis)
developmenal andharvestingtraits

Running title:Phenotyping of cauliflower as input for GWAS curd initiation study.

MScThesis

Student: Elia Turato (1051306)
Program:MScPlant Science
Specialization: Plant Breediagd Genetic Resources

Supervisos. Guusje BonnemandJaao Paulo

November2022



Genome Wide Association Study (GWAS) of caulifloBraséica
oleraceavar. botrytis) developmental and harvesting traits

Student name

Email

Registration number
Program
Specialization
Course code
Number of credits
Thesis period
Research department
Chair group

First supervisor

Daily supervisor

Elia Turato

elia.turato@wur.nl

980117845070

MSc Plant Sciences

Plant Breeding and Genetic Resources
MSc Thesis Plant Breeding (PBR08346)
36

March¢ November 2022

PlantBreeding

Growth and development

Guusje Bonnema

Guusje Bonnema and Joao Paulo

WAGENINGEN

UNIVERSITY & RESEARCH



Abstract

The breeding oBrassica oleraceaar. botrytis (cauliflower) targes agriculturdly and economicdy desirable
traits related to its marketable curdrhis sudy aimed to identify molecular markers (SNPs) associated with
five cauliflowercurd developmental traits and four harvestirtgaits. GenomeWide Association Studs
(GWAS$were performed on a collection of 12&auliflowerhybrid and gene bankccessions using a selection
of 14152SNPsThe field trial was conducted the summerof 2022, in the Netherlands. The experimental
design was a split pladesign. Curd phenotyping was performed before and after harvesting.dkta
analyses were performed with the R software. Biainedscored datavere correctedor spatial variation
using the SpATS R packagdmh heritability values @# 0.75) and coéitients of variation (CV = 0.18.45)
were found for the analised traits. A final number Bf significant SNPwith high breeding valuewas
associated with the curd developmental and harvestiragts. Six possible QTLS, two relatedstem length
and curd heigh traiten CO1 and CO&nd four for the curdldwering traitin C00, C02, C07, and C09, were
found and suggestedbr future research.The identification of molecular markers associatedhwitrd
developmental and harvesting traits Bf oleraceain this study will allow théevelopment of new selection
strategies for its improvement. The high observed variation can be interesting for cauliflower breeding
strategies to select accessions wih optimal and uniform curd development speed, as a suitable food
sourcefor the challenges oflimate chang.
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1. Introduction

1.1. BrassicaBrassica oleracga

TheBrassicajenuscomprisesiumerousspecies oEommerciaimportance that are cultivated aggetables
oil, fodder, or condimerd (Hasan et al., 201@)kter et al., 2021; X. X. Sun et al., 2018; Aaal., 2010)
Brassica olerace@n=18) is aighly diverse species that presents multiple subspesiesh ascauliflower
(var. botrytis), broccoli(var.italica), and cabbage \ar. capitata), also known as morphotypgethat are able
to interbreed(Cai et al., 2022)ts genomeevolved from an ancestor that had undergoaevholegenome
triplication (Akter et al., 2021whichmay haveacilitated its phenotypic diversificatiofCheng et al., 2016)
For this reasonB. oleracegresents three copies of orthologogenes even though some were lofhkter

et al., 2021)Later thediversification and domesticatioof wild B. oleraceand kales around 400 BC in the
Middle Easbriginated the current diversit{Cai et al., 2022)

Brassica oleraceia reproduced by seeds Y dz6 S NJ  Sié selfintomatibie rardyralies on insects for

its crosspollination(Maggioni, 2015)It hasaworldwide economic value and shows a massive morphological
variation(Bonnemaeet al., 2011)Its plasticityhasgeneratednumerous crops with traits delivered the wild

further domesticated and selectdfilaggioni, 2015)Two mairB.oleracedineageshave beeridentified. The

Gf SI ¥F& KSI R fahbdgedval.Sapitatd),[cdlldrasvaifvRidig), dahd ornamental§var. acephela)

andthed | NNB &G SR Ay Tt 2NEBEa@sypdRisanddrocdolivar.falcJCa ktakf 202X 2 6 SN
characterized bgdible flowering shoots with enlarged inflorescen¢Bsnnema et al., 2011)

1.2. CauliflowerBrassica oleracea vdiotrytis)

Caulifloweris manly an annual, but also a biennial cultivated plédassan, 2019}t is grown for itsedible
domeshapedK S RX Ol flargeRvhitéirflateNdericdrmed byfloral primordia(Duclos & Bjérkman,
2015; Journal, 1962; X. X. Sun et al., 2048vadays, its worldwide productionabout4.3- 4.5 million tons
and nearly400,000 la of landare cultivatedmainlyin France, ItalyUnited Kingdomthe Netherlandsand
India(Xayitovna, 2022}t is a highvalue cropthat containsa considerableamount of protein, carbohydrates,
phosphorus, calcium, irgand ascorbic aci(Borah et al., 2018; Kaur et al., 2020)

1.2.1. Growth anddevelopment

The cauliflowerdevelopment cycle is divided into three periods: vegetative growth, curd initiation
(morphological transition of the apg&xand repraluctive staggKauret al., 2020) Between these cycleshe
vegetative phase change represents the juvetol@dult transition while the floral inductiorthe adultto-
reproductive transition(Hasanet al, 2016) The switch from vegetative to early reproductive phase
distinguisheshe first step of curdnitiation (Duclos& Bjoérkman, 2015; X. X. Sun et al., 20A8gr the mature
curd stage, the inflorescence branches Wwilt and continueto develop Inthe end a subset of the formed
immature flower buds will turn into flower@Palmer et al., 2001; X. X. Sun et al., 20D8Jing the juvenile
phase, plants are incompeteno tinitiate reproductive development even when grown under favorable
conditions. Juvenility of cauliflower ends after a specific number of initiated Iélarsd & Atherton, 1987;
Wurr et al., 1993)The critical number of initiated leaves is assumed to be genetigmendent, but might
be influenced by the environment as w@lVurr et al., 1994)

The transitionfrom the vegetative tothe generative stagés a crucial phasef plant developmen{Akteret

al., 2021) During these stages, the temperature is one of the primary raitiroatic factors(i.e. clmatic
conditions measured in localised areas near the earth's surtaagled with day length, that drives the rate

of growth and developmentDebnath et al., 2018; Hassan, 2019; Kim et al., 2007; Long et al., 2007; X. X. Sun


https://en.wikipedia.org/wiki/Annual_plant
https://en.wikipedia.org/wiki/Annual_plant

et al., 2018) Temperature also is one of the main climatic condisoinfluencing thesuccess or failure of
cauliflower production(Hossairet al, 2015; Kauet al, 2020) Booij (1990)showed thattemperature and

the length of the juvenile development stages influeleced initiationaffectingthe variation in time of curd
maturity (Booij, 1990)Higher temperatures during and before the period of the curd induction stage delayed
curd initiation andharvest time(Hasan et al., 2016; Matschegewski et al., 2015; X. X. Sun et al. a2@d18)
increased the total number of initiated falje leaves of a plaiBooij,1990)and bracting Matschegewski et

al., 2015) In contrast, lower temperatures are needed for the vernalization process as induction factor for
the transition to curd initiation and the letig of the period varies between accessions within spe(@enij,
1990) SomeB. olerace®R 2 Y Qi LINB & Sy (i, asitfie’edrly fOviering.acCeishideBaase thay lost

the responsible genéBooij, 1990)

The juvenile time, the vernalization rates and the optimal temperaturariate among accessios
(Matschegewski et al., 2015For thisreason, basal on ther development at different temperature
conditiors, cauliflowerscan be dstinguishedinto three main ecotypes: winter, summautumn, and
tropical. Temperature response functions for crop development from the end of juvenility to floral induction
have four cardinal temperatures: the minimum, the minimum optimum, the maximunmaph, and the
maximum(Hasanet al, 2016) Cauliflowergrows better between the latitudes £50° N with an average
temperature ranging from 8Cto 28°C(Singhet al,, 2018) Cauliflower may tolerate temperature2fty bt mn c /
to 40°C for a few days during the vegetative growth pe(®idghet al., 2018) From the temperate zones to

the tropics, the induction of the curd presents a large variation in ideal tempera{B®asij & Struik;1990;

X. X. Sun et al., 201®ummer and spring types, or annual, do not require vernalization for curd development
(Debnath et al., 2018; Hassan, 2019; Singh et al., 28d@have an optimum temperature between 1D

and 16°GBooij & Struik, 1990; Hasan et al., 20Meuwhof (1969) reported it temperatures above 23°C

are inhibitory for curd initiation in the spring and summer typdasaret al,, 2016) Winter types, or biennial,
need a cold treatmenti.e., vernalizationjo produce the curd and flowdSinghet al, 2018) Autumn types

are an intermediate between annual and biennial and need a low temperature of 17°C for curd initiation
(Bose& Som, 1986; Hassan, 2019)n the other side, tropical types can produce curds at a temperature
above 20 °@Debnathet al, 2018; Hassan, 201,%odo notneed any vernalization

1.3. Cauliflower breeding

Cauliflower breedings mostly focused on its curd, which is the main marketable partaiblytargetsearly
curd formation, synchronizecurd development, uniform appearance (i.e., color, shape, etc.), shetékte,
and nutritional content, which are important traits for commercial pr@itaggioni, 2015)In addition,as in
other cabbages (i.eB. oleraceavarieties),other important traits are bolting, flowering, and seed set,
especially in hybrid seed producti¢dhiyuan et al., 2000)

Controlling the timing ofhe transition from vegetative to reproductive developme(ie., curd initiation)s

a key step to improve cauliflower agricultural producti{@gh X. Sun et al., 2018; Wei et al., 20Ngwadays
growers stagger cauliflower planting dates to ensure continuous market suppigh frequentlyresults in
aninconstantprice of the produc{Hasan et al., 2016fProblems due to theeerlapping in maturity time of
different plantings occur if the temperature is high during the temperatsgasitivestage of some of the
accessiongBooij & Struik, 1990; Hasan et al., 2016; Olesen & Grevsen, B¥i®Br synchronization of curd
development can allow easier and faster harvest practineparticular, rapid development for summer
cultivars under high temperates will avoid delagin harvesting time in late summé¢Hasan et al., 2016)
The election of suitable varieties for sowing tie proper time is the key factor for successful cauliflower
production and timely supply tsupermarkets andustomers(Debnath et al., 2018; Hassan, 2019; X. X. Sun
et al., 2018) The presence of variation and the farmer's need to have a homogeneous production require



the research of genes linked withe timing and stability ofthe curd initiation and flowering traitéor the
development of future breeding strategie

1.3.1. Genetics of cauliflower

Even thougiBrassica oleracepresent genetic variation between cabbage, broccoli, cauliflower, kohlrabi
and kalescaulifloweris the least diverse because it underwent a severe genetic bottlefigekhypothesis

of this process is supported by the strong genetic difference between cauliflowers and the Bthesica
varieties by thedata showing the lovgeneticvariation among the cauliflower accessiqi@ai et al., 2022)

In particular, thegenome assemblgf cauliflowerand cabbageshowed many cauliflowers selecticigrels

in different molecular pathways (flowering time, floral identity, meristem proliferation, organ, size
spirality)(Cai et al., 2022; Guo et al., 2019)

For mostB. oleraceamorphotypes, nodern hybrid accessions present lower genetic variation than the
accessions in the gene banksit this is not the ase forcauliflower, as variation withirmodern hybrig and
cauliflower gene bank accessiosscomparable and thus both loiai et al., 2022) o better understand
the genetic differencéetween cauliflower accessions one neg¢dsonduct an experiment compreheind
different landracesand hybridslt is needed to include winter and Romaneske., cauliflower morphotype
accessionsn the research becauseimter and Romanescaauliflower are considered an ancestraub-
morphotypecompared tassummerautumn, and tropical cauliflowe(Cai et al., 2022Romanesco and winter
accessionare expected tgresent morephenotypic variatiorcompared withsummerautumnand tropical
types(Cai et al., 2022)

1.3.2. Flowering time trait in cauliflower

In multiple agronomically important crops such as cauliflower, flowering time genes andutaslpathways
are conservedMatschegewski et al., 2015; Schranz et al., 200&seflowering timegenesare potential
causal candidates for the obsed delay in the generative swit¢X. X. Sun et al., 2018for example,he
expression level of theauliflower FRUITFUlIke geneBoFULdncreased significantly at the generative
switch and therefore can be used as a marker for this developmental phase clpgrigeSun et al., 2018)

The possible identification of genes regulating curd initiation is an important determinant of flowering time
within Brassicaspecies(Ridge & Hons, 2012)n Arabid@sis thaliana, genetic and molecular analyses
identified four interdependent flowering pathways: the environmental signals as photoperiod and
vernalization pathways, and the endogenous changes as autonomous and gibberellic acid (GA) pathways
independent fom environmental sensingMoon et al., 2005)Flowering pathways similar to those reported

in A. thalianahave been found iB. oleaceavar. botrytis, influencing curd formation and flowering tingx

X. Sun et al., 2018There is a variation in flowering time within species of the gd8rassicaand is largely
dependent on a difference in vernalization requiremefster et al., 2021)In Brassica the key gene
determining vernalization is FLOWERING LOCUS @QXFKCpun et al., 2018)he vernalization response
includes the repression of FLC expression by cold treat@ueth the enrichment of the repressive histone
modification trimethylated histone H3 lysine 27 (H3K27me3) at the different FLC loci (four paralogs of FLC)
(Akter et al.,, 2021)The number and the different expression of paralogs between the accessions and
between plants from the same accession make the role of FLC in vernalization more comiiéaeedtt

al., 2021) The research of Sun et al. (2018) suggested different roleBdBL€l and BoFLE3, two FLC
paralogs in the regulation of the timing of the generative switch in cauliflower. The prewsuls from the
research by Okazaki et al. (2007) suggests BaELCZontributes to the control of flowering time iB.
oleracea BoFLCPplays a key role in maintaining the vegetative st@e&lge & Hons, 2012)



1.3.3. Genetics of curd initiation

Regulatory pathways integtiag endogenous and environmental cues conttbe floral developmental
switch(Hasan et al., 2016; Koornneef et al., 20@Yringprevious researcly Hasan et al(2016)multiple
genomiclocatiorswere identifiedexplaining variation icurd initiation.Someexamples arethe QTL regions
on chromosonesCO04, C05, C06, G@nd CO9involvedin time to curd induction in caulifloweand between
them, the QTls on C06 and C09are temperaturedependent(Hasan et al., 2016Both QTLsshowed
significant Q' LxE(i.e., QTL x environment)teractions forfinalleafnumber(FLN anddays of curd initiation
(DC]) traits and increasing additive effects with rising temperaturése mportance of me QTL region on
C06 was supported by binary analysis of curding vs-cooding data(Hasan et al., 2016Negative
correlations betweerthe genetic control ofeavesappearanceratio (LAR and DCland QTL cdocalization
on C04 and CQ6uggest that LAR has also effects on development towards curd ind(idtisan et al., 2016;
Wurr et al., 1981)

Ryder et al. (2001¥uggested more than one locus in CO6 affecting curd formagiemtitive to high
temperatures (Ryder et al., 2001)n particulartwo segmentsn C06 of cauliflowepresentedco-linearity
with ArabidopsisC01 containingimportant genes for floweringtime regulation BoAP1a (C06:35,676,602
and BoAP1c (C06:7,705,86). BoAP1a also known a$30i2AP1(Carr & Irish, 1997 located close to the
marker S0588 flanking a major QTL regasociated with DQHasan et al., 2016; Liu et al., 201%he
physical position oBoAPicis between BLASIts for S1134 and S1114 adidse to the QTL fdpCldata at
26°Cand 27°C. Both, QTL x E interactians increasing QTL effects at highemperaturessupport the
assumption that differences in vernalizatioesponse are the main reason for differences in time to curd
initiation. A QTL hotspot for FLN and LAR was detected on COlhot$mot is close to the position of
miRNA_001862C01:3,602,509 involved incontrollingjuvenile transition (Wu et al. 2009romising QTL
regions and candidate genes putatively being involirefloral transition are important todissect allelic
diversity and to elucidate genetic variation éard initiationin cauliflower(Matschegewski et al., 2015)
Further,integratingmarkerassisted strategiesan be useful fothe development of elite cauliflower cultwvs
adapted to a wide geographical range of cultivatidratschegewski et al., 2015)

1.4. GenomeWide Association Studies (GWAS)

GenomeWide Association Studies (GWAR)a statistical approach to assoa@ajenetic variatior{i.e., SNPs)
with quantitativetraits in a large collection @enotypes Thesucces®f GWAS depends dhe sample size,
guality of phenotypic traginput, linkage disequilibriunfLD) mapping resolutiorand theknowledge of the
genetic structureof collections studiedDelourme et al., 2013; Flitarcia et al., 2003; Korte & Farlow, 2013;
Vos et al.,, 2017)Genetic and phenotypicdiversity, degree ofLD across the genomeand kinship (i.e.,
relatednes$ within the populaton determine the resolution and poweaf mapping(Zhu et al., 2008)The
LD in theB.oleracegopulation was estimated at 36.8 kb basedwhole genomesequencinglata (Cheng
et al., 2016)A selection ofl4152 SNPsoversoverall the 630 MIB.oleraceggenome, even if some are very
close(i.e.,clustered (Cai et al., 2022; Cheng et al., 2016; Liu et al., 2014)

The population structure of the cauliflower accessions chosen for a GWAS isatamfactor to consider.

One of the assumptions of GWAS is the independence of the genomes of the study subjects, which indicates
that there should be no relationship between them. Although the selected individuals are assumed to be
unrelated to each othr, distant relationships (i.e., cryptic kinship) may odiirkpatrick & Bouchar@6té,

2016) Cryptc kinship represents genetic relatedness between samples, which can increase the association
error rate(i.e., a SNP associated with a trait due to the relatedness of the individeatépunding the GWAS
results and leading to an unreliable representatiof the genetrait association. For this reason, it is



necessary to correct the population structure in order to avoid false positives or false negatd/etentify
significant SNP marke(astle & Balding, 2009)

1.5. Research qusions

What is the variatiorand correlationbetween both developmental and harvestitrgits in the cauliflower
collection grown in the field ithe Netherlands irsummer 2022

Which lociexplainthe variationof curd initiation, curd developmenand curd phenotypic traits (i.e., weight,
height) of B. oleraceaar. botrytis?

Is it possible to verify cauliflower ecomorphotygasough the observation of theurd developmen®
1.5.1. Sub questions

Are there significanhassociationdbetween the 14152 SNPs and the developmental and harvesting traits
within the 169 accessions &. oleraceaar. botrytis?

Are theremarkers that explain phenotypic variation for thauliflower developmental and harvestingits
analyzedn the field tial?

2. Materials and methods

Cauliflower went through a strict bottleneck that generated a strong genetic differentiation, making it the
geneticallyleast diverse morphotypgCai et al., 2022)Therefore, to ensure enough variation in the panel,
accessions from different geographical regions representing landraces, wild accessions, and modern hybrids,
wereincluded (Apendixl). Seeddrom landraces and wild accessiomere obtained fromgene tanks and

seeds from hybrid varieties fromlant breeding companiedPhenotyping data were obtained from the
characterization of the traits of interest (i.e., weight, height, final leaf number, early initiation of curd
initiation and development) from cafilbwers sown in a field trial conducted during the spfsygnmer
aSlaz2zya 2F Hnuud® DSy2G8LIAO RIFIGlF O2yaARSNBR Ay @K
Sequence Based Genotyping data from previous rese@ahet al., 202).. A GenomeNide Association

Study (GWAS) was performed to find insight into candidate genes regulating important curd development
and harvesting traits.

2.1. Cauliflower accessiosgleced for this study

The cauliflower accessions used in this study wten from a group of 1000 differer.oleracaea
genotyped accessions from a TKI project that studied their genome sequences and evolutionary
relationships. Mmong a collectiorof 223B. oleraceaar. botrytis, 174 accessions were chosen based on the
number of seeds, aiming to have at least 10 plants per accession. Before the faglctnhaximum of 30
seeds were sown. The accessiwith less tharten seedling were discarded. After this process, a total of
169 accessions wetkeept for the final field tral.

2.2. Plant material

Between ten to 30 seeds frottir4 B. oleraceavar. botrytis accessions were sown for germination, on April
25, 2022, in the greenhouse of Wageningen University and Research (WUR) Unifarm at Mergessons

were classified based on their morphotypes (i.e., cauliffower and Romanesco) and ecotypsarfireer
autumn, tropical and winter), and sown in different trays of compressed soil covered by vermiculite (volcanic
rock).From thel74accessions, four hybrid varieties were chosen as controls (i.e., high germination rate, so
many seedlings, and high homogengity facilitate spatial analys@snd sawn in two separate trays. TKI033



and TKI079 were the summautumn, tropical and Romanesco ecomorphotypes controls, while TKI023 and
TKI1040 were the winter ecotype controls. Two more trays were sawn to avoid emptyihdhe field in case

of missing planand to surround the blocks and sidtocks (see section 2.3) in the field (border roviid)e

trays were placed in a seroontrolled environment inside a greenhouse, at a temperature of 17° C during
the day and 15°Cuiling the nightand were manually watered. The temperature was decreased during the
last week in the greenhouse, to slow thdevelopment Since a light period of 16/8 was needed, artificial
lights were used between 4 a.m. and 7 a.m. in the morning.

After one week of growth, on May 4, 24 healthy seedlings (if available) per accession were transferred to
trays with eight lines of compressed soil and maintained in the greenhouse. The 24 plants per accession were
randomly transferred to two lines (i.e., 12apls per line), one corresponding to block A in the field, and one

to block B(see section 2.38unlight and increased temperature began to accelerate seedling growth in the
greenhouse Two weeks before transplantinthe trays were moved to an intermed& environment
between the greenhouse and the field (i.e., outdoors, on tables under cdvee)to the rainy weather, the
planned date for transplanting was rescheduled, transplantewgdingsof 66 DASvith longer shootsthan
expected,andoverdevelopedoot systems

2.3. Field trial

On June 1, 20266 DAS)seedlingdrom the 169 accession(169 accessions x 2 blocks x 10 plants/bleck
3380 plus border plants for a total of 3760 plantgerminated in the greenhouse, were transplantedato

clay soilexperimental field at Wageningse Afweg in Wageningen (51.953 N, 5.638 E), the Nethdrtends.
river clay soil on the field location was intended to preserve a moist lower soil layer, which prevented near
root water evaporation during the hot samer seasorfYin et al., 1974) Fertilzer applied prior to the field
operation was a combination of 300 kg/ha Kali60, 150 kg/ha Tripelsuperfosfaat and 370 kg/lieeKAS
ammonium urea nitrate)Tillage was done by plowing in autumn 2021 and on May 31 the soil was prepared
for sowing, usinghe power harrow twicago remove the weedsTransplanting was carried out in two days

66 and 67days after sowing (DAS).

The experimental design was a split plot design with two replidatesblocksand four subblocksaccording

to the ecotypes i(e., summerautumn, tropical, and winter ecomorphotypegnd morphotype (i.e,
Romanescp(Figure }, aiming toreduce the competition between the different ecomorphotym The R
packagesgricolag(de Mendiburu, 2020andtydiversgWickham, 201 7yere used to randomizaccessions
within the subblocks. The field hd a rectangular shapé&achblockwas positioned in a nortisouth direction
(i.e., longest side), and side by side in a wezstt direction(i.e., blockA on thewestand blockB on theeast),
525 cmapart Summerautumn seedlings were transplanted in the northern part of the field, followed by
tropical, Romanesco, and winter seedlings to the southern J@édme positioning was based on the fact that
the summerautumn seedlings had similar characteristics to the tropicaisy and the Romanesco seedlings
to the winter ones.
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Figure 1 Field trial layout of the split plot design foB. oleraceavar. botrytis in Wageningen (2022)The field trial
presented cauliflower accessiaria two replicates with 52 rows and 4 coluseach, and four sublocks. The controls
are highlited in different colors.

If available,plots of ten plants (2rows of5 plants) per accession, per shlock, per block were hand
transplanted75 cm apart in the rows, and between rowa block B, som&ccessions were randomly
reallocated due to a lack of plants necessary to follow the initial design. In additiongdransplanting,
there was an error and winter contro{3K1040 and TKIO2®re included in the summer arndbopical sub
blocks in block Bror the accessions with a lower number of planiiéefplantsfrom asimilarecomorphotype
were used to avoid empty spaces in the desiymd decrease the environmental variaticavoiding the
unbalancedevelopment of surrounding plantsor both blocks, border plantgere planted around the block
and between thesub-blockswith similar ecomorphotypesin addition an external barrier of flowers/as
planted to decrease pests and diseases.

SixParrot Flower Powessensors Cf 2 ¢ S NJwérd ubkB i the soil taneasure thetemperature(T=°C)
soil humidity (S=%, light (L=mmol), andlectrical conductivity (EG > & k)J0r remote monitoing of on-
field environmenal changesThe sensoraereinserted10 cmdeepinto the soilon empty locations (so fully
exposed to the sunpnd were equally distributed through the fieldThe daily average minimum and
maximum values werextracted and recordedAppendix 2 Tablel). Supplementay weather conditions of



the field seasorirom the Royal Dutch Meteorologichistitute (KNMI) (https://www.knmi.nl/, accessdi#
October 2022)from the Deelen (Share) statiqh2.056 N, 5.873 E) located 21.75 km away from the,field
were also consideredAppendix 3. The weather condition collected wetiee mean (0.1 °Cnaximum (0.1
°C),and minimum (0.1 °C}emperature the minimum temperature at 10 cm above surfacke dobal
radiation (J/cm), the daily precipitation (0.1mm)and themeanatmospheric humidity (%ger day Irrigation
wasapplied ifnecessarylooking at thestress of the younger leaveBhytosanitary treatments were applied
for pest disease managementnixtureof Springbok (1,75L/ha), Centium (0,2L/ha), and Agral Goldit@)2L
was used on June 21, 2022, and Gazelle (250gwha)applied on June 29, 2022

Tablel. Summarydata of different field conditions.

Light (mmolm 2day) Soil humidity (%) | Temperature § ) 9/ 06>acx

Average 2846.80 30.54 22.05 365.51
Min 1.06 12.88 13.42 153.13
Max 7456.32 46.13 32.89 555.07

Abbreviations: EC (electrical conductivity); Min (minimum), Max (maximum). The data was collected with six Parrot
Flower Power sensors distributed in the field, from th& &3June untthel 2" of September, 2022.

2.4. Phenotypic dataollection

The phenotypic data collected in the field trial were divided into two main groups of important commercial
traits: curd development and plant harvestitrgits. Curd development traits are important to understh

the life cycle of cauliflower plants, and to find or select lines that show early and uniform curd development,
shortening the time to harvest. On the other hand, plant harvest traits are important for the selection of
hightyielding lines, of uniform zé to facilitate harvesting (i.e., avoid multiple harvests in the same season).
Curd development phenotypic dataere collected from alkthe ten plants in each plot. The plants in the
southernrow of the plot were harvestedat curd maturityand used to sure the harvesting traits. The plants

in the top row were used to score the latest developmental stage lfiodting andflowering).Figure Zhows

the timeline from sowing until the last day of scoring.

CURD HERVESTING
CURD INITIATION CURD INTERMEDIATE CURD WEIGHT FLOWERING
STEM LENGTH
FINAL LEAF NUMBER

TRANSPLANTING TRANSPLANTING CURD HEIGHT
SOWING IN TRAYS IN THE FIELD AT R0 coveRsE HARVESTING

25 Apr 6 May 1Jun Jul Aug Sep

> ol
v —>

GREENHOUSE INTERMEDIATE ENVIRONMENT QUTSIDE FIELD
GREENHOUSE

*Curd initiation *Curd intermediste
dimensionis 3 dimension is 10 cm
cm of diameter of diameter

Figure 2 Research timeline from sowing to sdag.



During development, it was observed that soaeeessions were nafwliflowers, but otheBrassicapecies

(i.e., wrong accession classificatior@nd they were discardedrom further analysis Winter ecotype
accessions were observed but were rgtiluated and included in the analysis because curds did not develop.
The cauliflower collection included modern F1 hybrids and gene &zcdssionfrom different geographical
regions. The accessions were divided according to two criteria: ecomorphatgpeRpomanesco, summer
autumn, and tropical) and variety typbaybrid andgene bank material)After scoring the accessions were
re-evaluated phenotypically, and if necessary, were alsolassifiedin terms of its ecomorphotypelhe
criteria to distinglish thewinter ecotypeswasthe absence of curdhitiation at the end of the field trial
(September 2, 2022 and the presence afturdier and more elongated leavesompared to thesummer
autumn and tropical ecotypes.

2.4.1. Scoringof curd developmental traits

Table 2 presents the description of the developmental traits that veeoged regularlyevery four days, from
June 17until August31, 2022 For the analysis of curd development, the days from the date of transplanting
(DAT) to the date on which the curdached the different developmental stages of interest were counted
Images oflhe different developmental stages are presentad\ppendix 5

Not all the traits that were scored were analyzed. The curd development traits scored and analyzed in this
reseach were: (1) days to curd initiation (i.e., days until the curd reaches 3 cm of diameter), (2) days until
the curd reaclks10 cm of diameter, (3) days until harvesting, (4) harvesting window (i.e., days between the
last stage of developmerdand harvesting and (5) days until floweringAppendix 4. The average was
calculated for the curd development traits as days until reaching the stage 3 for curd initiation, stage 7 for
curd reaching 10 cm of diameter, stage 13 for curd harvesting, and stage 19werifig. For the harvest
window trait, the number of days was counted frahe beginning othe stablestagebefore harvesting until

the stage 13. All the calculations of the days were done in Microsoft Excel.

Table 2. Description of the scored cauliflowdevelopmental traitsin Days After Transplanting(DAT) to
the field.

Traits Description Stage Unit Scoringfrequenc
P number g y
Curd first Measured timegrom DAT untithe curd
. 1 Days Every four days
appearance reached 1 cm of diameter

o Measured timefrom DAT untithe curd
Curdinitiation . 3 Days Every four days
reached3 cm of diameter

Curd reaches 5| Measured timgrom DAT untithe curd

D E f
cm of diameter reached5 cm of diameter > ays very four days
Curd reaches 140 Measured timgrom DAT untithe curd 7 Davs Every four davs
cm reachedl10cm of diameter y Y y
Curd reaches 1§ Measured timgrom DAT untithe curd
9 Days Every four days

cm reached b cm of diameter




. Measured timerom DAT untithe curd
Curd harvesting started to crack 13 Days Every four days

, Measured timefrom DAT untithe curd
Curd bolting 15 Days Every four days
branches started to elongate

" Measured timefrom DAT untithe curd
Curd transition 17 Days Every fou days
started to form flower buds

. M d timef DAT untith d
Curd flowering casure lmﬂ;c\)/vn;red untithe cur 19 Days Every four days

2.4.2. Scoring of Arvesting traits

Table 3 shows the list and the details of the harvesting traits that were scored. The harvesting was conducted
when the curdswvere starting to crack (i.e., when the different florets started to separate) since that is the
limit for its marketability.This is later thn commercial harvest, but makes estimating harvest stage more
reliable.After curd craking, leaves were removed/thand, and the height of the curds was measurethe

field with aruler attached to astick perpendicularlyiankingthe curd. Then, the entire plant was harvested

by cutting the stemasclose as possible to the soil with garden shears. The harvestimgntled a fast
operation to avoid curd deterioration and water loss that could bias curd weighing. The harvested plants
were numbered, labeled, stored in plastic bags, and delivered to a measurement tent located next to the
field. The stem was cleaned fraime remaining leaves' petioles, the final leave numiass scoredand the

stem length was measured following the curvature, from lingest part till thecurd branch initiation. The
curdwas cut from the stem at the point where inflorescence branchirigated. The curdvas weighted with

an electronic scale and positioned in a photo box to take three pictures with the corresponding plant number
and QR code label. The photo box was necessary to maintain stable conditions during the photo collection.
Threeimages were taken of each curd, one of the top, one of the bottom, and the third dbfixbottom
intersection ofthe curd Appendix §. The pictures were not analyzed in this resealult will be analysed

by colleague student Max Welleridarvesting tits were scored on the same day of harvesting on the field.

The plant harveshgtraits scoredand analyzed in this studyere: (1) curd weight, (2) final leaf number, (3)
stem length, and (4) curd heiglfecondary shoot and curd leaf coveeatyaitswere also scored for future
studies but were not considered for data analyBiatafor traits scoredbut not used in this study is contained
in the raw data file provided as part of the results of this project.

Table3. Descriptionof the scoredcauliflower harvesing traits.

Traits Symbol Description Unit g
Qualitative frequency
Themeasurenent from the
Stem ground to the bottom of the curd L Once. During
S . cm Quantitative .
Length following the curvature of the harvesting
stem

1C



Theperpendicular distance from .
Curd . . e Once. During
) H the soil to the middle of the cm Quantitative .
height harvesting
bottom of the curd
Weight of the individual curd .
Curd . g . L Once. During
. CwW without the leaves with an g Quantitative .
weight . harvesting
electronic scale
FinalLeaf Theamount ofleaf andscare in I Once. Durin
FLN # Quantitative . g
Number the stalk harvesting
Presence or absence of a _
Secondary| 2 o Once. During
SS secondary stem development Qualitative .
shoot from the same plant classes harvesting
Leaf
coverage . 3 I Once. Durin
g LC Leaf covered by the inner leave Qualitative . g
of the classes harvesting
curd

2.5. Genotypic data collectio®d(NA isolation and SNP cal)ing

This project considered subset ofgenotypic datast produced byprevious researclfAlemanBéaez et al.,
2022) AlemanBaez et al. (2022) usdde genotypic data set produced by Cai et al. (2023)i et al. (2022)
genotyped 912 accessiondistributed worldwide, representing tenB. oleraceamorphotypes, wildB.
oleracea and wild C®Brassica species through the SequeiBased Genotyping (SBG) method at Keygene
N.V., Wageningen, the Netherlands. The amount of resequencing data geneszd84 Mb per accession.
Theseresequencing data (lllumina reads) were aligned to the JZS v1 cabbage reference @enosmal.,
2014) comprised byB85 Mb of sequences that were anchored to the nine physluaimosomes of cabbage
and 131 Mbof unanchored scaffold¢hat clusteredon chromosome zero (C00). Cai et @022 found
742,169 raw biallelic single nucleotide polymorphisms (SNPs) using SAMtdbldivét al., 2009and
BCFtools v1.1(Li, 2011)To obtain higkguality SNPs, raw SNRere filtered If a SNP was supported by less
than three reads in araccessionit was scored as a missing vallfetwo alleles were supported by at least
two reads the SNP was scored as heterozygous. Otherwise, the SNP wdasdarmozygous. The filtering
process resulted in 330,383 higfuality SNPs. The SNP allele codes wdr®@ozygous for the reference
allele), 1 (heterozygouy, and2 (homozygous for the alternative allgldNAwas usedor the missing valug

AleménBaez et al. (2022filtered the SNPSF 2 NJ | 3Sy2dGeLAy3a NI GS xym: |y
bal! CO X HOpE:>® ¢ KAAa pérormedTiging thé BOFtgal vILINBoORIE 201 8wlith
parameter settings of Cai et §2022). From AleméarBaez et al. (2022) datas¢tyo independent set were
createdfor this researchonecomprisingthe accessionphenotyped for harvest &its and most of the curd
development traits, and another one comprising the accessions phenotyped for the days until flowering trait.
These two sets were used for data and statistical analyses.
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2.6. Dataanalysis of the field trial

Forthe dataanalysis, the mean value of the scored traits per filet, per TKI accession per bloalgs used

to avoid the risk of missing values for different reasons (i.e., plants affected by disease or animals) and to
represent withiraccession variationiccesmons in which a complete replicate was lost in one of the two
blocks were removed from the data analysis to avoid having unbalanced Dagacollecteddata were
evaluated for mistakes.

2.6.1. Spatial variation correcticend statistical models

The R packag8pATS(Spatial Analysis of Field Trials with SplifBs)drigueZlvarez et al., 2018h the R
packagestatgenSTAvan Rossum, van Eeuwijk, et al., 2082 usedto correct for spatial trendsMixed
models were fitted to obtairthe adjusted traits estimates (i.e., estimates for traits genotypic performance),
by separating the genetic effects from the spatial effects (i.e., environment and management conditions) and
design factors(Rodriguedlvarez et al., 2018)an Rossum, van Eeuwik, et al., 20ZRp SpAT®nginefits

a 2D Psplines mixed model to calculate the best linear unbiased estimates (B{RéEsjguelvarez et al.,

2018) In the statgeng Apackage, he modelscanbe fitted to five different trial designészan Rossum, van
Eeuwijk, et al., 2022)The randomized completadock design (rcbd) was selected awésthe most similar

to the split plot designof this study To fit the model each plot accession was labeled inan X and Y (i.e., row
and column) coordinate system.

Two SpATS models were fitted, one that treatbe accessios as fixed and another that treatethe
accessios as random,to estimate the BLUE and the heritability, respectivelyThe fitted spatial trend
explains the variation in the spatial componéne., field effectpf the model. Theatio betweenthe adjusted

spatial trendandthe raw data is used as an indicator of the spatial correction explained by the nitgel.
BLUESs per accession per trait were estimated and used for the downstream analyses, including the GWAS.
The heritability for all the trids wasestimatedusing theextractSTAunction of the R packag&tatgenSTA

(van Rossum, van Eeuwijk, et al., 2022)

2.6.2. Statistical analysis

Statistical analyses and figures were done in RStudio softwarsi¢n 2022.07.1+554Mean, minimum,
maximum, standard deviation, and coefficientvafriation values were calculated for all the traits using the
BLUEsThe normality of the residuals of the different traitesxtracted from the fixed modelsyas checked
using the functionggqgplot from the R packagggpubr (Kassambara & Kassambara, 20ZDyrrelation
analyses were conducted to study the relationships between curd development traits, harvest traits, and
between curd development and harvest traits. Correlations between the scored traits weraraszed
between the different ecomorphotypes and the different variety types (i.e., hybrid and lganle material)

of the accession$?earson correlation coefficients wecalculated using the R packasfats (R Core Team,
2021) and the finction ggpairsof the R packag&Galy (Schloerke et al., 202@)as used tovisualizethe
correlations.

To understand the level of variation within accessions, the coefficient of variation within each accession (i.e.,
the variation amongevaluatedplants for each accession) was calculatéat all the traits except curd
flowering Frst, linear mode$ per each trait werefitted to the raw data i(e., with multiple plants per
replicate) The model had a single term for genotygeckinteraction to fit a mean ger genotype per block
Theresiduals othe model were used to calculate the standard deviatmar genotype A minimum offive
residual values for each genotype was used for each trait to @agmiessions wittow number ofplants The
standard deviatiorestimated using all the plants per genotype was prefered bec#éusenore informative

than estimatingit based on the two replicates per genotypkhe coefficient of variationalueswithin the
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accession were obtained by dividing the estimated standard deviatiorof each genotypeby the
correspondinBLUEestimate(obtained by the SpATS analysigach trai}. The use of BLUEs is considered
to take into account thdield effectvariation.

2.7. GenomeWide AssociatiorRudies (GWAS)

Genone Wide Association Stiebwere conductedio associate phenotypic variation with genotypic variation
in SNPs fothe 125 accessionsn the trial. TKI674 was not included in the analysis since no SNPs for this
accession were found in the datasdissing vales in thedataset of 14152 SNRgere imputed with the
Beagle softwargBrowning et al., 2018hcluded in thestatgenGWA®R packagévan Rossum, Kreij, et al.,
2022)to calculde the most likely allele based on the haplotype cluster created bymi@msing genotypes.
ThestatgenGWASR package was used to perform a GWaiRg the BLUEs from SpATS for each ffais
packageuseslinear mixed models (LMM) for association mappingvan Rossum, Kruijer, et al., 202%e
genetic relationships between the accessions were calculaigdkinship matrces(VanRaden, 2008yith
the statgenGWASR package(van Rossum, Kruijer, et al., 2028) correct for population structureThe
kinship matrices were chromosonrspecific. Each chromosonspecific kinship matriwascalculated, using
all SNPs that are not on this chromosoae® describedy (Rincent et al., 2014A default threshold of p
value>X).001 or-logio(p-value) = 3vas usedo select significant SNPs.

GWAS wre performed separatelyon two set of traitsusing the functionrunSingleTraitGwa®sf the
statgenGWAR packagévan Rossum, Kruijer, et al., 202d}h the parameters previously mentione@he
first GWAS was perforea on the curd developmerttaits, except days until floweringand harvesting traits
with the ecomorphotype and the type of variety as cofactdite second GWAS was performed on the days
until flowering trait, including onlythe variety type as a covatia since the ecomorphotype had an
unbalanced distributionin the first GWAS two covariatdwidedthe accessions into 78 hybrids and 47 gene
bank accessions, and ten Romanesco, 97 surauemmn and 18 tropical accessions (number of
accessions=125neanwhile in the second GWA® variety type covariate divided the accessions 8
hybrids and 13 gee bank materials (number of accessions=56)Ps associated with the different traits were
selected based on a LOD higher than 3 and allele frequencies higher thaiFre€g€0.1).Q-Q ploisfor each
trait were inspected toevaluate the validity of theorrection for population structurandthe quality of the
GWASThe observed values are expected to be on the diagonal of the graphiflation factorexpressing
the deviation of the distribution of the observedbgio(p-value) compared with the digibution of the
expected-logio(p-value),wasused to compare thenodelswith and without the cofactorgvan den Berg et
al., 2019)

3. Results

3.1. Cauliflower reclassification

Atotal of 169 cauliflower accessions were planted in figdd trial. Seven accessiofis., TKI509, TKI117,

TKI720, TKI392, TKI106, TKI}1B4re eliminated from the analyses as they weepresentedby too few

plants From the remaining 162 accessions, the ecomorphotype identity of 157 accessomgonfirnmed

during the fieldtrial. However, ive accessions that did not exhibit cauliflower characteristics egctuded

from the data analyss and reclassifiedvere accessions TKI1129 from the tropical galbck, TKI1139 and

TKI1131 from the summerutumn subblock, and TKI1136 and TKI1143 from the winterlsiobk. TKI1139

was identified as a Brussels sprout accession, meanwhile the accessions TKI1129, TKI1131, TKI1136 showed
broccolilike curd traits and TKI 1143 cabbdie traits. Winter accession TKI112&sheterogeneous with
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only one plantdeveloping a curd &im a possible seed mendwas removed from the dataset, reducing the
number of accessions to 156.

At the time of transplanting, the total number of @&ccessions was divided inf® summerautumn, 40
winter, 19 tropical and 7 Romanesco ecomorphotydédse previous classification of the ecomorphotypes of
these 156 accessions was based on information from gene banks and seed c&aldgssification ahe
156 accessionsesulted into aphenotypic divisiorof 97 summerautumn, 30 winter, 19 tropical and ten
Romanesco ecomorphotypeshe distinction between the tropical and summrrastumn ecotypes was not
seen because these ecotypes didn't show a cleatt dervelopment differentiation during the triallKls 299,
518, 328, 1138, 521, 306, 068, 297, 516 were reclassified from winter to sueumienn, TKI1112 from
winter to Romanesco, and TKls 345 and 502 from sumagumn toRomanesco. The specifie-classiied
ecomorphotype is given faach accession iippendix land its distribution in the field can be visualized in
the Appendix 7

3.2. Phenotyic data

Not all of the remaining 156 accessions showed curd development traits30Wwenter accessions did not
form curds during the evaluation period, so 126 accessions were used in subsdgteamalysesFive curd
development traits (section 2.4.&ppendix 4 scored from 126 accessions and four harvesting traits (section
2.4.2) scored from 110 accesions were lgsad.Themain descriptiveraits statistics for the different traits

(i.e, mean, maximum and minimum value, variance, and coefficient of variadi@presented inAppendix

8. Coefficient of variation(CV)values betweer0.21 and 0.54were found. The highestCV values were
observed for the curd harvesting traits, curd weigBM®.54) and curd heightQV9.46) while the lowest
CV(CV=0.21wasseen for several curd development traits (i.e., days until curd reaching 10 cm of diameter,
days until curd harvesting, and days until flowering).

The developmentatraits presenteda chronologically consistent average, starting from the lower avevage
days to curd initiation (51.5dlay9, reaching 10 cm in diameter (&ldayg, harvesting (71.3lay9, and
flowering (77.2day9. The harvest windowanged from 0 days to 18.1 days, with a mean of 8.6 dHys.
mean values athe curdharvestingraits were 1.14 kg for the curd weight, 25.5 leaves for final leaf number,
9.83 cm for the curd height, and 14.97 cm for the stem length.

3.3. Spatial correction

The SpAT§8raphs inAppendix 9show the phenotypic valuesand the estimatedgenotypicvalues(i.e.,
adjusted after a spatial correctioridr the traits scored in the fieldTo assess the importance of each term
within the graph and the SpATS correction, the ranges of variation of the values were compared. The
percentage of the ratio of thétted spatialtrend andthe raw data(i.e.,non-adjusted datadwere calculated
andused to evaluate the importance of the correction for each t(appendix 1Q. In generalspatial trend
representedbetween 6% and 42% of trait variationith curd height and stertengthtraits having the lowest
spatial variationAppendix 10 The final leaf number trait captured the highest percenté4f®b)of the ratio
between the fitted spatial trend anthe raw data.Without the spatial correction, thdinal leaf humber
rangedfrom 14.5 to 43 leavefrigure 3\). The fitted spatial trenaf the final leaf number trai{Figure )
showedan overall variation in thevest-to-eastdirection, with the lowest fitted spatial trend val e leaves

on thewestincreasing to theeast(+6leaves)
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Trait: Final Leaf Number
Raw data B Fitted data C Residuals
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[

s 75 s 50 d % 30 35 a0
colCoon coiCoond Genotyple BLUES

Figure 3 SPATSplot of the final leaf number traitin the field trial. The figure presertthe different components of the
SpATS fittednodel. (A) Raw data refer ot means (B)Ftted data refer to the valuesstimatedafter fitting the model
including genetic andspatial variation(C) The residualsor the difference between the raw data and the fitted data.
(D) Spatial trendrefersto the field variation estimated in the mode(E) The genotypic BLUES refeto the values
includedasthe model componenbf genotypic vaation. (F) Hstogramshowing the distribution of thgenotypic BLUES
of the final leaf number trait

The curd initiation and harvesting window traits presented clear opposite norsbuith fitted spatial trends
(Appendix 9. In the SpaTS ippendix 10the percentage of the ratiobetween the spatially adjusted trend
and the rawdatawere 27%for the curd initationand 28nofor the harvesting windowFor thetrait days to
curd initiation, the number of days ranged from 16.8 to 9dthout the spatial correctionandthe adjusted
spatial trend angedfrom -8 daysto +13 days rising from the south to the northWithout the spatial
correction, he harvesingwindow trait, ranged from 0 to 18.1 daysshowinga fitted spatial trendwith the
lowest valug(-4 days)in the southern parti(e., winter subblock) increasingp the north (+1 days).

3.4. Best linear unbiased estimators (BLUES)

3.4.1. Descriptive statistics

TheBLUESs for the 12&ccessionsvere estimated fromthe SpAT$Appendix 1)andused in all subsequent
analysisTable 4 presensthe descriptive statisticef the BLUES.e., mean, minimum, maximum, standard
deviation, coefficient of variationand heritability for each trai and its heritability valuesThe curd
development traits ld increasing average values from days to curd initiation, to reaching 10 cm in curd
diameter, to curd harvestingo flowering. The harvest windotvait had lower values than the other curd
devebpment traits with an average of 7.5fays a minimum of0.62daysand a maximum of 15.58ays
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The lowest coefficient of variation of 0.18 was found in the trait of days until flowering, meanwhile the
highest value was 0.45, observed in the curd weight and curd height traits. Heritability ranged from the
lowest value of 0.77 for the harvesting wingao the highest value of 0.93 for the days until harvesting trait.

Table4. BLUESslescriptive data resumingnean, minimum, maximum, standard deviation, and coefficient
of variation valuesand hereditabilityfor each curd developmental traits.

Traits Mean Min Max Sd CVv H?
Days to curd initiation (#) 54.65 16.58 91.31 14.04 0.26 0.88
Days until 10 cm diameter (#)| 61.72 32.97 90.49 12.98 0.21 0.90
Days until harvesting (#) 72.18 18.08 97.02 15.42 021 | 0.93
Harvest window (#) 7.55 -0.62 15.58 2.67 0.35 0.77
Days until flowering (#) 78.51 31.89 92.58 14.36 0.18 0.88
Curd Weight (Kg) 1.22 0.23 2.39 0.55 045 | 0.84
Final Leaf Number (#) 25.47 16.32 39.73 5.21 0.20 0.80
Stem Length (cm) 14.89 4.21 33.94 5.53 0.37 0.89
Curd Height (cm) 9.84 2.98 27.99 4.47 0.45 0.91

Abbreviation:Min(minimum), Max(maximum) Sd étandard deviationCV(coefficient of variation)H? (heritability).

The residualsf the BLUEsxtracted from the SpATSwvere tested for normalityisingQ-Q plosand Shapire

2 Af 1 Qa Y.\ tke2trRits fesfed with theShapire? A £ 1 Q& shoved pvalus lower than 0.05
beside the curdlevelopmental trait of curd reaching 10 cm of diametervalue=.061) and the harvesting
traits final leaf numberg-value=0.844) and stem lengtkp-value=.828).Most of the traits presented a
normal trendin the QQ plots(i.e., most of the residuals were near the regression libg traits @ys until
curd harvestingflowering, andharvest windowhadthe greatest devition from the regression lin@data not
showr).

3.4.2. Analysis of the curd development and harvesting traits

AbsolutePearsof® correlationvalues(r) between the different curd development ardird harvestngtraits
ranged between0.272 and 0.928Fjgure 4. Regarding curd development traits, a higbsitivecorrelation
(r>0.8) was found between curd initiation with curd reaching 10(cr9.908) and with curd harvestg
(r=0.875), and between curd reaching 10 cm with curd harvesti#@410).These three urd development
traits also showed moderate correlations with hanegttraits such asfinal leaf number =0.6000.643),
curd height £=0.5090.630), and stem lengthi£0.6610.738).For curd harvesting traits, the highest positive
correlation was betwen stem length and curd height50.928) while aird height and curd weight presented
the highest negative correlatiom%£0.272)among all the traits.
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Figure4. Scatterplots, distribution plots, and correlation analysis between scored curd development and harvesting
traits (BLUEs data), between variety types (i.e., hybrid and gene bank matef@ajrelations marked with (*) were
significant (pvalue<0.05).Regading the correlation analyses, the uppeght part shows the Pearson correlation
absolute values of the traits (black), followed by the correlations between the traits ihythied material(in blue) and
gene bank materigin red).

The correlations bmveen the traits analyzed according to the type of variety and the different
ecomorphotypes were also analyzed. In general, similar results to those previously reportéae
correlations between the developmental traits (i.e., curd initiation, curd ngag 10 cm and curd harvesting)
and the correlations between the harvesting traits (i.e., stem length and curd heighérms ofabsolute
values (Figures 4 and 5)suggesting that variety type or ecomorphotype does not influence these
correlations.Curdweight was negatively correlated with the cundrvestingtrait (r=0.121)and with the
stem length trait(r=0.449)in the genebank materialn contrast, he correlation between these traits was
positive (r=0.3690.647)in the hybrid materiaFigure 4)Figure5 shows the correlations between traits
according to ecomorphotype, the cufftbwering trait was not included since the Romanesco accessions
never flowered A high, negative correlatiofr=0.906)between curd weight and curd initiation was found
only for the Romanesco morphotyp&he trait finalleaf number was highly correlated witburd height
(r=0.6820.701)andwith stemlength (r=0.629.762)in the summerautumnand tropical ecotypes, but not

in the Romanesco morphotyd€&igure 5)
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Figure 5 Scatterplots, distribution plots, and correlation analysis between scored curd development and harvesting
traits (BLUEs data), betweestomorphotypes (i.e.,Romanesco, summeautumn, and tropica). Correlations marked
with (*) were significant (fralue<0.05)Regarding the correlation analysdbe upperright part showsthe Pearson
correlation absolute value®f the traits plack) followed by the correlations betweethe traits in the Romanesco (in
red), summe+rautumn (in green) and tropical (llue) ecomorphotypes.

Figurest and5 show plots of the distribution ahe traits with respect to material type and ecomorphotype.
The harvesting window trait distributiowas broader for the hybrid materiasduggesting a more restricted
harvest window for the genebank materi@urd weight distribution showed that curds from the genebank
material had a lower curd weigttt.e., distribution to the leftthan curds from the hybrid materidl.e.,
distribution tothe right) Figure 4. Regarding the curd harvesting traits, final leamber, curd height and
stem length showed higher average valirRomanesco than the other ecamphotypes(Figure 5.

3.4.3. Influence of the variety typand ecomorphotypen the analyzetraits

Figure 6presents boxplots showinthe distribution of values for all eight traii@.e., curdflowering not
included)within the variety typeand ecomorphotypes.ooking at théraits ofdays to curd initiatior{Figure

6A), curdreaching 10 cnfFigure ®), curd harvestingRigure &), final leaf numberHgure &) curd height
(Figure &) and stem lengthHjgure &), accessions from thgene bankpresentedhigher values compared

to hybrids in Romanesco and tropical ecomorphotypelSor summefautumn, the mean of the
aforementioned traits, besides curd harvesting, was higher in the gene bank material but presented a similar
distribution with the hybrid materialln contrast, ard weight was generally higher for hybnahterialthan

for gene bankmaterialin all the ecomorphotypesHgure &). For the three first curd development traits
(FigurebA, 6B, and6C), accessions classified as tropical exhibited lower mean values.
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Figure 6. Boxplot of curd development and harvestitigits (BLUEs data) among ecomorphotypes (Romanesco,
summerautumn, and tropical) divided into hybrid material (in blue) and gene bank material (in red).

3.5. Coefficient of variation within accession

The variation othe traits within the different accessioris an interesting parameter to analyze, since the
lack of uniformity is a problem for cauliflower producers, who are looking for more uniform variéties.
coefficient of variation of each accession was calculated for all traits, except curd floWgpendix 12. It

was observed that for curd weighf\ppendix 12 B, accessions from hybrid material showed less variation
(i.e., lower coefficient of variatiorthan those from gendéank material For the curd heigh{Appendix 12G

and stem length (Apperdix 12 H) traits, accessions of the Romanesco ecomorphotype showed lower
coefficient of variation values than those obtained for the sumimetumnand tropical accessions.

The accessions with the lowest and highest coefficient of variation valuesrdevelopmentalAppendix

13) and curd harvestng traits (Appendix 13were analyzedAccessions with low coefficients of variation for

the different traits could be of intest to farmersThe tropical accessions TKI246, TKI243 and TKI024, from
hybrid material,showed high values of coefficient of variatioggarding to thedevelopmental traitsThe

lowest coefficients of variatiorfor the developmental traitswere presentedin the summerautumn
accessiongKl333and TKI115, from hybrid material, add1501 from gene bankThe accession TKI053
presented very low coefficient of variation values for the curd harvesting (CV=0.03) and the harvesting
window (CV=0.12) traits. Corroéng the harvesting traitsthe summerautumn accessiongKl248and
TKI337, from hybrid materighresentedthe highest value®sf coefficient of variation, while the summer
autumn TKI370 and the Romanesco TKI159 accessions, from hybrid material, prélseritedest values.

The accession TKI159 presented a low variation for the curd weight (CV=0.14), curd height (CV=0.07) and
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