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Abstract 

The breeding of Brassica oleracea var. botrytis (cauliflower) targets agriculturally and economically desirable 

traits related to its marketable curd. This study aimed to identify molecular markers (SNPs) associated with 

five cauliflower curd developmental traits and four harvesting traits. Genome-Wide Association Studies 

(GWAS) were performed on a collection of 125 cauliflower hybrid and gene bank accessions using a selection 

of 14152 SNPs. The field trial was conducted in the summer of 2022, in the Netherlands. The experimental 

design was a split plot design. Curd phenotyping was performed before and after harvesting. The data 

analyses were performed with the R software. The obtained scored data were corrected for spatial variation 

using the SpATS R package. High heritability values (H2 > 0.75) and coefficients of variation (CV = 0.18 - 0.45) 

were found for the analised traits. A final number of 74 significant SNPs with high breeding values was 

associated with the curd developmental and harvesting traits. Six possible QTLs, two related to stem length 

and curd heigh traits in C01 and C08, and four for the curd flowering trait in C00, C02, C07, and C09, were 

found and suggested for future research. The identification of molecular markers associated with curd 

developmental and harvesting traits of B. oleracea in this study will allow the development of new selection 

strategies for its improvement. The high observed variation can be interesting for cauliflower breeding 

strategies to select accessions with an optimal and uniform curd development speed, as a suitable food 

source for the challenges of climate change.
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1. Introduction  

1.1. Brassica (Brassica oleracea) 

The Brassica genus comprises numerous species of commercial importance that are cultivated as vegetables, 

oil, fodder, or condiments  (Hasan et al., 2016)(Akter et al., 2021; X. X. Sun et al., 2018; Zhao et al., 2010). 

Brassica oleracea (2n=18) is a highly diverse species that presents multiple subspecies such as cauliflower 

(var. botrytis), broccoli (var. italica), and cabbage (var. capitata), also known as morphotypes, that are able 

to interbreed (Cai et al., 2022). Its genome evolved from an ancestor that had undergone a whole-genome 

triplication (Akter et al., 2021), which may have facilitated its phenotypic diversification (Cheng et al., 2016). 

For this reason, B. oleracea presents three copies of orthologous genes, even though some were lost (Akter 

et al., 2021). Later the diversification and domestication of wild B. oleracea and kales around 400 BC in the 

Middle East originated the current diversity (Cai et al., 2022).  

Brassica oleracea is reproduced by seeds όYǳőŜǊŀ Ŝǘ ŀƭΦΣ нлмуύ, is self-incompatible, and relies on insects for 

its cross-pollination (Maggioni, 2015). It has a worldwide economic value and shows a massive morphological 

variation (Bonnema et al., 2011). Its plasticity has generated numerous crops with traits delivered in the wild 

further domesticated and selected (Maggioni, 2015). Two main B.oleracea lineages have been identified. The 

άƭŜŀŦȅ ƘŜŀŘ ƭƛƴŜŀƎŜέ ό[I[ύ ŦƻǊ Ŏabbages (var. capitata), collards (var. viridis), and ornamentals (var. acephela), 

and the άŀǊǊŜǎǘŜŘ ƛƴŦƭƻǊŜǎŎŜƴŎŜέ ό!L[ύ ŦƻǊ ŎŀǳƭƛŦƭƻǿŜǊ (var. botrytis) and broccoli (var. italica) (Cai et al., 2022), 

characterized by edible flowering shoots with enlarged inflorescences (Bonnema et al., 2011).  

1.2. Cauliflower (Brassica oleracea var. botrytis) 

Cauliflower is mainly an annual, but also a biennial cultivated plant (Hassan, 2019). It is grown for its edible 

dome-shaped ƘŜŀŘΣ ŎŀƭƭŜŘ άŎǳǊŘέΣ a large white inflorescence formed by floral primordia (Duclos & Björkman, 

2015; Journal, 1962; X. X. Sun et al., 2018). Nowadays, its worldwide production is about 4.3 - 4.5 million tons 

and nearly 400,000 ha of land are cultivated mainly in France, Italy, United Kingdom, the Netherlands, and 

India (Xayitovna, 2022). It is a high-value crop that contains a considerable amount of protein, carbohydrates, 

phosphorus, calcium, iron, and ascorbic acid (Borah et al., 2018; Kaur et al., 2020).  

1.2.1. Growth and development 

The cauliflower development cycle is divided into three periods: vegetative growth, curd initiation 

(morphological transition of the apex), and reproductive stage (Kaur et al., 2020). Between these cycles, the 

vegetative phase change represents the juvenile-to-adult transition, while the floral induction the adult-to-

reproductive transition (Hasan et al., 2016). The switch from vegetative to early reproductive phase 

distinguishes the first step of curd initiation (Duclos & Björkman, 2015; X. X. Sun et al., 2018). After the mature 

curd stage, the inflorescence branches will bolt and continue to develop. In the end, a subset of the formed 

immature flower buds will turn into flowers (Palmer et al., 2001; X. X. Sun et al., 2018). During the juvenile 

phase, plants are incompetent to initiate reproductive development even when grown under favorable 

conditions. Juvenility of cauliflower ends after a specific number of initiated leaves (Hand & Atherton, 1987; 

Wurr et al., 1993). The critical number of initiated leaves is assumed to be genotype-dependent, but might 

be influenced by the environment as well (Wurr et al., 1994). 

The transition from the vegetative to the generative stage is a crucial phase of plant development (Akter et 

al., 2021). During these stages, the temperature is one of the primary micro-climatic factors (i.e. climatic 

conditions measured in localised areas near the earth's surface) coupled with day length, that drives the rate 

of growth and development (Debnath 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
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et al., 2018). Temperature also is one of the main climatic conditions influencing the success or failure of 

cauliflower production (Hossain et al., 2015; Kaur et al., 2020). Booij (1990) showed that temperature and 

the length of the juvenile development stages influence curd initiation affecting the variation in time of curd 

maturity (Booij, 1990). Higher temperatures during and before the period of the curd induction stage delayed 

curd initiation and harvest time (Hasan et al., 2016; Matschegewski et al., 2015; X. X. Sun et al., 2018) and 

increased the total number of initiated foliage leaves of a plant (Booij, 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 length of the period varies between accessions within species (Booij, 

1990). Some B. oleracea ŘƻƴΩǘ ǇǊŜǎŜƴǘ ǘƘƛǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ, as the early flowering accessions, because they lost 

the responsible gene (Booij, 1990).  

The juvenile time, the vernalization rates and the optimal temperature variate among accessions 

(Matschegewski et al., 2015). For this reason, based on their development at different temperature 

conditions, cauliflowers can be distinguished into three main ecotypes: winter, summer-autumn, 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 maximum optimum, and the 

maximum (Hasan et al., 2016). Cauliflower grows better between the latitudes 11ς60° N with an average 

temperature ranging from 5°C to 28°C (Singh et al., 2018). Cauliflower may tolerate temperatures frƻƳ ҍмлϲ/ 

to 40°C for a few days during the vegetative growth period (Singh et al., 2018). From the temperate zones to 

the tropics, the induction of the curd presents a large variation in ideal temperatures (Booij & Struik, 1990; 

X. X. Sun et al., 2018). Summer and spring types, or annual, do not require vernalization for curd development 

(Debnath et al., 2018; Hassan, 2019; Singh et al., 2018) and have an optimum temperature between 10°C 

and 16°C (Booij & Struik, 1990; Hasan et al., 2016). Nieuwhof (1969) reported that temperatures above 23°C 

are inhibitory for curd initiation in the spring and summer types (Hasan et al., 2016). Winter types, or biennial, 

need a cold treatment (i.e., vernalization) to produce the curd and flower (Singh et 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). On the other side, tropical types can produce curds at a temperature 

above 20 °C (Debnath et al., 2018; Hassan, 2019), so do not need any vernalization.  

1.3. Cauliflower breeding 

Cauliflower breeding is mostly focused on its curd, which is the main marketable part. It mainly targets early 

curd formation, synchronized curd development, uniform appearance (i.e., color, shape, etc.), shelf life, taste, 

and nutritional content, which are important traits for commercial profit (Maggioni, 2015). In addition, as in 

other cabbages (i.e., B. oleracea varieties), other important traits are bolting, flowering, and seed set, 

especially in hybrid seed production (Zhiyuan et al., 2000).  

Controlling the timing of the transition from vegetative to reproductive development (i.e., curd initiation) is 

a key step to improve cauliflower agricultural production (X. X. Sun et al., 2018; Wei et al., 2013). Nowadays, 

growers stagger cauliflower planting dates to ensure continuous market supply, which frequently results in 

an inconstant price of the product (Hasan et al., 2016). Problems due to the overlapping in maturity time of 

different plantings occur if the temperature is high during the temperature-sensitive stage of some of the 

accessions (Booij & Struik, 1990; Hasan et al., 2016; Olesen & Grevsen, 2000). Better synchronization of curd 

development can allow easier and faster harvest practice. In particular, rapid development for summer 

cultivars under high temperatures will avoid delays in harvesting time in late summer (Hasan et al., 2016). 

The selection of suitable varieties for sowing at the proper time is the key factor for successful cauliflower 

production and timely supply to supermarkets and customers (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 
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the research of genes linked with the timing and stability of the curd initiation and flowering traits for the 

development of future breeding strategies.  

1.3.1. Genetics of cauliflower 

Even though Brassica oleracea presents genetic variation between cabbage, broccoli, cauliflower, kohlrabi, 

and kales, cauliflower is the least diverse because it underwent a severe genetic bottleneck. The hypothesis 

of this process is supported by the strong genetic difference between cauliflowers and the other Brassica 

varieties by the data showing the low genetic variation among the cauliflower accessions (Cai et al., 2022).  

In particular, the genome assembly of cauliflower and cabbage, showed many cauliflowers selection signals 

in different molecular pathways (flowering time, floral identity, meristem proliferation, organ size, and 

spirality) (Cai et al., 2022; Guo et al., 2019).  

For most B. oleracea morphotypes, modern hybrid accessions present lower genetic variation than the 

accessions in the gene banks, but this is not the case for cauliflower, as variation within modern hybrids and 

cauliflower gene bank accessions is comparable and thus both low (Cai et al., 2022). To better understand 

the genetic difference between cauliflower accessions one needs to conduct an experiment comprehending 

different landraces and hybrids. It is needed to include winter and Romanesco (i.e., cauliflower morphotype) 

accessions in the research because winter and Romanesco cauliflower are considered an ancestral sub-

morphotype compared to summer-autumn, and tropical cauliflower (Cai et al., 2022). Romanesco and winter 

accessions are expected to present more phenotypic variation compared with summer-autumn and 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 and molecular pathways 

are conserved (Matschegewski et al., 2015; Schranz et al., 2006). These flowering time genes are potential 

causal candidates for the observed delay in the generative switch (X. X. Sun et al., 2018).  For example, the 

expression level of the cauliflower FRUITFULL-like gene BoFULc increased significantly at the generative 

switch and therefore can be used as a marker for this developmental phase change. (X. X. Sun et al., 2018). 

The possible identification of genes regulating curd initiation is an important determinant of flowering time 

within Brassica species (Ridge & Hons, 2012). In Arabidopsis 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 from environmental sensing (Moon et al., 2005). Flowering pathways similar to those reported 

in A. thaliana have been found in B. oleacea var. botrytis, influencing curd formation and flowering time (X. 

X. Sun et al., 2018). There is a variation in flowering time within species of the genus Brassica, and is largely 

dependent on a difference in vernalization requirements (Akter et al., 2021). In Brassica, the key gene 

determining vernalization is FLOWERING LOCUS C (FLC) (X. X. Sun et al., 2018). The vernalization response 

includes the repression of FLC expression by cold treatment and the enrichment of the repressive histone 

modification tri-methylated 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 complicated (Akter et 

al., 2021). The research of Sun et al. (2018) suggested different roles for BoFLC-1 and BoFLC-3, two FLC 

paralogs in the regulation of the timing of the generative switch in cauliflower. The previous result from the 

research by Okazaki et al. (2007) suggests that BoFLC2 contributes to the control of flowering time in B. 

oleracea. BoFLC2 plays a key role in maintaining the vegetative state (Ridge & Hons, 2012). 
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1.3.3. Genetics of curd initiation  

Regulatory pathways integrating endogenous and environmental cues control the floral developmental 

switch (Hasan et al., 2016; Koornneef et al., 2004). During previous research by Hasan et al. (2016) multiple 

genomic locations were identified explaining variation in curd initiation. Some examples are the QTL regions 

on chromosomes C04, C05, C06, C07, and C09, involved in time to curd induction in cauliflower and between 

them, the QTLs on C06 and C09  are temperature-dependent (Hasan et al., 2016). Both QTLs showed 

significant QTL×E (i.e., QTL x environment) interactions for final leaf number (FLN) and days of curd initiation 

(DCI) traits and increasing additive effects with rising temperatures. The importance of one QTL region on 

C06 was supported by binary analysis of curding vs. non-curding data (Hasan et al., 2016). Negative 

correlations between the genetic control of leaves appearance ratio (LAR) and DCI, and QTL co-localization 

on C04 and C06, suggest that LAR has also effects on development towards curd induction (Hasan et al., 2016; 

Wurr et al., 1981).  

Ryder et al. (2001) suggested more than one locus in C06 affecting curd formation sentitive to high 

temperatures (Ryder et al., 2001). In particular, two segments in C06 of cauliflower presented co-linearity 

with Arabidopsis C01, containing important genes for flowering time regulation, BoAP1-a (C06: 35,676,602) 

and BoAP1-c (C06: 7,705,861). BoAP1-a also known as Boi2AP1 (Carr & Irish, 1997) is located close to the 

marker S0588 flanking a major QTL region associated with DCI (Hasan et al., 2016; Liu et al., 2014). The 

physical position of BoAP1-c is between BLAST-hits for S1134 and S1114 and close to the QTL for DCI data at 

26°C and 27°C. Both, QTL × E interactions and increasing QTL effects at higher temperatures support the 

assumption that differences in vernalization response are the main reason for differences in time to curd 

initiation. A QTL hotspot for FLN and LAR was detected on C01. The hotspot is close to the position of 

miRNA_001862 (C01 :3,602,505) involved in controlling juvenile transition (Wu et al. 2009). Promising QTL 

regions and candidate genes putatively being involved in floral transition are important to dissect allelic 

diversity and to elucidate genetic variation in curd initiation in cauliflower (Matschegewski et al., 2015). 

Further, integrating marker-assisted strategies can be useful for the development of elite cauliflower cultivars 

adapted to a wide geographical range of cultivation (Matschegewski et al., 2015). 

1.4. Genome-Wide Association Studies (GWAS) 

Genome-Wide Association Studies (GWAS) are a statistical approach to associate genetic variation (i.e., SNPs) 

with quantitative traits in a large collection of genotypes. The success of GWAS depends on the sample size, 

quality of phenotypic traits input, linkage disequilibrium (LD), mapping resolution, and the knowledge of the 

genetic structure of collections studied (Delourme et al., 2013; Flint-Garcia et al., 2003; Korte & Farlow, 2013; 

Vos et al., 2017). Genetic and phenotypic diversity, degree of LD across the genome, and kinship (i.e., 

relatedness) within the population determine the resolution and power of mapping (Zhu et al., 2008). The 

LD in the B.oleracea population was estimated at 36.8 kb based on whole genome sequencing data (Cheng 

et al., 2016). A selection of 14152 SNPs covers overall the 630 Mb B.oleracea genome, 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 is an important factor 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 other, distant relationships (i.e., cryptic kinship) may occur (Kirkpatrick & Bouchard-Côté, 

2016). Cryptic 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 individuals), confounding the GWAS 

results and leading to an unreliable representation of the gene-trait association. For this reason, it is 
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necessary to correct the population structure in order to avoid false positives or false negatives and identify 

significant SNP markers (Astle & Balding, 2009). 

1.5. Research questions 

What is the variation and correlation between both developmental and harvesting traits in the cauliflower 

collection grown in the field in the Netherlands in summer 2022? 

Which loci explain the variation of curd initiation, curd development, and curd phenotypic traits (i.e., weight, 

height) of B. oleracea var. botrytis?  

Is it possible to verify cauliflower ecomorphotypes through the observation of the curd development?  

1.5.1. Sub questions 

Are there significant associations between the 14152 SNPs and the developmental and harvesting traits 

within the 169 accessions of B. oleracea var. botrytis? 

Are there markers that explain phenotypic variation for the cauliflower developmental and harvesting traits 

analyzed in the field trial? 

2. Materials and methods 

Cauliflower went through a strict bottleneck that generated a strong genetic differentiation, making it the 

genetically least diverse morphotype  (Cai et al., 2022). Therefore, to ensure enough variation in the panel, 

accessions from different geographical regions representing landraces, wild accessions, and modern hybrids, 

were included (Appendix 1). Seeds from landraces and wild accessions were obtained from gene banks and 

seeds from hybrid varieties from plant breeding companies. Phenotyping 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 cauliflowers sown in a field trial conducted during the spring-summer 

ǎŜŀǎƻƴǎ ƻŦ нлннΦ DŜƴƻǘȅǇƛŎ Řŀǘŀ ŎƻƴǎƛŘŜǊŜŘ ƛƴ ǘƘŜ {bt Řŀǘŀ ǎŜǘ ǿŜǊŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ¢YL ǇǊƻƧŜŎǘΩǎ 

Sequence Based Genotyping data from previous research (Cai et al., 2022). A Genome-Wide Association 

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

and harvesting traits. 

2.1. Cauliflower accessions selected for this study 

The cauliflower accessions used in this study were taken from a group of 1000 different B.oleracaea 

genotyped accessions from a TKI project that studied their genome sequences and evolutionary 

relationships. Among a collection of 223 B. oleracea var. botrytis, 174 accessions were chosen based on the 

number of seeds, aiming to have at least 10 plants per accession. Before the field trial, a maximum of 30 

seeds were sown. The accessions with less than ten seedlings were discarded. After this process, a total of 

169 accessions were kept for the final field trial. 

2.2. Plant material 

Between ten to 30 seeds from 174 B. oleracea var. botrytis accessions were sown for germination, on April 

25, 2022, in the greenhouse of Wageningen University and Research (WUR) Unifarm at Nergena. Accessions 

were classified based on their morphotypes (i.e., cauliflower and Romanesco) and ecotypes (i.e., summer-

autumn, tropical and winter), and sown in different trays of compressed soil covered by vermiculite (volcanic 

rock). From the 174 accessions, four hybrid varieties were chosen as controls (i.e., high germination rate, so 

many seedlings, and high homogeneity) to facilitate spatial analysis and sawn in two separate trays. TKI033 
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and TKI079 were the summer-autumn, tropical and Romanesco ecomorphotypes controls, while TKI023 and 

TKI040 were the winter ecotype controls. Two more trays were sawn to avoid empty holes in the field in case 

of missing plant and to surround the blocks and sub-blocks (see section 2.3) in the field (border rows). The 

trays were placed in a semi-controlled environment inside a greenhouse, at a temperature of 17° C during 

the day and 15°C during the night, and were manually watered. The temperature was decreased during the 

last week in the greenhouse, to slow the development. 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., 12 plants per line), one corresponding to block A in the field, and one 

to block B (see section 2.3). Sunlight and increased temperature began to accelerate seedling growth in the 

greenhouse. Two weeks before transplanting, the trays were moved to an intermediate environment 

between the greenhouse and the field (i.e., outdoors, on tables under cover). Due to the rainy weather, the 

planned date for transplanting was rescheduled, transplanting seedlings of 66 DAS with longer shoots than 

expected, and overdeveloped root systems. 

2.3. Field trial 

On June 1, 2022 (66 DAS), seedlings from the 169 accessions (169 accessions x 2 blocks x 10 plants/block = 

3380 plus border plants for a total of 3760 plants), germinated in the greenhouse, were transplanted to a 

clay soil experimental field at Wageningse Afweg in Wageningen (51.953 N, 5.638 E), the Netherlands. The 

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 summer season (Yin et al., 1974).  Fertilizer applied prior to the field 

operation was a combination of 300 kg/ha Kali60, 150 kg/ha Tripelsuperfosfaat and 370 kg/ha KAS (i.e., 

ammonium urea nitrate). Tillage was done by plowing in autumn 2021 and on May 31 the soil was prepared 

for sowing, using the power harrow twice to remove the weeds. Transplanting was carried out in two days, 

66 and 67 days after sowing (DAS). 

The experimental design was a split plot design with two replicates (i.e., blocks) and four sub-blocks according 

to the ecotypes (i.e., summer-autumn, tropical, and winter ecomorphotypes) and morphotype (i.e, 

Romanesco) (Figure 1), aiming to reduce the competition between the different ecomorphotypes. The R 

packages agricolae (de Mendiburu, 2020) and tydiverse (Wickham, 2017) were used to randomize accessions 

within the sub-blocks. The field had a rectangular shape. Each block was positioned in a north-south direction 

(i.e., longest side), and side by side in a west-east direction (i.e., block A on the west and block B on the east), 

525 cm apart. Summer-autumn seedlings were transplanted in the northern part of the field, followed by 

tropical, Romanesco, and winter seedlings to the southern part. The positioning was based on the fact that 

the summer-autumn seedlings had similar characteristics to the tropical ones, and the Romanesco seedlings 

to the winter ones.  
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Figure 1. Field trial layout of the split plot design for B. oleracea var. botrytis in Wageningen (2022). The field trial 

presented cauliflower accessions, in two replicates with 52 rows and 4 columns each, and four sub-blocks. The controls 

are highlited in different colors. 

 

If available, plots of ten plants (2 rows of 5 plants) per accession, per sub-block, per block were hand-

transplanted 75 cm apart in the rows, and between rows. In block B, some accessions were randomly 

reallocated due to a lack of plants necessary to follow the initial design. In addition, during transplanting, 

there was an error and winter controls (TKI040 and TKI023) were included in the summer and tropical sub-

blocks in block B. For the accessions with a lower number of plants, filler plants from a similar ecomorphotype 

were used to avoid empty spaces in the design and decrease the environmental variation avoiding the 

unbalance development of surrounding plants. For both blocks, border plants were planted around the block 

and between the sub-blocks with similar ecomorphotypes. In addition, an external barrier of flowers was 

planted to decrease pests and diseases. 

Six Parrot Flower Power sensors (CƭƻǿŜǊ /ŀǊŜϰ) were used in the soil to measure the temperature (T=°C), 

soil humidity (S=%), light (L=mmol), and electrical conductivity (EC= ˃ǎκŎƳ), for remote monitoring of on-

field environmental changes. The sensors were inserted 10 cm deep into the soil on empty locations (so fully 

exposed to the sun) and were equally distributed through the field. The daily average minimum and 

maximum values were extracted and recorded (Appendix 2; Table 1). Supplementary weather conditions of 
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the field season from the Royal Dutch Meteorological Institute (KNMI) (https://www.knmi.nl/, accessed 04 

October 2022), from the Deelen (Share) station (52.056 N, 5.873 E) located 21.75 km away from the field, 

were also considered (Appendix 3). The weather condition collected were the mean (0.1 °C), maximum (0.1 

°C), and minimum (0.1 °C) temperature, the minimum temperature at 10 cm above surface, the global 

radiation (J/cm2), the daily precipitation (0.1mm), and the mean atmospheric humidity (%) per day. Irrigation 

was applied if necessary, looking at the stress of the younger leaves. Phytosanitary treatments were applied 

for pest disease management. A mixture of Springbok (1,75L/ha), Centium (0,2L/ha), and Agral Gold (0,2L/ha) 

was used on June 21, 2022, and Gazelle (250gr/ha) was applied on June 29, 2022. 

 

Table 1. Summary data of different field conditions. 

 Light (mmol/m 2day) Soil humidity (%) Temperature (ᴈ) 9/ ό˃ǎκŎƳύ 

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 the 23rd of June unti thel 2nd of September, 2022. 

 

2.4. Phenotypic data collection 

The phenotypic data collected in the field trial were divided into two main groups of important commercial 

traits: curd development and plant harvesting traits. Curd development traits are important to understand 

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 

high-yielding lines, of uniform size to facilitate harvesting (i.e., avoid multiple harvests in the same season). 

Curd development phenotypic data were collected from all the ten  plants in each plot. The plants in the 

southern row of the plot were harvested at curd maturity and used to score the harvesting traits. The plants 

in the top row were used to score the latest developmental stage (i.e., bolting and  flowering). Figure 2 shows 

the timeline from sowing until the last day of scoring. 

 

 

Figure 2. Research timeline from sowing to scoring. 
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During development, it was observed that some accessions were not cauliflowers, but other Brassica species 

(i.e., wrong accession classification), and they were discarded from further analysis. Winter ecotype 

accessions were observed but were not evaluated and included in the analysis because curds did not develop. 

The cauliflower collection included modern F1 hybrids and gene bank accessions from different geographical 

regions. The accessions were divided according to two criteria: ecomorphotype (i.e., Romanesco, summer-

autumn, and tropical) and variety type (hybrid and gene bank material). After scoring, the accessions were 

re-evaluated phenotypically, and if necessary, were also re-classified in terms of its ecomorphotype. The 

criteria to distinguish the winter ecotypes was the absence of curd initiation at the end of the field trial 

(September 2nd, 2022) and the presence of sturdier and more elongated leaves compared to the summer-

autumn and tropical ecotypes. 

2.4.1. Scoring of curd developmental traits 

Table 2 presents the description of the developmental traits that were scored regularly, every four days, from 

June 17 until August 31, 2022. For the analysis of curd development, the days from the date of transplanting 

(DAT) to the date on which the curd reached the different developmental stages of interest were counted. 

Images of the different developmental stages are presented in Appendix 5. 

Not all the traits that were scored were analyzed. The curd development traits scored and analyzed in this 

research were: (1) days to curd initiation (i.e., days until the curd reaches 3 cm of diameter), (2) days until 

the curd reaches 10 cm of diameter, (3) days until harvesting, (4) harvesting window (i.e., days between the 

last stage of development and harvesting), and (5) days until flowering (Appendix 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 19 for flowering. For the harvest 

window trait, the number of days was counted from the beginning of the stable stage before harvesting until 

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

 

Table 2. Description of the scored cauliflower developmental traits in Days After Transplanting (DAT) to 

the field. 

Traits Description 
Stage 

number 
Unit Scoring frequency 

Curd first 

appearance 

Measured time from DAT until the curd 

reached 1 cm of diameter 
1 Days Every four days 

Curd initiation 
Measured time from DAT until the curd 

reached 3 cm of diameter 
3 Days Every four days 

Curd reaches 5 

cm of diameter 

Measured time from DAT until the curd 

reached 5 cm of diameter 
5 Days Every four days 

Curd reaches 10 

cm 

Measured time from DAT until the curd 

reached 10 cm of diameter 
7 Days Every four days 

Curd reaches 15 

cm 

Measured time from DAT until the curd 

reached 15 cm of diameter 
9 Days Every four days 
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Curd harvesting 
Measured time from DAT until the curd 

started to crack 
13 Days Every four days 

Curd bolting 
Measured time from DAT until the curd 

branches started to elongate 
15 Days Every four days 

Curd transition 
Measured time from DAT until the curd 

started to form flower buds 
17 Days Every four days 

Curd flowering 
Measured time from DAT until the curd 

flowered 
19 Days Every four days 

 

2.4.2. Scoring of harvesting traits 

Table 3 shows the list and the details of the harvesting traits that were scored. The harvesting was conducted 

when the curds were starting to crack (i.e., when the different florets started to separate) since that is the 

limit for its marketability. This is later than commercial harvest, but makes estimating harvest stage more 

reliable. After curd cracking, leaves were removed by hand, and the height of the curds was measured in the 

field with a ruler attached to a stick perpendicularly flanking the curd. Then, the entire plant was harvested 

by cutting the stem as close as possible to the soil with garden shears. The harvesting demanded 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 from the remaining leaves' petioles, the final leave number was scored, and the 

stem length was measured following the curvature, from the lowest part till the curd branch initiation. The 

curd was cut from the stem at the point where inflorescence branching initiated. The curd was 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. 

Three images were taken of each curd, one of the top, one of the bottom, and the third of the top-bottom 

intersection of the curd (Appendix 6). The pictures were not analyzed in this research, but will be analysed 

by colleague student Max Wellens. Harvesting traits were scored on the same day of harvesting on the field. 

The plant harvesting traits scored and analyzed in this study were: (1) curd weight, (2) final leaf number, (3) 

stem length, and (4) curd height. Secondary shoot and curd leaf coverage traits were also scored for future 

studies but were not considered for data analysis. Data for traits scored but not used in this study is contained 

in the raw data file provided as part of the results of this project. 

 

Table 3. Description of the scored cauliflower harvesting traits. 

Traits Symbol Description Unit 
Quantitative /  

Qualitative 

Scoring 

frequency 

Stem 

Length 
SL 

The measurement from the 

ground to the bottom of the curd 

following the curvature of the 

stem 

cm Quantitative 
Once. During 

harvesting 



   

 

 
11 

Curd 

height 
CH 

The perpendicular distance from 

the soil to the middle of the 

bottom of the curd 

cm Quantitative 
Once. During 

harvesting 

Curd 

weight 
CW 

Weight of the individual curd 

without the leaves with an 

electronic scale 

g Quantitative 
Once. During 

harvesting 

Final Leaf 

Number 
FLN 

The amount of leaf and scare in 

the stalk 
# Quantitative 

Once. During 

harvesting 

Secondary 

shoot 
SS 

Presence or absence of a 

secondary stem development 

from the same plant 

2 

classes 
Qualitative 

Once. During 

harvesting 

Leaf 

coverage 

of the 

curd 

LC Leaf covered by the inner leaves 
3 

classes 
Qualitative 

Once. During 

harvesting 

 

2.5. Genotypic data collection (DNA isolation and SNP calling) 

This project considered a subset of genotypic dataset produced by previous research (Alemán-Báez et al., 

2022). Alemán-Báez et al. (2022) used the genotypic data set produced by Cai et al. (2022). Cai et al. (2022) 

genotyped 912 accessions distributed worldwide, representing ten B. oleracea morphotypes, wild B. 

oleracea, and wild C9 Brassica species through the Sequence-Based Genotyping (SBG) method at Keygene 

N.V., Wageningen, the Netherlands. The amount of resequencing data generated was 494 Mb per accession. 

These resequencing data (Illumina reads) were aligned to the JZS v1 cabbage reference genome (Liu et al., 

2014), comprised by 385 Mb of sequences that were anchored to the nine physical chromosomes of cabbage 

and 131 Mb of unanchored scaffolds that clustered on chromosome zero (C00). Cai et al. (2022) found 

742,169 raw biallelic single nucleotide polymorphisms (SNPs) using SAMtools v1.9 (Li et al., 2009) and 

BCFtools v1.10 (Li, 2011). To obtain high-quality SNPs, raw SNPs were filtered. If a SNP was supported by less 

than three reads in an accession, it was scored as a missing value. If two alleles were supported by at least 

two reads the SNP was scored as heterozygous. Otherwise, the SNP was scored as homozygous. The filtering 

process resulted in 330,383 high-quality SNPs. The SNP allele codes were 0 (homozygous for the reference 

allele), 1 (heterozygous), and 2 (homozygous for the alternative allele). NA was used for the missing values.  

Alemán-Báez et al. (2022) filtered the SNPs ŦƻǊ ŀ ƎŜƴƻǘȅǇƛƴƎ ǊŀǘŜ җул҈ ŀƴŘ ŀ ƳƛƴƻǊ ŀƭƭŜƭŜ ŦǊŜǉǳŜƴŎȅ 

όa!Cύ җ нΦр҈Φ ¢Ƙƛǎ {bt ŦƛƭǘŜǊƛƴƎ ǇǊƻŎŜǎǎ ǿŀǎ performed using the BCFtools v1.10 software (Li, 2011) with 

parameter settings of Cai et al. (2022). From Alemán-Báez et al. (2022) dataset, two independent sets were 

created for this research, one comprising the accessions phenotyped for harvest traits 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. Data analysis of the field trial 

For the data analysis, the mean value of the scored traits per plot (i.e., per TKI accession per block) was used 

to avoid the risk of missing values for different reasons (i.e., plants affected by disease or animals) and to 

represent within-accession variation. Accessions in which a complete replicate was lost in one of the two 

blocks were removed from the data analysis to avoid having unbalanced data. The collected data were 

evaluated for mistakes.  

2.6.1. Spatial variation correction and statistical models 

The R package SpATS (Spatial Analysis of Field Trials with Splines) (Rodríguez-Álvarez et al., 2018) in the R 

package statgenSTA (van Rossum, van Eeuwijk, et al., 2022) was used to correct for spatial trends. Mixed 

models were fitted to obtain the 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. (Rodríguez-Álvarez et al., 2018)(van Rossum, van Eeuwijk, et al., 2022) The SpATS engine fits 

a 2D P-splines mixed model to calculate the best linear unbiased estimates (BLUEs) (Rodríguez-Álvarez et al., 

2018). In the statgenSTA package, the models can be fitted to five different trial designs (van Rossum, van 

Eeuwijk, et al., 2022). The randomized complete block design (rcbd) was selected as it was the most similar 

to the split plot design of this study. To fit the model each plot accession was labeled in an X and Y (i.e., row 

and column) coordinate system. 

Two SpATS models were fitted, one that treated the accessions as fixed and another that treated the 

accessions as random, to estimate the BLUEs and the heritability, respectively. The fitted spatial trend 

explains the variation in the spatial component (i.e., field effect) of the model. The ratio between the adjusted 

spatial trend and the raw data is used as an indicator of the spatial correction explained by the model. The 

BLUEs per accession per trait were estimated and used for the downstream analyses, including the GWAS. 

The heritability for all the traits was estimated using the extractSTA function of the R package statgenSTA 

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

2.6.2. Statistical analysis 

Statistical analyses and figures were done in RStudio software (version 2022.07.1+554). Mean, minimum, 

maximum, standard deviation, and coefficient of variation values were calculated for all the traits using the 

BLUEs. The normality of the residuals of the different traits, extracted from the fixed models, was checked 

using the function ggqqplot from the R package ggpubr (Kassambara & Kassambara, 2020). Correlation 

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 were also analyzed 

between the different ecomorphotypes and the different variety types (i.e., hybrid and gene bank material) 

of the accessions. Pearson correlation coefficients were calculated using the R package stats (R Core Team, 

2021), and the function ggpairs of the R package GGally (Schloerke et al., 2020) was used to visualize the 

correlations.  

To understand the level of variation within accessions, the coefficient of variation within each accession (i.e., 

the variation among evaluated plants for each accession) was calculated for all the traits except curd 

flowering. First, linear models per each trait were fitted to the raw data  (i.e., with multiple plants per 

replicate). The model had a single term for genotype block interaction to fit a mean per genotype per block. 

The residuals of the model were used to calculate the standard deviation per genotype. A minimum of five 

residual values for each genotype was used for each trait to avoid accessions with low number of plants. The 

standard deviation estimated using all the plants per genotype was prefered because it is more informative 

than estimating it based on the two replicates per genotype. The coefficient of variation values within the 
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accessions were obtained by dividing the estimated standard deviation of each genotype by the 

corresponding BLUE estimate (obtained by the SpATS analysis of each trait).  The use of BLUEs is considered 

to take into account the field effect variation.  

2.7. Genome Wide Association Studies (GWAS) 

Genome Wide Association Studies were conducted to associate phenotypic variation with genotypic variation 

in SNPs of the 125 accessions in the trial. TKI674 was not included in the analysis since no SNPs for this 

accession were found in the dataset. Missing values in the dataset of 14152 SNPs were imputed with the 

Beagle software (Browning et al., 2018) included in the statgenGWAS R package (van Rossum, Kruijer, et al., 

2022) to calculate the most likely allele based on the haplotype cluster created by non-missing genotypes. 

The statgenGWAS R package was used to perform a GWAS using the BLUEs from SpATS for each trait. This 

package uses linear mixed models (LMM) for association mapping (van Rossum, Kruijer, et al., 2022). The 

genetic relationships between the accessions were calculated with kinship matrices (VanRaden, 2008) with 

the statgenGWAS R package (van Rossum, Kruijer, et al., 2022) to correct for population structure. The 

kinship matrices were chromosome-specific. Each chromosome-specific kinship matrix was calculated, using 

all SNPs that are not on this chromosome as described by (Rincent et al., 2014). A default threshold of p-

value Җ0.001 or -log10(p-value) = 3 was used to select significant SNPs.  

GWAS were performed separately on two set of traits using the function runSingleTraitGwas of the 

statgenGWAS R package (van Rossum, Kruijer, et al., 2022) with the parameters previously mentioned. The 

first GWAS was performed on the curd development traits, except days until flowering, and harvesting traits 

with the ecomorphotype and the type of variety as cofactors. The second GWAS was performed on the days 

until flowering trait, including only the variety type as a covariate since the ecomorphotype had an 

unbalanced distribution. In the first GWAS two covariates divided the accessions into 78 hybrids and 47 gene 

bank accessions, and ten Romanesco, 97 summer-autumn and 18 tropical accessions (number of 

accessions=125), meanwhile in the second GWAS the variety type covariate divided the accessions into 43 

hybrids and 13 gene bank materials (number of accessions=56). SNPs associated with the different traits were 

selected based on a LOD higher than 3 and allele frequencies higher than 0.1 (allFreq>0.1). Q-Q plots for each 

trait were inspected to evaluate the validity of the correction for population structure and the quality of the 

GWAS. The observed values are expected to be on the diagonal of the graphs. The inflation factor, expressing 

the deviation of the distribution of the observed -log10(p-value) compared with the distribution of the 

expected -log10(p-value), was used to compare the models with and without the cofactors (van den Berg et 

al., 2019).  

3. Results 

3.1. Cauliflower reclassification  

A total of 169 cauliflower accessions were planted in the field trial. Seven accessions (i.e., TKI509, TKI117, 

TKI720, TKI392, TKI106, TKI1134) were eliminated from the analyses as they were represented by too few 

plants. From the remaining 162 accessions, the ecomorphotype identity of 157 accessions were confirmed 

during the field trial. However, five accessions that did not exhibit cauliflower characteristics were excluded 

from the data analyses and reclassified; were accessions TKI1129 from the tropical sub-block, TKI1139 and 

TKI1131 from the summer-autumn sub-block, and TKI1136 and TKI1143 from the winter sub-block. TKI1139 

was identified as a Brussels sprout accession, meanwhile the accessions TKI1129, TKI1131, TKI1136 showed 

broccoli-like curd traits and TKI 1143 cabbage-like traits. Winter accession TKI1125 was heterogeneous with 
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only one plant developing a curd from a possible seed mix and was removed from the dataset, reducing the 

number of accessions to 156. 

At the time of transplanting, the total number of 156 accessions was divided into 90 summer-autumn, 40 

winter, 19 tropical and 7 Romanesco ecomorphotypes. The previous classification of the ecomorphotypes of 

these 156 accessions was based on information from gene banks and seed catalogs. Reclassification of the 

156 accessions resulted into a phenotypic division of 97 summer-autumn, 30 winter, 19 tropical and ten 

Romanesco ecomorphotypes. The distinction between the tropical and summer-autumn ecotypes was not 

seen because these ecotypes didn't show a clear curd development differentiation during the trial. TKIs 299, 

518, 328, 1138, 521, 306, 068, 297, 516 were reclassified from winter to summer-autumn, TKI1112 from 

winter to Romanesco, and TKIs 345 and 502 from summer-autumn to Romanesco. The specific re-classified 

ecomorphotype is given for each accession in Appendix 1 and its distribution in the field can be visualized in 

the Appendix 7. 

3.2. Phenotypic data 

Not all of the remaining 156 accessions showed curd development traits. The 30 winter accessions did not 

form curds during the evaluation period, so 126 accessions were used in subsequent data analyses. Five curd 

development traits (section 2.4.1; Appendix 4) scored from 126 accessions and four harvesting traits (section 

2.4.2) scored from 110 accesions were analysed. The main descriptive traits statistics for the different traits 

(i.e., mean, maximum and minimum value, variance, and coefficient of variation) are presented in Appendix 

8. Coefficient of variation (CV) values between 0.21 and 0.54 were found. The highest CV values were 

observed for the curd harvesting traits, curd weight (CV=0.54) and curd height (CV=0.46), while the lowest 

CV (CV=0.21) was seen for several curd development traits (i.e., days until curd reaching 10 cm of diameter, 

days until curd harvesting, and days until flowering). 

The developmental traits presented a chronologically consistent average, starting from the lower average of 

days to curd initiation (51.54 days), reaching 10 cm in diameter (61.5 days), harvesting (71.3 days), and 

flowering (77.2 days). The harvest window ranged from 0 days to 18.1 days, with a mean of 8.6 days. The 

mean values of the curd harvesting traits 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 SpATS graphs in Appendix 9 show the phenotypic values and the estimated genotypic values (i.e., 

adjusted after a spatial correction) for the traits scored in the field. To 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 the fitted spatial trend and the raw data (i.e., non-adjusted data) were calculated 

and used to evaluate the importance of the correction for each trait (Appendix 10). In general, spatial trend 

represented between 6% and 42% of trait variation, with curd height and stem length traits having the lowest 

spatial variation (Appendix 10). The final leaf number trait captured the highest percentage (42%) of the ratio 

between the fitted spatial trend and the raw data. Without the spatial correction, the final leaf number 

ranged from 14.5 to 43 leaves (Figure 3A). The fitted spatial trend of the final leaf number trait (Figure 3D) 

showed an overall variation in the west-to-east direction, with the lowest fitted spatial trend value (-6 leaves) 

on the west increasing to the east (+6 leaves). 
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Figure 3. SpATS plot of the final leaf number trait in the field trial. The figure presents the different components of the 

SpATS fitted model. (A) Raw data refer to plot means. (B) Fitted data refer to the values estimated after fitting the model 

including, genetic and spatial variation. (C) The residuals, or the difference between the raw data and the fitted data. 

(D) Spatial trend refers to the field variation estimated in the model. (E) The genotypic BLUEs refers to the values 

included as the model component of genotypic variation. (F) Histogram showing the distribution of the genotypic BLUEs 

of the final leaf number trait. 

 

The curd initiation and harvesting window traits presented clear opposite north to south fitted spatial trends 

(Appendix 9). In the SpaTS in Appendix 10, the percentages of the ratio between the spatially adjusted trend 

and the raw data were 27% for the curd initation and 28% for the harvesting window. For the trait days to 

curd initiation, the number of days ranged from 16.8 to 91 without the spatial correction, and the adjusted 

spatial trend ranged from -8 days to +13 days, rising from the south to the north. Without the spatial 

correction, the harvesting window trait, ranged from 0 to 18.1 days, showing a fitted spatial trend with the 

lowest value (-4 days) in the southern part (i.e., winter sub-block) increasing to the north ( +1 days). 

3.4. Best linear unbiased estimators (BLUEs) 

3.4.1. Descriptive statistics 

The BLUEs for the 126 accessions were estimated from the SpATS (Appendix 11) and used in all subsequent 
analysis. Table 4 presents the descriptive statistics of the BLUEs (i.e., mean, minimum, maximum, standard 
deviation, coefficient of variation and heritability) for each trait and its heritability values. The curd 
development traits had increasing average values from days to curd initiation, to reaching 10 cm in curd 
diameter, to curd harvesting, to flowering. The harvest window trait had lower values than the other curd 
development traits with an average of 7.55 days, a minimum of -0.62 days and a maximum of 15.58 days. 
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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 window to the highest value of 0.93 for the days until harvesting trait.  

 

Table 4. BLUEs descriptive data resuming mean, minimum, maximum, standard deviation, and coefficient 

of variation values and hereditability for each curd developmental traits.  

Traits Mean Min Max Sd CV H2 

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 0.21 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 0.45 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 (standard deviation; CV (coefficient of variation); H2 (heritability).  

 

The residuals of the BLUEs, extracted from the SpATS, were tested for normality using Q-Q plots and Shapiro-

²ƛƭƪΩǎ ƳŜǘƘƻŘ ƛƴ w. All the traits tested with the Shapiro-²ƛƭƪΩǎ ƳŜǘƘƻŘ showed p-values lower than 0.05, 

beside the curd developmental trait of curd reaching 10 cm of diameter (p-value=0.061) and the harvesting 

traits final leaf number (p-value=0.844) and stem length (p-value=0.828). Most of the traits presented a 

normal trend in the Q-Q plots (i.e., most of the residuals were near the regression line). The traits days until 

curd harvesting, flowering, and harvest window had the greatest deviation from the regression line (data not 

shown). 

3.4.2. Analysis of the curd development and harvesting traits 

Absolute PearsonΩs correlation values (r) between the different curd development and curd harvesting traits 

ranged between -0.272 and 0.928 (Figure 4). Regarding curd development traits, a high positive correlation 

(r>0.8) was found between curd initiation with curd reaching 10 cm (r=0.908), and with curd harvesting 

(r=0.875), and between curd reaching 10 cm with curd harvesting (r=0.910). These three curd development 

traits also showed moderate correlations with harvesting traits such as, final leaf number (r=0.600-0.643), 

curd height (r=0.509-0.630), and stem length (r=0.661-0.738). For curd harvesting traits, the highest positive 

correlation was between stem length and curd height (r=0.928), while curd height and curd weight presented 

the highest negative correlation (r=-0.272) among all the traits.  
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Figure 4. Scatterplots, distribution plots, and correlation analysis between scored curd development and harvesting 

traits (BLUEs data), between variety types (i.e., hybrid and gene bank material). Correlations marked with (*) were 

significant (p-value<0.05). Regarding the correlation analyses, the upper-right part shows the Pearson correlation 

absolute values of the traits (black), followed by the correlations between the traits in the hybrid material (in blue) and 

gene bank material (in red). 

 

The correlations between the traits analyzed according to the type of variety and the different 

ecomorphotypes were also analyzed. In general, similar results to those previously reported for the 

correlations between the developmental traits (i.e., curd initiation, curd reaching 10 cm and curd harvesting) 

and the correlations between the harvesting traits (i.e., stem length and curd height), in terms of absolute 

values (Figures 4 and 5), suggesting that variety type or ecomorphotype does not influence these 

correlations. Curd weight was negatively correlated with the curd harvesting trait (r=-0.121) and with the 

stem length trait (r=-0.449) in the genebank material. In contrast, the correlation between these traits was 

positive (r=0.369-0.647) in the hybrid material (Figure 4). Figure 5 shows the correlations between traits 

according to ecomorphotype, the curd flowering trait was not included since the Romanesco accessions 

never flowered. A high, negative correlation (r=-0.906) between curd weight and curd initiation was found 

only for the Romanesco morphotype. The trait final leaf number was highly correlated with curd height 

(r=0.682-0.701) and with stem length (r=0.629-0.762) in the summer-autumn and tropical ecotypes, but not 

in the Romanesco morphotype (Figure 5). 
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Figure 5. Scatterplots, distribution plots, and correlation analysis between scored curd development and harvesting 

traits (BLUEs data), between ecomorphotypes (i.e., Romanesco, summer-autumn, and tropical). Correlations marked 

with (*) were significant (p-value<0.05). Regarding the correlation analyses, the upper-right part shows the Pearson 

correlation absolute values of the traits (black), followed by the correlations between the traits in the Romanesco (in 

red), summer-autumn (in green) and tropical (in blue) ecomorphotypes. 

 

Figures 4 and 5 show plots of the distribution of the traits with respect to material type and ecomorphotype. 

The harvesting window trait distribution was broader for the hybrid material, suggesting a more restricted 

harvest window for the genebank material. Curd weight distribution showed that curds from the genebank 

material had a lower curd weight (i.e., distribution to the left) than curds from the hybrid material (i.e., 

distribution to the right) (Figure 4). Regarding the curd harvesting traits, final leaf number, curd height and 

stem length showed higher average values in Romanesco than the other ecomorphotypes (Figure 5). 

3.4.3. Influence of the variety type and ecomorphotype on the analyzed traits 

Figure 6 presents boxplots showing the distribution of values for all eight traits (i.e., curd flowering not 

included) within the variety type and ecomorphotypes. Looking at the traits of days to curd initiation (Figure 

6A), curd reaching 10 cm (Figure 6B), curd harvesting (Figure 6C), final leaf number (Figure 6F), curd height 

(Figure 6G) and stem length (Figure 6H), accessions from the gene bank presented higher values compared 

to hybrids in Romanesco and tropical ecomorphotypes. For summer-autumn, the mean of the 

aforementioned traits, besides curd harvesting, was higher in the gene bank material but presented a similar 

distribution with the hybrid material. In contrast, curd weight was generally higher for hybrid material than 

for gene bank material in all the ecomorphotypes (Figure 6E). For the three first curd development traits 

(Figures 6A, 6B, and 6C), accessions classified as tropical exhibited lower mean values. 
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Figure 6. Boxplot of curd development and harvesting traits (BLUEs data) among ecomorphotypes (Romanesco, 

summer-autumn, and tropical) divided into hybrid material (in blue) and gene bank material (in red). 

 

3.5. Coefficient of variation within accession 

The variation of the traits within the different accessions is an interesting parameter to analyze, since the 

lack of uniformity is a problem for cauliflower producers, who are looking for more uniform varieties. The 

coefficient of variation of each accession was calculated for all traits, except curd flowering (Appendix 12). It 

was observed that for curd weight (Appendix 12; E), accessions from hybrid material showed less variation 

(i.e., lower coefficient of variation) than those from gene bank material. For the curd height (Appendix 12; G) 

and stem length (Appendix 12; H) traits, accessions of the Romanesco ecomorphotype showed lower 

coefficient of variation values than those obtained for the summer-autumn and tropical accessions. 

The accessions with the lowest and highest coefficient of variation values for curd developmental (Appendix 

13) and curd harvesting traits (Appendix 14) were analyzed. Accessions with low coefficients of variation for 

the different traits could be of interest to farmers. The tropical accessions TKI246, TKI243 and TKI024, from 

hybrid material, showed high values of coefficient of variation regarding to the developmental traits. The 

lowest coefficients of variation for the developmental traits were presented in the summer-autumn 

accessions TKI333 and TKI115, from hybrid material, and TKI501, from gene bank. The accession TKI053 

presented very low coefficient of variation values for the curd harvesting (CV=0.03) and the harvesting 

window (CV=0.12) traits. Concerning the harvesting traits, the summer-autumn accessions TKI248 and 

TKI337, from hybrid material, presented the highest values of coefficient of variation, while the summer-

autumn TKI370 and the Romanesco TKI159 accessions, from hybrid material, presented the lowest values. 

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




























