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ABSTRACT 

 

Brassica rapa is the most widely distributed and diverse agricultural Brassica 

species.  Different morphotypes (oilseed, root vegetable and leaf vegetable) and 

flowering types (winter, spring or semi-winter) occur throughout its range from 

northern and southern Europe to south and east Asia. B. rapa can be readily 

intercrossed with most agricultural Brassica species.  Therefore, B. rapa is an 

important source of new genetic diversity, including genes for heat stress 

tolerance, for agricultural Brassica species in warming climates.   

 

A genetic diversity study was carried out on a global collection of 187 accessions 

of putative oilseed-type B. rapa subsp. oleifera, based on simple sequence repeat 

(SSR) molecular markers.  From 164 confirmed oilseed-types B. rapa, three SSR 

groups were found which were related to the geographic origins of accessions:  

SSR group 1 (south Asia), SSR group 2 (southern Europe), and SSR group 3 

(northern Europe).  The reproductive traits of flowering habit (winter, spring or 

semi-winter) and self-compatibility or incompatibility were distributed across all 

three SSR groups.  Among 74 oilseeds B. rapa accessions from India, the yellow-

seeded self-compatible types (most likely yellow sarson) were restricted to one 

subgroup, which suggested regional selection of the major oilseed types in India.  

Some accessions from European sources were in SSR group 1, and probably were 

introduced to Europe from south Asia.  SSR allelic diversity in this global 

collection of B. rapa was high, suggesting that B. rapa could be a valuable source 

of genes for heat tolerance.  
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High temperature stress often occurs during the reproductive stage of crops, and 

may cause major losses in seed production.  Accessions of B. rapa were selected 

for heat tolerance screening from regions where heat stress is known to occur 

during flowering.  Plants were grown in pots in controlled environment rooms 

with constant replacement of water lost through transpiration.  One room was used 

for the high temperature treatment (daily maximum 35 °C, minimum 25 °C) and 

one room for the “control” temperature treatment (daily maximum 23 °C, 

minimum 15 °C) for one week from first flowering on the main stem.  Leaf 

temperature and leaf conductance observation confirmed there was no water stress 

in the plants during the heat screening process.  One leaf vegetable-type of B. 

rapa from Indonesia set seed equally well in the high temperature or normal 

treatment, whereas pod set and seed yield was severely restricted in the high 

temperature treatment in several oilseed B. rapa types from south Asia or Europe.  

There was a small decrease in pollen viability from 100% at control temperature 

to less than 75% at high temperature. Bud number, bud length and pod number 

produced during high temperature were correlated with and were useful predictors 

of seed yield under high temperatures in B. rapa.  

 

Plants in high temperature and normal temperature were pollinated with pollen 

from high or normal temperature plants.  The expression of twelve candidate heat-

responsive genes was studied in pistil tissue by quantitative reverse transcriptase 

PCR (qRT-PCR) analysis.  Un-pollinated pistils from B. rapa accessions in the 

heat treatment showed higher expression of HSP101 in accession BrIND1 (which 
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produced more seed in the high temperature treatment) than in BrIND2 (which 

produced less seed).  This result suggests that expression of HSP101 is an 

interesting candidate gene for association with heat tolerance in B. rapa.  

 

In conclusion, a genetic diversity study in B. rapa identified three different SSR 

groups of B. rapa that were associated with geographic origins of accessions. This 

study also confirmed some genebank B. rapa accessions were misclassified. Heat 

stress experiments on six B. rapa accessions confirmed that there was genetic 

variation for heat tolerance in B. rapa germplasm during the reproductive phase. 

Bud number, pod number and bud length on the main stem were useful predictors 

of seed yield during high temperature. The female reproductive organ (pistil) of B. 

rapa was observed to be more sensitive to high temperature than pollen. The 

HSP101 gene showed higher expression level in the B. rapa accession with higher 

seed number after heat stress, suggesting that this gene is a good marker candidate 

for high temperature tolerance.    
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Chapter 1   2 
 

General Introduction 

 

Crop improvement will always be an essential part of agriculture. Crop 

improvement is important for maintaining the safety and sustainability of food 

and feed, especially now as agriculture is challenged by climate change (Ericksen 

et al. 2009). Due to climate change, one of the effects of which is warmer days, 

crop adaptation to high temperature stress is becoming a very important aspect of 

crop improvement (Ainsworth and Ort 2010; Lobell and Burke 2010). Genetic 

improvement to create new cultivars is one way to improve a crop’s ability to 

withstand temperature stress due to global warming (Boote et al. 2011; Lobell and 

Burke 2010; Miflin 2000; Parry and Swaminathan 1992).  

 

One way to improve the genetic diversity of an elite crop breeding program is by 

introducing new genes from wild-types of the crop (Cowling et al. 2009). New 

genes from wild-type plants that are already adapted to harsh environments can be 

an alternative source for a crop to increase its ability to survive the new 

conditions, including high temperature stress (Trethowan and Mujeeb-Kazi 2008). 

This approach also applies to Brassica breeding programs.  

 

Brassica napus, known in Europe as oilseed rape and in Australia and Canada as 

canola, is the major oilseed crop in Australia (Holtzapffel et al. 2007).  Canola is 

an allotetraploid Brassica crop resulting from the hybridization of B. rapa and B. 

oleracea (U 1935). Like any other crop that has been through an intensive 

breeding program throughout its life, canola has a narrow genetic background, 
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especially in Australia (Cowling 2007). Being an ancestor of canola, B. rapa 

should be a good candidate for the transfer of valuable genes to canola.  B. rapa 

also has a very wide distribution compared to other Brassica species, which 

increases the possibility of finding a B. rapa accession with high temperature 

tolerance.  

 

Before valuable genes can be transferred from B. rapa accessions to canola, we 

need to understand the population that is available in germplasm collections. 

Confirmation of the species and geographic origin of seed in germplasm 

collections is also very important, as seed is often donated to collections from 

other countries and is catalogued without confirmation of its identity or origins. In 

many cases, the species is mislabelled in Brassica germplasm collections (Chen et 

al. 2013; Pradhan et al. 2011). Surveying genetic diversity using molecular 

markers, together with phenotypic observations, will help to confirm the identity 

of B. rapa germplasm (Pino Del Carpio et al. 2011; Zhao et al. 2007; 2005). Once 

confirmed, selected accessions can then be used to screen for any purpose, in the 

case of this thesis for the identification of heat tolerant germplasm. Chapter 3 in 

this thesis analyses the genetic diversity and structure of 187 accessions of B. rapa 

collected from three different seed sources.  The genetic diversity information will 

be used to select accessions for the next step in the project, which is screening for 

high temperature tolerance. 

 

In sub-tropical and Mediterranean-type semiarid environments, high temperatures 

are often associated with periods of water shortage. To identify accessions that are 
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tolerant to high temperature alone, in the absence of drought stress, is not easy in 

semiarid environments, especially in field experiments (Krishnamurthy et al. 

2011; Wahid et al. 2007). The reproductive stage is stated to be the most sensitive 

time for a crop during high temperature stress (Hedhly 2011; Prasad et al. 2008; 

Vara Prasad et al. 2000; Young et al. 2004; Zinn et al. 2010). There is genetic 

variation in crops for responses to climate change (Turner and Meyer 2011) and 

efforts to find high temperature tolerance in cultivated crops and their relatives in 

breeding new high temperature tolerant cultivars have been identified in many 

crops (for example, in chickpea, (Krishnamurthy et al. 2011); in sorghum 

(Nguyen et al. 2013)).  Other research has identified heat tolerant germplasm in 

Aegilops, a wild relative of wheat (Pradhan et al. 2012). In Chapter 4 of this 

thesis, six B. rapa and one B. juncea have been screened for heat tolerance, 

measured as yield at high temperature relative to yield at moderate temperature. 

This research was aimed at identifying genetic variation among the accessions and 

the possibility of identifying a screening method that might be useful for large 

scale germplasm screening for high temperature tolerance. Leaf temperature and 

leaf conductance were measured not only to see if they correlate with heat 

tolerance, but also to ensure that there was no water stress at high temperatures.  

 

The sensitivity of a plant’s reproductive organs, especially the male reproductive 

organ, to heat has been recognized previously and pollen viability has been used 

as a heat tolerance screening method (Reddy and Kakani 2007; Salem et al. 2007; 

Singh et al. 2008). However, little evaluation of tolerance to heat stress in the 

female reproductive organs has been conducted in B. rapa.  Gene expression of 
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heat shock proteins (HSPs) and heat transcription factors (HSFs) in the female 

reproductive organs are also less known compared to the male reproductive 

organs.  It is stated that plants that survive and withstand high temperatures will 

express heat shock responsive genes (Queitsch et al. 2000; Soares-Cavalcanti et 

al. 2012).  The expression of heat shock responsive genes were not necessarily the 

same in different plant organs (seeds, leaves, pollen and pistils) (Gagliardi et al. 

1995; Giorno et al. 2010; Lee et al. 2010; Marrs et al. 1993; Volkov et al. 2005; 

Young et al. 2004). Chapter 5 in this thesis reports how different crossing 

schemes during different days of high temperature treatment affected seed 

production and determined whether the female reproductive system is actually 

more susceptible to high temperature stress than pollen in B. rapa. Quantitative 

real time PCR was used to assess the difference in HSPs and HSFs gene 

expression during different high temperature treatments. The experiment fills a 

gap in the knowledge of pistil sensitivity and how different HSPs and HSFs genes 

are expressed in B. rapa accessions after different periods of exposure to high 

temperature stress.  

 

This research project sets out to measure genetic diversity in B. rapa, and to 

identify sources of heat tolerance that may permit normal seed production at high 

temperatures, when other accessions fail to set seed (Chapter 3 and 4).  Finally, 

the research will evaluate the sensitivity of the female reproductive organ (pistil) 

and gene products in heat tolerance (Chapter 5).  Such accessions will be valuable 

sources of heat tolerance in oilseed B. rapa, a crop which depends on adequate 

seed set and seed fill to produce high yields, and which is mostly not tolerant to 
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high temperatures.  In a scenario of warming climates in regions were Brassica 

oilseeds are grown, it is important to find heat stress tolerance during the 

reproductive phase in B. rapa.  Heat tolerance during the reproductive phase 

might be found in vegetable types of B. rapa grown in tropical regions, for 

example.  The genetic diversity we identify in B. rapa could provide a source of 

heat tolerance alleles which may be transferred into oilseed B. rapa or canola (B. 

napus).  Such a long-term breeding exercise will be aided by the molecular 

genetics identification of genes and gene products that are essential to heat 

tolerance in the reproductive phase. 
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Literature review 

 

 

2.1. Taxonomy and classification of Brassica. rapa L. 

Brassica rapa belongs to the genus Brassica from the Brassicaceae family. Based 

on previous taxonomy, B. rapa was classified as a member of the Cruciferae 

family (Cartea et al. 2011; Chen et al. 2008). B. rapa was previously included in 

B. campestris and before that it was separated according to lectotypification (Oost 

et al. 1987). At one time taxon description was based on several specimens which 

sometimes represented more than one taxon, and provision was made to select one 

element in such a case through the process of lectotypification (Fosberg 1992).  

 

2.2. Description of Brassica rapa L. 

Brassica rapa is a diploid Brassica with AA genome (2n = 2x = 20) (Prakash and 

Hinata 1980).  B. rapa has the widest geographical distribution compared to other 

Brassica species (Fig. 2.1).  It is known by its common names such as turnip, 

Chinese cabbage, field mustard and turnip rape (oilseed). Organs consumed from 

B. rapa are leaves (vegetable type), root (turnip type), flowers, shoot, and oil 

(oilseed type) (Cartea et al. 2011; Ignatov et al. 2010).  B. rapa has been used 

since the era of ancient Greece.  Chinese, Egyptian, Roman and Japanese 

civilisations have used it as a source of food, feed, medication and religious 

purposes (Dixon 2007).  Oilseed types of B. rapa reach a height of 1 to 1.5 m at 

maturity and are heavily branched. The leaf is lyrate and the stem is encircled with 

the leaf blade. B. rapa flowers are yellow in colour. The flower has six anthers 
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and is formed in a tetradynamous (4+2) arrangement. The carpel is divided by a 

false septum and is bi- or tetra-locular. The position of the anthers are lower than 

the stigma at the bud stage, however before the flower opens, the anthers elongate 

and become as high, or higher than the stigma (Quijada et al. 2007).  Flowering 

time is about 90 to 140 days after planting (Quijada et al. 2007). Some accessions 

of B. rapa, like other Brassica species, are self-incompatible which prevents them 

from producing seeds through selfing (Horisaki and Niikura 2008; Sakamoto and 

Nishio 2001; Takasaki et al. 2000). 

 

2.3. Origin and distribution of B. rapa L. 

The centre of origin of B. rapa is hypothesized to be the Mediterranean area, from 

where it spread north to Scandinavia, west to Germany and central Europe and 

eventually reached the Asian continent which included India, Mongolia, Japan, 

and other Asian countries (Mizushima and Tsunoda 1967).  During its spread, B. 

rapa developed significant local variation due to cultivation and selection by early 

farmers.  

 

Based on Kimber and McGregor’s findings  (1995),  B. rapa can be subdivided 

into:  (1) B. rapa ssp. trilocularis (Roxb.) Hanelt - the Indian form, known as 

yellow sarson; (2) B. rapa ssp. dichotoma (Roxb.) Hanelt recognized as both toria 

and brown sarson; and (3) B. rapa ssp. oleifera (DC.) Metzg – the western 

European and north American form, known as turnip or turnip rape.  Prakash and 

Hinata (1980) have suggested that B. rapa in Asia actually originated from an 

independent centre of origin in Afghanistan, from where it moved eastward and 
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became domesticated along the way. Later, Gómez-Campo and Prakash (1999) 

suggested that based on morphological and geographical distribution, isozymes, 

and nuclear RFLPs, there were two independent centres of origin of B. rapa - 

Europe and Asia. Europe was the primary centre for oleiferous and turnip forms 

of B.rapa, the north-west of India was the place where the eastern form evolved in 

the oleiferous direction and South China was the place suggested where Chinese 

forms of B. rapa were differentiated as a leafy vegetables.  However, based on 

studies by Zhao et al. (2007; 2005) and Warwick et al. (2008), using amplified 

fragment length polymorphism (AFLP), the spring oilseed types which include 

yellow sarson from the Indian continent formed a distinct subgroup from 

European and Asian subgroups. This might suggest that the Indian region is a 

third centre of origin; because of separate breeding tradition in this region it led to 

the development of the sarson type. In ancient times, B. rapa hybridised with B. 

oleracea to form the allotetraploid species B. napus, known as oilseed rape or 

canola, and with B. nigra to form B. juncea, known as Indian mustard (U 1935) 

(Fig. 2.2).  
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(L) Janch from cultivars of the same species that have escaped (B. rapa spp 

oleifera; or feral B. rapa) (Andersen et al. 2009). Because of this difficulty, 

molecular markers provide a good tool to help identify and classify the crop and 

its wild-type species (Agarwal et al. 2008; Mondini et al. 2009).  

 

Limited work has been done to assess the genetic relationship between cultivated 

B. rapa and its wild type. Inter-simple sequence repeats (ISSR) molecular markers 

were used by Andersen et al. (2009) to study the genetic structure between 

cultivated B. rapa and wild-type B. rapa in Scandinavian countries. The results 

showed that two nearly separated clusters were formed between cultivated and 

wild-type B. rapa based on their structure and genetic variation. The wild 

population from Sweden was closely related with the wild population from 

Denmark. In this study, breeding history and origins of cultivar tested were 

represented in two clusters produced from ISSR markers.   

 

2.4. Genetic diversity 

Knowledge of genetic diversity has always been important in breeding program of 

crop species. Genetic diversity may be described as variation in alleles and 

genotypes in the population which is associated with morphological, physiological 

and behavioural differences between individuals and populations (Frankham et al. 

2002).   

 

Molecular markers have been used to assess genetic diversity, together with 

phenotypic data. Phenotypic data may not be sufficiently diverse enough to 
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distinguish closely related crops or plants. The molecular markers of choice to 

define genetic diversity are simple sequence repeat or SSR markers. SSR markers 

are basically a series of mono-, di-, tri, sometimes tetra-nucleotides (Morgante et 

al. 1994) that usually are present in the intron part of DNA (Parida et al. 2009), 

but may also be present in the exon (Varshney et al. 2005), especially in disease-

related genes, for example cancer (Handel-Fernandez and Vincek 1999) and other 

human genetic diseases (Sutherland and Richards 1995).  One advantage of using 

SSR markers is the interchangeable primers, which can open up collaboration 

opportunities between laboratories.  SSR markers have been used for the 

classification of species such as Capsicum (Ince et al. 2010), Cucumis 

(Matsumoto et al. 2012) and Brassica (Lowe et al. 2002) up to the level of taxa 

(Kalia et al. 2011; Park et al. 2010). Genetic diversity in Brassica has been 

studied using different molecular markers.  For example, SSR markers were used 

to study the genetic diversity in B. nigra (Pradhan et al. 2011), B. napus (Chen et 

al. 2008; 2010; Hasan et al. 2006), B. juncea  (Chen et al. 2013) and Brassica 

species (B. napus, B. oleracea and B. rapa) (Szewc-McFadden et al. 1996). 

 

Specifically for B. rapa, several studies of the genetic diversity and population 

structure have been conducted using STRUCTURE software (Department of 

Human Genetics, University of Chicago, Chicago, USA).  Zhao et al. (2007; 

2005) used Amplified fragment length polymorphism (AFLP) markers to study 

the genetic diversity among 239 B. rapa accessions from The Wageningen 

University and Research Centre (WUR), and the Vavilov Research Institute of 

Plant Industry (VIR), representing different geographical origins and 
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morphotypes.  Zhao et al. (2010) generated a population structure in the B. rapa 

population with the aim of creating association mapping for B. rapa using the 

specific gene approach (flowering time genes).  Phenotypic data was collected 

over three field experiments and SSR markers were used to evaluate the genetic 

variation within and between groups.  Earlier, Zhao et al. (2007; 2005) had used 

AFLP molecular markers to study the genetic diversity in B. rapa.  The group 

conducted two experiments (A and B). One hundred and sixty three B. rapa 

accessions and two B. napus accessions were used for experiment A. The 

accessions used in this experiment were obtained from the Centre for Genetic 

Resources Dutch (CGN) in Wageningen, the Chinese Academy of Agricultural 

Sciences (CAAS)-Institute for Vegetable and Flowers (IVF) and the Oil Crop 

Research Institute (OCRI), and from Dr. Osborn (University of Wisconsin, 

Madison, Wis., USA). In experiment B, 96 B. rapa accessions (mainly oilseed, 

leafy and rooty types from China plus some from outside China) were tested. The 

results showed that different morphotypes from the same area were closely related 

by AFLP. This suggested that different morphotypes arose within each geographic 

region and that geographical separation played an important role in genetic 

variation in the B. rapa population.  Therefore, this supports the contention that 

domestication occurred independently in many isolated regions (Parra et al. 2010) 

and not at two or three centres as proposed earlier (Prakash and Hinata 1980;  

Gómez-Campo and Prakash 1999).   

 

Pino Del Carpio (2011) studied genetic diversity in 168 B. rapa accessions using 

phenotypic data, AFLP, SSR, and metabolite profiling. The accessions included 
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132 of the accessions that Zhao et. al. (2005) had worked with. Additionally, 31 

other accessions were provided by a breeding company.  Metabolic data and 

morphological data were included in the cluster analysis.  The researchers 

suggested that only a small number of genes were involved in the emergence of 

different crop types (leafy, rooty, oilseed).  

 

A specialised backcrossing scheme with wild types of crop plants was suggested 

as a means of broadening the genetic diversity of crops plants that suffer genetic 

depletion due to intensive breeding (Cowling et al. 2009).  Genetic diversity of 

crop plants becomes of interest especially when crops have to deal with “new” 

problems, such as global warming (IPCC 2007).  Heat waves, drought and 

flooding are example of severe events that suggested might happen more often 

due to land areas become warmer (Turner and Meyer 2011). There is an urgent 

need to develop new crop cultivars that can overcome the extreme conditions to 

maintain and enhance food security (Ericksen et al. 2009; Esquinas-Alcazar 

2005).  Brassica species have an important role in food security, and genetic 

resources in B. rapa are vital for future breeding for changing climates.  Further 

research is needed to fill the gaps in B. rapa genetic diversity, especially in India 

and tropical Asia, where heat tolerant accessions of oilseed types may exist.  In 

this thesis, SSR markers will be used on a broad range of accessions including 

some unknown accessions which need to be classified. This research in genetic 

diversity provides the background for breeding for heat tolerance in B. rapa. 
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2.5. Heat stress in crops 

Global warming will have an impact on agriculture production due to the 

expectation of warmer growing season temperatures compared to the annual 

average (Ainsworth and Ort 2010).  Frequency, duration and intensity of heat 

waves are also expected to increase (Tebaldi et al. 2006).  In semiarid regions, 

yields of corn, wheat, rice, canola and other primary crops are expected to decline 

due to increasing temperatures and deteriorating precipitation (Turner and Meyer 

2011).  Clearly, finding a new cultivar that can tolerate heat stress is important to 

avoid food scarcity.  

 

Heat stress is described as the condition where the temperature rises beyond a 

threshold point for a period of time sufficient to cause irreversible damage to plant 

growth and development (Wahid et al. 2007). The ability of plants to overcome 

heat stress has two mechanisms:  acquired tolerance and inherited tolerance 

(Hanumappa and Nguyen 2009).  Acquired thermo-tolerance is the ability of a 

plant to survive under lethal temperatures after a series of exposure to a mild 

temperature stress. This is called “acclimation” by Kramer (Kramer 1980) which 

is the nonheritable adjustment of a trait to another condition like warmer or cooler 

weather.  The other form of tolerance is inherited thermo-tolerance.  Inherited 

thermo-tolerance results from evolutionary selection for thermal adaptation within 

a species (Wahid et al. 2007). This is called “adaptation’ by Kramer (1980) which 

refers to heritable modifications or traits. This modification enables plants or any 

other organism to survive harsh conditions.  
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2.6. Morphological changes caused by high temperature 

Many crops grow in semiarid regions that are most likely to experience high 

temperature during their reproductive stage, especially during grain filling in 

cereal crops (Wahid et al. 2007). Morphological changes in flowers were observed 

in tomato (Lycopersicon esculentum Mill) subjected to high temperatures. Lohar 

and Peat (1998) found anomalies in tomato flowers exposed to high temperatures, 

such as: stigma exsertion (stigma is elongated further than style), empty flowers 

(no reproductive parts), and flowers without fruit-set. Stigma exsertion leads to 

failure in self pollination thus causing low fruit set in tomato (Lohar and Peat 

1998). Additionally, the number of buds and flowers in tomato and peas decreased 

due to high temperature exposure (Guilioni et al. 1997).  

 

Brassica crops (B. napus, cvs. Westar and Delta, B. juncea, cv. Cutlass, and B. 

rapa, cv. Tobin) had lower flower numbers when plants were subjected to high 

temperature during vegetative development  (Morrison and Stewart 2002).  Chilli 

pepper (Capsicum annum L. var. Shishito) had lower fruit weight and fruit width 

when the crop was subjected to high temperatures from 10 to 30 d after anthesis 

(Pagamas and Nawata 2008). Short exposure to high temperature 10 d before and 

during the flowering stage reduced seed set and seed yield in sorghum (Sorghum 

bicolour L. Moench) while continued exposure to high temperature reduced plant 

height, deferred panicle emergence, reduced seed set, seed number, seed yield, 

and seed size (Prasad et al. 2008a).  High temperature seems more harmful when 
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flowers (first open flower) are first visible, and sensitivity continues for 10-15 d 

(Wahid et al. 2007).  

 

In conclusion, high temperatures during the reproductive stage certainly change 

the number of and morphology of the reproductive organs and may lead to a lower 

yield at maturity. 

 

 

2.7. Physiological changes caused by high temperature 

High temperatures affect various aspects of the physiology of the crop. Research 

by Crafts-Brandner and Salvucci (2002) in maize showed that leaf temperatures 

above 38 °C hindered net photosynthesis (Pn), with a rapid increase of 

temperature having a severe effect compared to a gradual increase in temperature.  

The researchers found that in growth chamber conditions in which a high relative 

humidity was maintained and leaf temperature was gradually increased, the 

transpiration rate also increased. This suggests that the inhibition of Pn was not 

because of stomatal closure. The researchers also observed that when leaf 

temperature in maize increased beyond 30 °C, Rubisco became inactive. This 

inactivation restricted the rate of Pn.  Rubisco activation was reduced when the 

temperature was higher than 32.5 °C and almost completely inactive when the 

temperature reached 45 °C. Decreased activity of Rubisco during high 

temperature stress was also observed in tobacco (Sharkey et al. 2001).  

   

Greer and Weston (2010) discovered that in Vitis vinifera (grapevines) a heat 

treatment of 40 °C/25 °C (day/night) did not affect stem extension and leaf 

growth, but the flowers completely abscised.  Plants exposed to heat during early 
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fruit development were not affected by the heat compared with the ones 

developed at normal temperatures. However, plants treated with high temperature 

during the veraison (the onset of ripening) and mid-ripening stage had 

undeveloped berries. During veraison and mid-ripening stages, net carbon 

acquirement rates fell below an adequate level to supply the carbon requirements 

of the berries. Sugar accumulation in berries exposed to heat during veraison 

stopped at least 8 days before reaching its maximum sugar level.  Meanwhile, heat 

treatment during the mid-ripening stage slowed sugar accumulation, but 

accumulation did not stop until it reached the maximum level.  

 

Photosystem II (PSII) from the photosynthesis apparatus is generally sensitive to 

high temperature stress. There are two main factors that influence the sensitivity.  

Firstly, thylakoid membrane fluidity is increased during high temperatures which 

precede the leakage of PSII light harvesting complexes from the thylakoid 

membrane.  Secondly, during high temperature stress, if the metabolic process is 

disrupted by neither accepting nor delivering electrons from PSII, this leads to the 

dislodging of PSII from the thylakoid membrane (Prasad et al. 2008b). In other 

words, high temperatures cause the thylakoid membranes to become disorganized.  

However, the damage to thylakoid membranes under heat stress varies with the 

cultivar. This was shown in 12 different cultivars of winter wheat under high 

temperature stress (36 °/30 °C day/night) (Ristic et al. 2007).  Ristic et al. (2007) 

suggested that disorganisation of thylakoid membrane caused a greater loss of 

chlorophyll for the wheat cultivar that has less tolerance to heat stress.  
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In summary, high temperature stress affects various aspects of a plant’s 

physiology such as sugar accumulation, net photosynthesis, Rubisco deactivation, 

and disruption of thylakoid membranes. 

   

2.8. Heat shock protein 

Heat shock proteins (HSPs) are proteins that are induced when the majority of cell 

types in an organism are exposed to heat. Crop plants adapted to temperate 

environments start to synthesis HSPs when tissue temperatures reach above 32 °-

33 
°
C. The vital roles of HSPs are not only to protect plants from high temperature 

stress, but also to assist in plant survival and  recovery after the temperature stress 

(Parsell and Lindquist 1994). The role of HSPs were evaluated in a comparative 

study at the seedling stage  between Glycine max (soybean) and its wild relative 

Prosopis chilensis (Mol.),  a legume tree grown in the arid and semiarid of 

northern and central Chile (Ortiz and Cardemil 2001). The high temperature 

stresses used in this study were:  35 °, 40 °, 45 °, and 50 °C. The researchers 

observed the difference expression of HSP70 in both crops. There was a 

significant increase in the relative amount of HSP70 observed with Western blot 

analysis of protein in P. chilensis compared to G. max at 35 °C, 40 °C, and 45 °C. 

This result suggested that P chilensis could ‘sense’ the high temperature stress 

better than G. max which might lead to better protection against high temperature.  

In conclusion, HPSs are not only expressed in plants that experience sudden heat, 

but also in plants that are already adapted to high temperature conditions.  
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There are five major families of HSPs: 1) the Hsp70 family; 2) the chaperonins 

(GroEL and HSP60); 3) the HSP90 family; 4) the HSP100 family; and 5) the 

small HSP (sHSP) family (Vierling 1991; Wang et al. 2004). Expressions of HSPs 

are regulated by transcription factors called Heat stress transcription factors 

(HSFs). There are three classes of Heat Stress Transcription Factors (HSFs). The 

first class is called class A HSFs, which include HSFs from group A1 to group 

A9. The second class is called class B HSFs, which include HSfs from group B1 

to B4 (Nover et al. 1996). The third class is called class C HSfs. AtHSFC1 and 

OsHSFC1 are the only HSPs included in this class (Nover et al. 2001). HSFs are 

important because they are take part in the regulation of HSPs. These regulations 

are important as a defence mechanism against stress, including high temperature 

stress (Guo et al. 2008). 

 

Expression of HSPs had been studied in many crops. Marrs et al. (1993) 

characterized two genes that are classified as HSP90 family genes (HSP81 and 

HSP82) heat shock protein genes in maize at two different stages: embryogenesis 

and pollen development. The research was done using southern-blot and northern 

blot techniques. The results showed both genes were expressed differently with 

HSP81 strongly expressed when there was no heat stress during pre-meiotic and 

meiotic prophase stages of pollen development; however it was strongly 

expressed in heat-shocked embryos and tassels. The HSP82 was induced strongly 

in heat-shocked embryos and tassels, but less expressed in the absence of heat 

shock.  
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The reverse-transcriptase PCR method was used to observe the expression of 

HSP101, HSP70 and HSP17.6 in different tissues of doubled haploid B. napus.  

Young et al. (2004) collected different tissue samples during 4 days of heat 

treatment and observed that the HSP17.6 transcript was only observed int pollen, 

but not in pistils and leaves, from heat-treated plants. HSP70 was espressed in 

non-heat-treated and heat- treated pistils and leaves, but not in pollen. With the 

exception of pollen from control plants, HSP101 transcript was detected in other 

tissues. It is clear that expression of HSPs is different in other tissues and other 

plants. So it is important to study how HSFs and HSPs are expressed at different 

times of high temperature treatment.  

 

2.9. Heat tolerance screening in crops 

Heat tolerance screening has been done in many crops at many stages of plant 

development using different methods of screening. Selvaraj et al. (2011) screened 

seedlings of groundnut (Arachis hypogea L) genotypes for acquired heat 

tolerance. They suggested there was a large variation for acquired tolerance 

among genotypes tested, even though the effect on seed weight/yield was not 

significant.  

 

Several screening methods have been used to help plant breeders and plant 

physiologists to identify genotypic variation for heat tolerance within cultivated 

crops and germplasm (Wahid et al. 2007).  Examples of screening methods 

include leaf temperature, stomatal conductance, and the most popular one, pollen 

viability. Leaf temperature had been used to screen for heat tolerance crops.  Flag 
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leaf temperature and spike temperature, using an infrared thermometer, were 

depressed during heat treatment and  suggested that this type of screening can be 

used to identify heat tolerance in wheat germplasm (Ali et al. 2010)  Leaf 

temperature measurements were converted to canopy temperature depression 

(CTD).  Canopy temperature depression is the value of leaf temperature below air 

temperature (Balota et al. 2008).  Leaf or canopy temperature varied across 

species and accessions during high temperature stress in wheat (Ayeneh et al. 

2002), Aegilops (Pradhan et al. 2012) and rice (Cao et al. 2009).  

 

Stomatal conductance is a measure of the rate of water vapour exiting or carbon 

dioxide entering the stomata (Taiz and Zeiger 1991). Stomatal conductance has 

been used as one methods of studying heat tolerance in dicotyledonous crops such 

as grapevine (Vitis vinifera L.) (Sepúlveda and Kliewer 1986), cotton (Gossipium 

hirsutum L.) (Cottee et al. 2012), tobacco (Nicotiana tabacum) (Rizhsky et al. 

2002) and snap bean (Phaseolus vulgaris L.) (Tsukaguchi et al. 2003). Stomatal 

conductance has also been used to study heat tolerance in monocotyledon such as 

wheat (Triticum aestivum L.) (Bahar et al. 2011). Based on this research it is clear 

that stomata conductance measurements can be used to find heat tolerance or heat 

sensitivity among cultivated crops and their wild relatives.  

 

Pollen viability is a standard method used to investigate how plants react to high 

temperatures.  Pollen viability research has been conducted in many crops 

including B. napus (Young et al. 2004), Capsicum annuum L. (Kafizadeh et al. 

2008 ), and Sorghum bicolor (Prasad et al. 2006).  As lack of viable pollen 
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restricts seed set, it is an important criterion to use to screen for abiotic stresses, 

including high temperature stress, at the reproductive stage. 

 

High temperature effects have been studied in various Brassica species. High 

temperature affects on B. oleracea (broccoli) were studied by Björkman and 

Pearson (Björkman and Pearson 1998). B. oleracea flowers experienced uneven-

sized flower buds because of a high temperature treatment of 35 
°
C/22 

°
C for 7 d. 

This finding indicates that B. oleracea is sensitive to high temperature stress at the 

flower bud stage. 

 

Three Brassica species (B. napus, cvs. Westar and Delta, B. juncea, cv. Cutlass, 

and B. rapa, cv. Tobin) were also tested for high temperature tolerance in field 

conditions (Morrison and Stewart 2002). In this research, B. juncea was found to 

be as susceptible as B. napus or B. rapa to heat stress during flowering in terms of 

the reduction in the seed yield, mostly because of the low number of flowers and 

seeds.  Angadi et al. (2000) studied heat stress in B. napus (cv. Quantum), B. 

juncea (cv. Cutlass ) and B. rapa (cv. Maverick and cv. Parkland)  in two 

controlled environment chambers with different temperatures regimes of 28 °/15 

°C and 35 °/15 °C on plants at two different stages (early flowering or early 

podding) of development.  The only information about the watering system was 

“plants were watered regularly to avoid drought stress”.  The results showed that 

the pod development stage was less affected by high temperature in terms of yield 

formation than the flowering stage. B. napus was found to have a lower optimum 

temperature compared to B. juncea and B. rapa.  The 35 °/15 °C treatment was 
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more damaging to the reproductive organs of the three Brassica species at both 

developmental stages compared to the 28 
°
/15 

°
C treatment.  B. napus was least 

able to recover from severe heat stress at flowering, as evidenced by the formation 

of many abnormal pods during recovery.  However, the researchers also found 

that B. rapa was more sensitive to heat stress (35 °/15 °C) compared to the other 

Brassica spp. tested in term of grain yield. However, at 28 °/15 °C during early 

flowering, the grain yield of B. rapa  increased compared to the control.  From 

this research it is understood that different Brassica species react differently to 

high temperature stress and there are differences in sensitivity at different 

development stages. 

 

Aksouh et al. (2001) observed the effect of heat treatment on oil quality, 

oil/protein ratio and fatty acid composition in Australian canola. Aksouh et al. 

(2001) used two methods of imposing the heat: the first was a rapid increase to 40 

°
C which was maintained for 4 hours on 5 consecutive days, and the second step 

was to daily increase the temperature to 40 
°
C gradually.  The rapid increase in 

temperature reduced the oil concentration, increased protein and glucosinolate 

concentration compared to the stepwise heat treatment. These effects varied 

among the cultivars of B. napus used in the study. Clearly, high temperature has 

different effects on different crops and cultivars.  

 

In another study Aksouh-Harradj et al. (2006) compared the heat tolerance of 

three commercial cultivars of Australian B. napus, ‘Insignia’, ‘Emblem, and 

‘Surpass 400’ that were putatively heat tolerant, heat intermediate and heat 
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sensitive, respectively, from previous work using the cell membrane 

thermostability (MT) test and 2,3,5-triphenyl tetrazolium chloride (TTC).  The 

study was conducted inside a controlled-temperature growth chamber and heat 

was imposed after the plants had flowered and set pods. A moderate high 

temperature (MHT) treatment of 28 °/23 °C (day/night) was applied for 10 d 

starting from 20 d after flowering.  a short and very high temperature (VHT) 

regime of 28 °/23 °C (day/night), including a peak of 38 °C for 5 h around midday, 

was imposed for 5 d started from 25 DAF. In the VHT, the main stem seed weight 

for “Insignia” was reduced by around 15 % compared to the  control, while the 

main stem seed weight of ‘Emblem’ and ‘Surpass400’  was reduced  by almost 45 

%.  With theVHT, the oil/protein ratio decreased, but the fatty acid composition 

was less affected.  The MHT decreased the oil/protein ratio of all the cultivars, but 

has a bigger effect on the fatty acid profile. 

 

From the literature above, it appears that breeders and physiologists used different 

tools to measure high temperature tolerance.  I consider that it is important to link 

or correlate every measurement of heat tolerance with seed production, because in 

the end, the most important trait in heat-tolerant crops is their ability to produce 

grain in order to sustain food security.  In this thesis, seed production under heat 

stress is used as one of the key criteria of high temperature tolerance in B. rapa 

accessions.  

 

Researchers who choose to screen for high temperature tolerance in crops in the 

field usually use different times of planting, with the aim of achieving high 
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temperatures during the reproductive stage (Krishnamurthy et al. 2011). The 

problem that arises from this method is that other stresses associated with high 

temperatures, such as low humidity and water deficits may also affect the seed 

yield.  To avoid moisture stress, the researchers may use automatic watering 

systems to water the plant regularly during the high temperature conditions.  

 

The research in this thesis aims to fill the gap in knowledge of heat tolerance and 

heat stress, especially in B. rapa germplasm, which until now has received little 

attention in terms of heat tolerance.  As stated in the first part of this literature 

review, B. rapa distribution is more diverse and larger compared to other Brassica 

species, including several accessions from tropical or subtropical regions.  My 

hypothesis is that in the absence of moisture stress differences in heat tolerance 

can be found among accessions of B. rapa during the reproductive development.  
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Abstract 

This study describes three major genetic groups in a global collection of 164 

oilseed Brassica rapa based on allelic diversity at simple sequence repeat (SSR) 

loci:  83 in SSR group 1 (south Asia, predominantly from India, Pakistan, and 

Nepal); 38 in SSR group 2 (predominantly southern and eastern Europe with 

mostly winter and semi-winter types); 34 in SSR group 3 (northern Europe, 

mostly from Germany, and many of unknown origin); and 9 outliers.  Analysis of 

molecular variance of SSR data indicated that genetic variance within populations 

was high (84%) compared with variance between populations.  Flowering habit 

was classified as winter, spring or semi-winter type, and pollination control as 

self-incompatible or self-compatible.  These phenotypes were distributed across 

each of the three SSR groups, although most SSR group 1 accessions were self-

compatible spring types, and winter types were mainly from SSR groups 2 and 3.  

Two sub-groups were present among Indian accessions, both of which contained 
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brown-seeded types, but only one sub-group contained yellow-seeded types (most 

likely yellow sarson).  Eleven B. rapa accessions were misclassified in gene-

banks as oilseed types but were re-classified as leafy or root vegetable types, and 

thirteen accessions were misclassified as B. rapa and were shown to be tetraploid 

or other Brassica species. 

Key words: Brassica rapa - genetic diversity – Simple Sequence Repeat (SSR) - 

flow cytometry  

 

Introduction 

Brassica rapa L. is a valuable oilseed and vegetable species, known by a range of 

common names such as field mustard, turnip, and Chinese cabbage (Prakash and 

Hinata 1980; Dixon 2007).  B. rapa has a much broader geographic distribution 

than B. napus from Europe through to east and south Asia.  Diploid B. rapa 

(genome AA) is one of the ancestral parents of B. napus (genome AACC), known 

as oilseed rape or canola, which is the mostly widely produced Brassica oilseed 

species.  In a previous study, oilseed, leaf and root vegetable types of B. rapa 

were distributed in two main genetic groups in east Asia and Europe based on 

amplified fragment length polymorphism (AFLP) markers (Zhao et al. 2005).  

This supported earlier studies which suggested that B. rapa was domesticated in 

two centres of origin, Europe and east Asia, from distinct wild B. rapa 

populations (Song et al. 1990).  

 

The broad genetic diversity in B. rapa may be useful in future genetic 

improvement of oilseed B. napus (oilseed rape), which has suffered several 
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genetic bottlenecks during its agricultural development after initial 

polyploidisation into winter/spring types and recently into human edible oil types 

known as canola (Becker et al. 1995; Cowling 2007).  B. rapa is readily crossed 

with B. napus to form viable B. napus progeny, and therefore B. rapa is 

potentially a source of valuable traits, such as heat or drought tolerance, for 

transfer to oilseed B. napus.  However, there has not been a focussed assessment 

of genetic diversity in oilseed types of B. rapa, and their geographical origins, 

flowering types (winter, spring or semi-winter types) or self-incompatibility and 

compatibility.  

 

In B. rapa, it is not easy to distinguish wild type B. rapa (spp. silvestris) from its 

agricultural relative B. rapa spp. oleifera (Andersen et al. 2009).  Four B. rapa 

accessions in this study were labelled in genebanks as ssp. silvestris, and their 

attributes are presented here.  B. rapa morphotypes (oilseed, root or leaf types) 

were distributed across two major genetic groups defined by AFLP molecular 

marker genetic variation (Zhao et al. 2005; 2007).  Pino Del Carpio et al. (2011) 

used phenotypic, metabolic and molecular marker data to assess 168 accessions of 

different types of B. rapa and concluded that metabolic data provided a similar 

classification as the genotypic (ALFP) data.  B. rapa was shown to have diverse 

mitachondrial types (mitotypes) based on PCR products using primers specific to 

mitochondrial genomes or plasmids (Zhang et al. 2013).  Some bu not all 

chloroplast SSR markers were useful to distinguish cytoplasm of B. rapa, B. 

oleracea and B. napus (Zamani-Nour et al. 2013).  The evidence suggests that B. 

rapa is a genetically diverse species in both genomic and cytoplasmic DNA. 
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SSR markers are highly polymorphic and co-dominant (Plieske and Struss 2001), 

and SSR markers have been useful in genetic diversity studies within Brassica 

species (Chen et al. 2008; 2010) and for distinguishing between Brassica species 

(Lowe et al. 2002).  On the basis of SSR and other markers, a level of genomic 

structural divergence was revealed in the A genome between B. rapa and its 

allopolyploid related species B. napus (Jiang et al. 2011). 

 

A study of genetic diversity within and between European winter oilseed B. rapa 

cultivars, based on SSR markers, revealed a high level of genetic diversity within 

modern obligate out-crossing cultivars despite various bottlenecks such as 

breeding “double low” cultivars in Europe (Ofori et al. 2008).  However, a 

detailed knowledge of global genetic diversity in oilseed types of B. rapa, which 

may be a source of valuable new alleles for oilseed B. napus breeding programs in 

the future, is limited.  In this research, SSR markers, previously used to evaluate 

genetic diversity in the A and C genome of B. napus and the A and B genomes of 

B. juncea (Chen et al. 2008; 2010; 2013) were used to evaluate global genetic 

diversity among oilseed types of B. rapa from international germplasm 

collections.  We also associated molecular genetic diversity with major 

phenotypic traits such as flowering type (winter, spring or semi-winter) and 

pollination control (self-incompatibility or compatibility).   
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Materials and Methods 

Plant materials 

A total of 187 putative B. rapa accessions were obtained from different seed 

sources, including 117 accessions from the Australian Temperate Field Crops 

Collection (ATFCC), Horsham, Victoria, 63 accessions from the Leibniz Institute 

of Plant Genetics and Crop Plant Research (IPK), Gatersleben, Germany and 7 

accessions from Norddeutsche Pflanzenzucht Hans-Georg Lembke KG (NPZ), 

Hohenlieth, Germany (Table 1).  According to the passport information available, 

these accessions were oilseed types, labelled as B. rapa var. oleifera or B. rapa.  

They originated from 25 countries and some were of unknown origin (Table 1).    

Trait performance in glasshouse 

Seeds were sown in petri dishes on moist filter paper (15-20 seeds per dish) from 

1 April 2009 to 11 May 2009 at The University of Western Australia.  When the 

seeds germinated, seedlings from each accession were divided into 2 groups for 

the vernalisation treatment.  The “non-vernalised” group was planted directly into 

17.5 cm diameter pots with 5 seedlings per pot in the glasshouse (one pot per 

accession).  The “vernalised” group was planted in small trays in a constant 

temperature room at 2-4 °C for 8 weeks of vernalisation.  Light intensity was 240 

µmol.s
-1

.m
-2

 in the vernalisation chamber, and lights were on for 12 h per day.  

After vernalisation, seedlings were transplanted to 17.5 cm diameter pots with 5 

seedlings per pot in the glasshouse (one pot per accession).  Incandescent lights 

with intensity of about 2 µmol.s
-1

.m
-2

 at the pot soil surface level were used to 

ensure 14 hours photoperiod each day.  The additional lights were removed when 

the plants reached the flowering stage.   
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Plants were grown in a glasshouse at The University of Western Australia from 

April until November 2009 with maximum daily light intensity of 745.5 ± 9.8 

µmol.s
-1

.m
-2

.  Maximum temperature recorded in the glasshouse was 32.3 °C and 

minimum temperature recorded was 7.6 °C.  

 

The following phenotypes were recorded for further analysis. 

 

Flowering habitat:  Flowering time (days) from the date of seed sowing to first 

open flower was calculated for the vernalised and non-vernalised treatments.  

“Spring-type” accessions were classified as those that flowered within 90 days of 

sowing in the non-vernalised group.  “Semi-winter” accessions were those that 

flowered from 91-165 days after sowing in the non-vernalised group, and also 

flowered 91-165 days after sowing in the vernalised group.  “Winter-type” 

accessions were those that failed to flower in the non-vernalised group, but 

flowered in the vernalised group before 165 days.   

 

Pollination control:  To determine the self-compatibility or incompatibility of the 

accessions, small self-pollination bags were placed over the main stem 

inflorescence at first flower, to prevent cross pollination.  Plants that formed seed 

inside the small self-pollination bags were classified as self-compatible and those 

without seeds as self-incompatible (Fig 1).  To prevent cross-pollination between 

different accessions, and to promote seed set within self-incompatible accessions, 

all plants in a pot were covered by one large microperforated bag, which was 
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shaken regularly to promote cross-pollination among plants during flowering.  

Accessions that set seeds as a result of cross-pollination in the large 

microperforated bag, but failed to set seed in the small self-pollination bags, were 

confirmed as self-incompatible.  

 

Seed colour:  Seed colour of each accession was recorded before the seed was 

sown and also after the seed was harvested at the end of the experiment. 

 

Morphotype:  Accessions with excessive leaf matter or swollen roots during the 

vegetative stage were classified as leafy vegetable or root types, respectively (Fig. 

2).   

 

DNA extraction and SSR analysis 

Leaf samples were collected from 5 plants per accession.  Leaf samples were 

bulked within each accession and DNA was isolated using the CTAB method as 

described in Chen et.al. (2008). Polymerase chain reaction (PCR) multiplex 

technique was used to assess DNA samples (Chen et al. 2008).  Fifty-one SSR 

primers were also used in a genetic diversity study of A genome in B. juncea 

(Chen et al. 2013).  Nine SSRs were developed by Lowe et al. (2004) and the 

remainder (with the prefix ‘s’) were developed by Agriculture and Agri-Food 

Canada (AAFC) (See http://aafc-aac.usask.ca/BrassicaMAST/) (Supplementary 

material Table S1).  Forward primers were labelled with one of the following 

fluorescent dyes:  6-FAM, VIC, NED and PET.  Reverse primers were not 

labelled.  DNA amplification was done in 96-well PCR plates with total reaction 
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of 20 µl of the reaction mixture containing 1 x PCR buffer, 2 mM MgCl2 (Fisher 

Biotechnology, WA, Australia), 0.2 mM dNTPs (Fisher Biotechnology, WA, 

Australia), 0.2 µM of each primer pair, 0.04 U/µl Taq polymerase, and 2 ng/µl of 

template DNA.  PCR reaction was carried out in an Eppendorf Mastercycler 

(Eppendorf AG Hamburg, Germany).  The PCR protocol used in this research was 

5 minutes at 95 °C, 35 cycles of 30 s at 93 °C, 30 s at 50 °C and 60 s at 72 °C, and 

final step of 15 minutes at 72 °C.  PCR products were pooled together and 

fragment analysis was done using ABI3730 sequencer (Applied Biosystems, 

Australia).  The capillary sequence data were analysed using GeneMarker V1.90 

(SoftGenetics, State Collage PA, USA). 

 

Several accessions suspected to carry B-genome.  The presence of B-genome was 

tested with additional 23 B-genome specific markers (Supplementary material 

Table S2). 

  

Alleles were recorded as present (1) or absent (0).  Dissimilarity matrices were 

calculated as suggested by Nei and Li (1979) and based on Euclidean distance.  

Data from this matrix of all accessions were subjected to hierarchical cluster 

analysis using the unweighted pair group method and arithmetic averages 

(UPGMA) as proposed by Sneath and Sokal (1973) and ordination by two-

dimensional multidimensional scaling (2D-MDS) in PRIMER 6 software (Clarke 

and Gorley, 2006).  Analysis molecular variance (AMOVA) and PhiPT were 

calculated using GenAlEX software (Peakall and Smouse 2012).  PhiPT is an FST 

analogue that represents the proportion of the total genetic variance contained in a 
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subpopulation relative to the total genetic variance (Troch et al. 2012).  High 

PhiPT (close to 1) implies high differentiation among populations.   

 

Allelic diversity (average number of alleles per accession) was assessed in each 

SSR group for total and private alleles as defined in Chen et al. (2008). 

 

Population structure analysis 

Population structure was done using STRUCTURE version 2.3.3 

(http://pritch.bsd.uchicago.edu/software) assuming K in sub-population was 

between 1 to 10.  Structure analysis was done allowing population admixture, 

implying that genotypes can have a mixed ancestry, and assumed independent 

allele frequencies between subpopulations.  

 

Length of burning period (the number of runs in the simulation to minimize the 

effect of the starting configuration) used was 10,000 and the number of Markov 

chain Monte Carlo (MCMC) replications after burning was 10,000.  Calculation 

of the best value of K was done following the method described by Evanno et al. 

(2005).  This is an ad hoc procedure based on the second-order rate of change in 

the log probability (∆K) of data between successive K values.  The program 

STRUCTURE HARVESTER was used to calculate the true K value (Earl and 

vonHoldt 2012). 
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DNA ploidy level analysis using flow cytometry 

Some accessions labelled as B. rapa in genebanks did not cluster with B. rapa 

accessions in 2D-MDS, and were subjected to further analysis to confirm their 

identity.  These accessions were tested for DNA content using flow cytometry 

following the method of Cousin et al. (2009) based on young leaf tissue macerated 

with a bead-beating technique in a TissueLyser (Qiagen, Doncaster, Australia) to 

release nuclei into the lysis solution.  The solution was then filtered on a 96-well 

filter plate.  Propidium iodine was used to stain the solution and immediately 

estimated DNA ploidy using a plate loader on a BD FACS Canto II flow 

cytometer.  DNA ploidy level (x) was calculated relative to expected DNA content 

of control using B. rapa acceesions (ATC92037, ATC92257, and ATC92345) and 

B. napus from 2009 crossing (number 09N001) used as control in flow cytometry.   

Chromosome counting 

The chromosome number in fresh young ovaries and root tips was counted 

following the methods of Li et al. (1995).  Samples of 10 young ovaries or root 

tips per accession were collected from 12 accessions of uncertain identity and 

immersed in 2 mM 8-hydroxyquinoline for 4 h at 4 °C in the dark.  Samples were 

then fixed in Carnoy’s solution, hydrolysed in 1 N HCl at 60 °C for about 10 min 

and squashed in a drop of 10% carbol fuchsin.  Chromosomes were observed 

under 100 x magnification lens (Zeiss, Germany) under immersion oil.  DNA 

from 32 accessions of uncertain identity was also amplified by B-genome specific 

primers to test the validity of their classification as B. rapa in genebank passport 

data (Supplemental material Table S2).  
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Results 

I.   Determination of oilseed type B. rapa lines from 187 germplasm lines 

1.    2-D MDS analysis of 187 putative B. rapa lines  

A total of 1407 alleles were obtained from 51 SSR primer pairs among 187 

putative B. rapa accessions and 5 other Brassica species.  2D-MDS analysis of 

187 lines showed that B. rapa accessions were divided into 3 large groups (Fig. 

4).  However some accessions grouped with other Brassica control species at a 

dissimilarity level of 0.34.  For example, accession number ATC90158 was close 

to the B. napus control (Fig. 3).  Several accessions of uncertain identity were 

analysed further to confirm their identity as follows.  

 

2.    Evaluation of accessions of uncertain identity  

a.    Chromosome counting  

Chromosome counts revealed that 9 accessions had more than 20 chromosomes as 

require for B. rapa (2n = 20) (Fig. 4).  This result suggested that these accessions 

were not B. rapa and possibly were allotetraploid Brassica species (Table 2). 

 

b.    Flow cytometry  

From 36 accessions tested by flow cytometry, 11 accessions were confirmed to 

have tetraploid DNA content (4x) rather than expected diploid content (2x).  This 

confirmed that these 11 accessions were not B. rapa (Table 2).  Nine accessions 

classified as “outliers” of B. rapa in this study, from Turkey, Canada, Germany, 

India, Sweden, Italy and one of unknown origin (Table 4), all contained 2x DNA 

content in flow cytometry. 
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c.   Molecular analysis using 23 B-genome SSRs 

Twenty eight accessions of uncertain identity were tested, together with 4 

confirmed B. rapa accessions (ATC92037, ATC92257, ATC92345 and 

ATC92624) against 23 B-genome SSR markers.  The results indicated that 10 of 

these accessions had B genome, and 9 also contained A genome as tested by 51 

primers, which suggested they might be B. juncea (Table 2).  One accession that 

had B genome also had 9 somatic chromosome numbers which suggested it might 

be B. nigra.  Two accessions had A and C genome, which suggested they might 

be B.napus.   

 

From the results of chromosome counting, flow cytometry and B genome 

analysis, it was concluded that 12 accessions were not B. rapa, and 175 accessions 

were confirmed to be B. rapa.  One accession CR 2311 from Turkey appeared 

morphologically as a B. rapa oilseed type, but had a polyploid chromosome count 

in somatic tissue (Table 1).  SSR markers conformed to typical A genome loci, 

and there was no evidence of SSR loci in the B or C genomes in this accession.  

Further research on this accession is required to confirm if it is an autopolyploid 

B. rapa. 

 

3.  Morphotype observation: 

Several B. rapa lines showed different growth type compared with oilseed B. 

rapa.  Among 175 confirmed B. rapa lines, 3 accessions were “leafy” types and 8 
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were “rooty” types (Tables 1, 3).  In total, 164 B. rapa lines were confirmed to be 

“oilseed” types (as described in passport information) and used in further analysis.   

 

II.   Genetic diversity analysis of 164 confirmed oilseed B. rapa lines 

1.  2D-MDS analysis 

Cluster analysis was carried out based on 164 oilseed B. rapa lines with 1257 

alleles in total.  2D-MDS (Fig. 5) indicated three main SSR groups and some 

outliers.  SSR group 1 consisted of 83 accessions predominantly from south Asia 

including India, Nepal, Pakistan and others (Table 4).  SSR group 2 (southern 

Europe) consisted of 38 accessions predominantly from southern and eastern 

Europe including Italy, Spain, Georgia, Germany, Sweden, Russia, and Portugal.  

SSR group 2 also contained accessions from Belgium, Slovenia, Soviet union, 

Australia, Nepal, Uzbekistan, Pakistan, Canada and unknown (Tables 1, 4).  SSR 

group 3 (northern Europe) consisted of 34 accessions predominantly from 

Germany, Sweden, Poland, Norway, Russia, Netherlands and several other 

countries or of unknown origin (Tables 1, 4).  We also observed 9 outliers not 

within the three main groups.  These outliers included accessions from Sweden, 

Canada, India, Italy, unknown, Germany and Turkey (Tables 1, 4). 

 

2.  Geographic and phenotypic distribution of 164 oilseed B. rapa lines 

Among the 164 oilseed B. rapa accessions, 94 were spring types and these were 

more prevalent than winter or semi-winter types.  Most accessions had either 

yellow or brown seed colour, and 107 were self-compatible (Table 4). 
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SSR groups 2 and 3 contained oilseed B. rapa from Europe which clustered 

together with B. rapa var. silvestris (wild type of B. rapa).  SSR group 2 clustered 

with wild type B. rapa from Georgia and Slovenia, while SSR group 3 (northern 

Europe) contained wild type B. rapa from Slovakia.  SSR group 1 (south Asia), 

however, tended to “stand alone” and was separated from the European 

accessions.  

 

3.    Structure analysis 

We chose K = 2 as the true K because the delta K (∆K) calculation based on 

method by Evanno et al. (2005) showed the highest peak at K = 2 (Fig. 6).  

Subpopulation structure is represented in plot of Q and there was clear separation 

of groups and low level of admixture within groups when K = 2 (Fig. 7). Q is the 

estimated membership coefficients for each individual in each cluster.  

 

4.    AMOVA analysis 

Analysis of molecular variance (AMOVA) based on 164 B. rapa lines in SSR 

groups 1, 2 and 3 and “outliers” as a fourth group, suggested that approximately 

84 % of the variance occurred within the populations and 16 % among population 

(P < 0.010) (Table 5).  The low value of PhiPT calculated from AMOVA is low 

(0.165, P < 0.01) implying low differentiation among populations (Troch et al. 

2012). 
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5.  Allelic diversity analysis 

Allelic diversity (average number of alleles per accession) was analysed over all 

164 oilseed B. rapa accessions (Table 6).  SSR group 2 (South Europe) and SSR 

group 3 (North Europe) showed moderate levels of allelic diversity (19.3 and 20.9 

alleles per accession, respectively), while SSR group 1 from South Asia showed 

lower diversity (11.6 alleles per accession). The nine outlier accessions (OL) 

showed a high level of allelic diversity (65.3 alleles per accession) (Table 6).  The 

same rankings existed for average number of private alleles per accession, with 

SSR group 1 (south Asia) showing the lowest frequency, and outlier accessions 

showing the highest frequency. 

  

There were 321 (25.5%) alleles in common among the three SSR groups and 

outlier group of oilseed B. rapa accessions, whilst 403 (32.1%) of the alleles were 

unique to one of the groups, with 231 unique to SSR group 1, 78 to SSR group 2, 

65 to SSR group 3 and 29 unique to the outlier group (Fig. 8). 

 

III.  Phenotyping analysis of 164 oilseed type B. rapa lines 

1.    Flowering habit 

Vernalisation was done with the aim of clarifying which of the accessions were 

spring, semi-winter or winter types.  Many accessions required 8 weeks 

vernalisation in order to flower before 165 days from sowing.  We also found that 

different phenotypes arose in the same accession as a result of the vernalisation 

treatment.  In some cases, non-vernalised plants did not show any signs of 
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flowering (and formed swollen roots), while the vernalised plants were flowering 

(Fig. 9).  These accessions were classified as root types. 

Spring, semi-winter and winter types were distributed unequally across SSR 

group 1 (south Asia), SSR group 2 (southern Europe) and SSR group 3 (northern 

Europe) with a major proportion of spring types in SSR group 1 (Table 4).  The 

outlier group consisted mostly of spring type B. rapa.  2D-MDS with flowering 

habit overlay suggested that accessions were not clustered based on flowering 

habit (Fig. 10). 

 

2.    Seed colour 

From 164 oilseed B.rapa putative accessions, SSR group 1 (south Asia) consisted 

mostly of yellow and brown seed colour (Table 4).  Only 1 accession had black 

coloured seed.  SSR group 2 (southern Europe) and SSR group 3 (northern 

Europe) consisted mostly of brown-seeded accessions with some yellow and 

black.  The outliers were mainly brown in seed colour.  2D-MDS with overlay for 

seed colour suggested that accessions were not clustered into the major SSR 

groups based on differences colour of the seed (Fig. 11). 

 

3.    Pollination control 

From 164 oilseed B.rapa putative accessions, SSR group 1 (south Asia) were 

mostly self-compatible, whereas in other groups and outliers there was an even 

distribution of self-compatible and self-incompatible types (Table 4).  2D-MDS 

showed that self-compatibility and self-incompatibility was distributed across all 

groups (Fig. 12). 
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IV.   Analysis of 74 oilseed B. rapa lines from India 

Of 74 oilseed accessions from India, 36 were yellow-seeded and 38 were brown-

seeded accessions.  All yellow-seeded types were self-compatible, and 33 brown-

seeded types were self-compatible and 5 were self-incompatible.  The self-

incompatible and compatible brown-seeded lines were shared between the two 

sub-groups based on 2D-MDS of Indian accessions (Fig. 13).  However, the self-

compatible yellow -seeded lines were clustered only in one sub-group (Fig. 13).   

 

Discussion 

Eleven accessions labelled as B. rapa var. oleifera appeared to be leafy or root 

types in our experiments and were removed from the analysis (Tables 1, 3).  For 

example, accessions ATC95296 and ATC95212 (Table 1, Fig. 9) were root type 

without vernalisation and did not flower unless vernalised.  Accessions that 

showed no “leaf” or “root” traits, but flowered before 165 days after 8 weeks of 

vernalisation, were classified as winter oilseed B. rapa. 

 

In addition, 12 accessions were misclassified as B. rapa on the evidence of flow 

cytometry, B-genome markers and chromosome counts (Table 2).  Many of these 

accessions were also tetraploid (Table. 2).  These 12 accessions were taken out 

from the 2D-MDS as they were not B. rapa.  Mislabelling of Brassica accessions 

in gene banks was also reported by Pradhan et.al. (2011), where some accessions 

labelled as B. nigra belonged to other Brassica species, and by Chen et al. (2013), 

where some accessions labelled as B. juncea belonged to another Brassica 
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species.  Similarly we discovered that some of the genebank accessions labelled 

as B. rapa were clearly not B. rapa.   

 

Three major SSR groups were defined in oilseed B. rapa accessions with 

dissimilarity of 0.36 in 2D-MDS (Fig. 5).  In addition, nine accessions were 

“outliers” and were not included in the major groups (Table 4).  The major SSR 

groups followed differences in geographical origin (Fig. 5).  SSR group 1 

included accessions mostly from south Asia (India, Pakistan, and Nepal); SSR 

group 2 mostly consisted of accession form southern Europe, including Italy, 

Spain, some accessions from Germany; and SSR group 3 included accessions 

from northern Europe (Germany, Sweden, Poland) and accessions of unknown 

origin (Table 4).   

 

Our results support the work of Zhao et.al. (2005; 2007), who showed that 

clustering of B. rapa based on AFLP markers occurred in groups based on 

geographic origin but not on the basis of morphotype.  Most of the B. rapa 

accessions used in Zhao et al. (2005), however, were from East Asia (China, 

Korea and Japan), and Europe.  Zhao et al. (2005) had only 3 representative 

accessions from India, whereas accessions from India form a large portion of this 

work (more than 70 accessions) and these all belong to SSR group 1.  

 

Four accessions were labelled in genebank collection as Brassica rapa L. subsp. 

oleifera (DC.) Metzg. var. silvestris (Lam.) Briggs; two of these accession come 

from Georgia, one from Slovenia, and one from Slovakia.  The var. silvestris 
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(wild) accessions from Georgia and Slovenia clustered together with accessions 

mostly from Italy and Spain in SSR group 2, and the one from Slovakia clustered 

together with accessions mainly from Germany and unknown origin (SSR group 

3).  These wild accessions may represent the genetic origins of the respective 

groups in which they are found; however, most of the accessions in each group 

were cultivated forms. 

 

2D-MDS indicated that nine oilseed B. rapa accessions were genetically isolated 

from the three main SSR groups.  These accessions from Turkey, Canada, 

Germany, India, Sweden, Italy and one of unknown origin were classified as 

outliers of oilseed B. rapa based on their 2x DNA content and absence of B or C 

genome SSR loci (Table 4).  These oilseed B. rapa accessions are genetically 

unique and potentially very valuable in agriculture as a source of unusual alleles.  

B. rapa is a mesopolyploid (Wang et al. 2011) which has undergone chromosome 

reduction following a hexaploid polyploidisation event in the past.  It is possible 

that extreme variations in genetic diversity in B. rapa, represented by the outliers 

in this study, may have arisen from different chromosome reductions or re-

arrangements in B. rapa over evolutionary time. 

 

We found that 8 weeks of vernalisation at 2-4 °C was necessary to vernalise 

“typical” winter oilseed B. rapa, such as accessions ‘Circus’ and ‘Torino’ from 

the NPZ collection (Table 1).  In contrast, Zhao et al. (2007) vernalised their B. 

rapa accessions for 2 weeks at 4-6 °C and Pino Del Carpio et al. (2011) vernalised 

their accessions for 4 weeks at 5 °C in a dark cold room, and in both of these 
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reports many accessions failed to flower.  Eight weeks of vernalisation promoted 

flowering in most semi-winter and winter type accessions before 165 days from 

sowing.  Winter types are typically exposed to 6 to 8 weeks of sub-zero 

temperatures in northern Europe.  

 

SSR group 1 accessions in our experiments were predominantly from India.  India 

and sub-continental countries have a long history of growing annual types known 

as yellow and brown sarson, based on their seed colour.  There are two types of 

brown sarson:  lotni form (self-incompatible, brown coloured seed), and tora form 

(self-compatible, brown coloured seed).  The lotni form is said to be the ancestor 

for tora.  Yellow sarson is only cultivated in a limited area in India (Prakash et al. 

2012).  In our population there were 36 yellow-seeded self-compatible types in 

one sub-group of Indian oilseed B. rapa (Fig. 13), and this suggests that these are 

yellow sarson.  There were 33 brown-seeded self-compatible types that were most 

probably tora and 5 brown-seeded self–incompatible that were most probably 

lotni, and these were distributed across the two subgroups from India (Fig. 13).    

 

This is the first time Indian accessions of oilseed B. rapa have been differentiated 

into two genetic SSR sub-groups, one of which seems to contain yellow sarson in 

2D-MDS (Fig. 13).  Based on seed colour inheritance, yellow seed colour in B. 

rapa is homozygous recessive and brown is dominant (Stringam 1980; Rahman 

2001).  This simple inheritance of seed colour suggests that Indian self-compatible 

yellow sarson may have hybridised with the lotni form and created the self-

compatible-brown-seeded form, tora.  
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In conclusion, we have shown great genetic diversity within and between three 

major SSR groups of B. rapa oilseed types from different seed sources.  This 

information can be used by plant breeders to select B. rapa for valuable economic 

traits in agriculture, and for transferring key alleles to B. napus and other oilseed 

Brassica species by wide crossing. 
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Table 1.  List of 187 putative oilseed Brassica rapa accessions based on genebank passport data, observed morphological characteristics, SSR group and 

misclassified accessions based on these experiments.  Of the 187 putative oilseed B. rapa accessions, 23 did not conform to B. rapa species or oilseed 

type. 

Genebank passport data Observed morphological characteristics
b
 

SSR group of oilseed 

B. rapa, or 

misclassified 

accessions
c
  

Accession 

Number 
Accession Name Species, Sub-species 

Genebank 

ID
a
 

Country of 

origin 

Variety 

type 

Seed 

color 

Self-

compatibility 

Flowering 

habit 

ATC90120 B.C.-106 B. rapa ATFCC Unknown O Yellow SI S 3 

ATC90121 B.C.-8J B. rapa ATFCC Unknown O Brown SI W 3 

ATC90122 B.C.-92 B. rapa ATFCC Unknown O Yellow SI S OL 

ATC90126 BLC 123 B. rapa ATFCC Unknown O Brown SC SW 3 

ATC90127 BLC 174 B. rapa ATFCC Unknown O Brown SC SW 3 

ATC90129 BLC 29 B. rapa ATFCC Unknown O Brown SC SW 3 

ATC90130 BLC 38 B. rapa ATFCC Unknown O Brown SC S 3 

ATC90131 BLC 70 B. rapa ATFCC Unknown O Brown SI SW 3 

ATC90132 BLC 80 B. rapa ATFCC Unknown O Brown SC S 3 

ATC90147 CHOKUREI B. rapa ATFCC Unknown O Brown SI S 3 

ATC90158 CrGC 13 ABaa, RC CMS B. rapa ATFCC Unknown O Black SC SW B. napus (Table 2) 

ATC90169 HOSIN B. rapa ATFCC Unknown O Black SC W B. juncea (Table 2) 

ATC90196 JUMBUCK B. rapa ATFCC Australia O Yellow SC SW 2 

ATC90199 KAGA B. rapa ATFCC Unknown O Black SI SW 1 

ATC90202 MEXICO D B. rapa ATFCC Unknown O Brown SC S OL 

ATC90211 NAGOAKA CHAMPION B. rapa ATFCC Unknown O Brown SI S OL 

ATC90235 T151 B. rapa ATFCC Unknown O Yellow SI S 1 

ATC91215 HYSYN 111 B. rapa ATFCC Canada O Brown SC S OL 

ATC92037 IB 1109 B. rapa ATFCC India O Yellow SC S 1 

ATC92073 IB 1377 B. rapa ATFCC India O Yellow SI SW 1 

ATC92088 SV 70/8368 B. rapa ATFCC Sweden O Black SI SW B. juncea (Table 2) 

ATC92137 KATMANDU. CL-6 B. rapa ATFCC Nepal O Brown SC S 1 

ATC92138 KATMANDU. CL-7 B. rapa ATFCC Nepal O Brown SC SW 1 
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ATC92139 KATMANDU. CL-8 B. rapa ATFCC India O Brown SC S 1 

ATC92140 KATMANDU. CL-9 B. rapa ATFCC India O Brown SC SW 1 

ATC92150 LOCAL.CL8 B. rapa ATFCC India O Brown SC SW 1 

ATC92155 ODLARBI. CL-4 B.rapa ATFCC India O Brown SC S 1 

ATC92158 SILIGURI CL-2 B.rapa ATFCC India O Brown SC S B. juncea (Table 2) 

ATC92163 ACC 49 B.rapa ATFCC India O Brown SC S 1 

ATC92166 B54 B.rapa ATFCC India O Brown SC S 1 

ATC92168 T.H.6. B.rapa ATFCC India O Yellow SC S 1 

ATC92171 TORIA-ITSA B.rapa ATFCC India O Brown SC S 1 

ATC92180 KATMANDU CL-3 B.rapa ATFCC Nepal O Yellow SC SW 1 

ATC92182 KATMANDU CL-11 B.rapa ATFCC India O Brown SC SW 1 

ATC92183 KATMANDU CL-12 B.rapa ATFCC Nepal O Yellow SC S 1 

ATC92184 NIJGARAH B.rapa ATFCC Nepal O Yellow SC SW 1 

ATC92185 SHILLONG C-1 B.rapa ATFCC India O Yellow SC S 1 

ATC92187 SHILLONG C-3 B.rapa ATFCC India O Yellow SC SW 1 

ATC92191 IB 417 B.rapa ATFCC India O Yellow SC S 1 

ATC92202 IB 1036 B.rapa ATFCC India O Yellow SC S 1 

ATC92242 PATNA CL-4 B.rapa ATFCC India O Yellow SC S 1 

ATC92243 PATNA CL-5 B.rapa ATFCC India O Brown SC S 1 

ATC92244 PATNA CL-7 B.rapa ATFCC India O Yellow SC S 1 

ATC92246 PATNA CL-11 B.rapa ATFCC India O Yellow SC S 1 

ATC92255 ARMIT CL-5 B.rapa ATFCC India O Yellow SC SW 1 

ATC92257 P6-24 B.rapa ATFCC India O Yellow SC SW 1 

ATC92259 Y.S. (AND) -143 B.rapa ATFCC India O Yellow SC S 1 

ATC92287 Y.S. (AND) -195 B.rapa ATFCC India O Yellow SC S 1 

ATC92291 Y.S. (ARL)177 B.rapa ATFCC India O Yellow SC S 1 

ATC92340 KBG CL-3 B.rapa ATFCC India O Brown SC SW 1 

ATC92343 PNG CL-2 B.rapa ATFCC India O Yellow SC S 1 

ATC92345 PNG CL-6 B.rapa ATFCC India O Yellow SI S 1 

ATC92347 PNG CL-9 B.rapa ATFCC India O Yellow SI S 1 

ATC92353 PUSA KALYANI B.rapa ATFCC India O Brown SC S 3 

ATC92355 BS-2 B.rapa ATFCC India O Brown SC S 1 

ATC92357 BSH-1 B.rapa ATFCC India O Brown SI S 1 
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ATC92359 BSH-7 B.rapa ATFCC India O Brown SC SW 1 

ATC92363 BSH-28 B.rapa ATFCC India O Brown SC SW 1 

ATC92383 K 1 (ARL) B.rapa ATFCC India O Brown SC SW 1 

ATC92396 DS 15/55 (ARL) B.rapa ATFCC India O Brown SC S 1 

ATC92424 BS-113 (ARL) B.rapa ATFCC India O Brown SC S 1 

ATC92437 K-LOTNI-27 (ARL) B.rapa ATFCC India O Brown SI S 1 

ATC92483 TC-3 B.rapa ATFCC India O Brown SC S 1 

ATC92484 TC-4 B.rapa ATFCC India O Brown SC S 1 

ATC92493 TC-13 B.rapa ATFCC India O Brown SC S 1 

ATC92504 CR2234 / 83 B.rapa ATFCC India O Brown SC S OL 

ATC92507 TC-27 B.rapa ATFCC India O Brown SC S 1 

ATC92511 TC-31 B.rapa ATFCC India O Brown SI S 1 

ATC92517 TC-37 B.rapa ATFCC India O Brown SI S 1 

ATC92521 TC-41 B.rapa ATFCC India O Brown SC S 1 

ATC92524 TC-44 B.rapa ATFCC India O Brown SI S 1 

ATC92526 TC-46 B.rapa ATFCC India O Brown SC S 1 

ATC92528 TC-48 B.rapa ATFCC India O Brown SC S 1 

ATC92529 TC-49 B.rapa ATFCC India O Brown SC S 1 

ATC92546 TC-66 B.rapa ATFCC India O Brown SC S 1 

ATC92551 TC-71 B.rapa ATFCC India O Brown SC SW 1 

ATC92552 TC-72 B.rapa ATFCC India O Brown SC S 1 

ATC92561 TC-81 B.rapa ATFCC India O Brown SC SW 1 

ATC92593 YS-P6-24 B.rapa ATFCC India O Yellow SC S 1 

ATC92597 YC-3 B.rapa ATFCC India O Yellow SI S 1 

ATC92604 YC-18 B.rapa ATFCC India O Yellow SC SW 1 

ATC92607 YC-23 B.rapa ATFCC India O Brown SC SW B.juncea (Table 2) 

ATC92611 YC-37 B.rapa ATFCC India O Yellow SC S 1 

ATC92619 YC-50 B.rapa ATFCC India O Yellow SC S 1 

ATC92621 YC-58 B.rapa ATFCC India O Yellow SC S 1 

ATC92624 YC-68 B.rapa ATFCC India O Yellow SC S 1 

ATC92625 YC-69 B.rapa ATFCC India O Yellow SI S 1 

ATC92634 YC-107 B.rapa ATFCC India O Yellow SC S 1 

ATC92636 YC-135 B.rapa ATFCC India O Yellow SC S 1 
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ATC92641 YC-228 B.rapa ATFCC India O Yellow SC S 1 

ATC92642 YC-230 B.rapa ATFCC India O Yellow SC S 1 

ATC92643 YC-231 B.rapa ATFCC India O Yellow SC S 1 

ATC92646 YC-832 B.rapa ATFCC India O Yellow SC S 1 

ATC92653 IB 1377 B. rapa subsp. trilocularis ATFCC India O Yellow SC S 1 

ATC92657 T-15 B. rapa ATFCC India O Yellow SC SW 1 

ATC92660 W.R.T.-15 B. rapa ATFCC India O Yellow SC S 1 

ATC92662 ODLARBI. CL-4 B. rapa ATFCC India O Yellow SC S 1 

ATC92776 BSH-40(H) B. rapa ATFCC India O Brown SC S 1 

ATC92782 BS-5 B. rapa ATFCC India O Brown SC S B. juncea (Table 2) 

ATC92800 IB 2053 B. rapa ATFCC India O Brown SC S 1 

ATC92919 L-11P1 B. rapa ATFCC India O Brown SC S 1 

ATC93030 ZEM 2 B. rapa ATFCC Australia O Yellow SI SW B. juncea (Table 2) 

ATC93102 C502 B. rapa ATFCC Unknown O Yellow SC SW 1 

ATC95209 CGN 6851 B. rapa ATFCC Pakistan O Brown SC S B. juncea (Table 2) 

ATC95210 CGN 7220 B. rapa ATFCC Pakistan O Brown SC S 1 

ATC95212 CGN 7223 B. rapa ATFCC Pakistan R Brown SI W  Root type (Table 3) 

ATC95220 CGN 20735 B. rapa ATFCC Uzbekistan R Brown SI W Root type (Table 3) 

ATC95222 CGN 20737 B. rapa ATFCC Uzbekistan O Brown SI SW 3 

ATC95223 CGN 20738 B. rapa ATFCC Uzbekistan R Yellow SC W Root type (Table 3) 

ATC95233 rova, svedjerova B. rapa subsp. rapa ATFCC Norway R Brown SI W Root type (Table 3) 

ATC95236 Budalsnepe B. rapa subsp. rapa ATFCC Norway O Brown SI W 3 

ATC95273 
 

B. rapa subsp. oleifera ATFCC Finland O Brown SI SW B. juncea (Table 2) 

ATC95296 CGN07188 B. rapa ATFCC Yugoslavia R Brown  SC W Root type (Table 3) 

ATC95336 WU YUE MAN B. rapa subsp. chinensis ATFCC China O Brown SI SW 3 

ATC95345 NOZAKI EARLY B. rapa ATFCC Japan O Brown SI S 3 

ATC95372 Esti Naeris B. rapa subsp. rapa ATFCC Soviet Union O Brown SI W 2 

ATC92013 SV RAPHANUS B. rapa ATFCC Sweden O Brown           SI W OL 

CR 1024 288832 B.rapa subsp. oleifera IPK Sweden O Brown SI S 3 

CR 1175 288983 B.rapa subsp. oleifera IPK Soviet Union R Brown SI W Root type (Table 3) 

CR 1470 289154 B.rapa subsp. oleifera IPK Sweden O Brown SI S 3 

CR 1478 289159 B.rapa subsp. oleifera IPK USA O Brown SI S 3 

CR 1507 289178 B.rapa subsp. oleifera IPK Germany O Brown SI S 3 
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CR 1533 289194 B.rapa subsp. oleifera IPK Sweden O Brown SI W 3 

CR 1542 289200 B.rapa subsp. oleifera IPK Poland O Brown SI SW 3 

CR 1563 289207 B.rapa subsp. oleifera IPK Germany O Brown SI S 3 

CR 1564 289208 B.rapa subsp. oleifera IPK Germany O Brown SC SW 3 

CR 1578 289215 B.rapa subsp. oleifera IPK Slovakia O Brown SC SW 3 

CR 1594 289226 B.rapa subsp. oleifera IPK Germany O Brown SI SW 3 

CR 1600 289229 B.rapa subsp. oleifera IPK Netherland O Brown SI W 3 

CR 1605 289233 B.rapa subsp. oleifera IPK Sweden O Brown SC W 3 

CR 1606 289234 B.rapa subsp. oleifera IPK Australia O Yellow SC S 3 

CR 1617 289240 B.rapa subsp. oleifera IPK Germany O Brown SI SW OL 

CR 1619 289241 B.rapa subsp. oleifera IPK Germany O Brown SC S 3 

CR 1620 289242 B.rapa subsp. oleifera IPK Germany O Brown SC W 3 

CR 1621 289243 B.rapa subsp. oleifera IPK Canada O Yellow SI S B. nigra (Table 2) 

CR 1622 289244 B.rapa subsp. oleifera IPK Sweden O Brown SC S 2 

CR 1623 289245 B.rapa subsp. oleifera IPK Sweden O Brown SC SW 2 

CR 1628 289248 B.rapa subsp. oleifera IPK Germany O Yellow SI SW 2 

CR 1630 289250 B.rapa subsp. oleifera IPK Sweden O Brown SI SW 2 

CR 2003 289451 B.rapa subsp. oleifera IPK Canada O Yellow SC SW 2 

CR 2210 289655 
B.rapa subsp. oleifera var. 

silvestris 
IPK Slovenia O Brown SI SW 2 

CR 2211 289656 
B.rapa subsp. oleifera var. 

silvestris 
IPK Georgia R Black SI SW Root type (Table 3) 

CR 2228 289673 B.rapa subsp. oleifera IPK Unknown O Brown SC S 2 

CR 2229 289674 B.rapa subsp. oleifera IPK Italy O Brown SI SW 2 

CR 2238 289683 B.rapa subsp. oleifera IPK Italy O Brown SC SW 2 

CR 2241 289686 B.rapa subsp. oleifera IPK Georgia O Yellow SI S 2 

CR 2242 289687 
B.rapa subsp. oleifera var. 

silvestris 
IPK Georgia O Brown SI S 2 

CR 2253 289698 B.rapa subsp. oleifera IPK Italy O Brown SI S 2 

CR 2296 289741 B.rapa subsp. oleifera IPK Italy O Brown SC S 2 

CR 2297 289742 B.rapa subsp. oleifera IPK Italy O Brown SI W 2 

CR 2298 289743 B.rapa subsp. oleifera IPK Italy L Brown SI SW Leafy type (Table 3) 

CR 23 287982 B.rapa subsp. oleifera IPK Russia O Black SI W 3 
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CR 2311 289756 B.rapa subsp. oleifera IPK Turkey O Brown SI S OL; autopolyploid? 

CR 2318 289763 B.rapa subsp. oleifera IPK Italy L Brown SI S Leafy type (Table 3) 

CR 2333 289778 B.rapa subsp. oleifera IPK Italy O Brown SC SW 2 

CR 2354 289799 B.rapa subsp. oleifera IPK Georgia O Brown SI SW 2 

CR 2357 289802 B.rapa subsp. oleifera IPK Portugal O Brown SC S 2 

CR 2595 635760 B.rapa subsp. oleifera IPK Italy O Brown SI S 2 

CR 2597 635762 B.rapa subsp. oleifera IPK Italy O Brown SC SW 2 

CR 2599 635764 B.rapa subsp. oleifera IPK Italy O Brown SC S 2 

CR 2616 290018 
B.rapa subsp. oleifera var. 

silvestris 
IPK Nepal O Brown SC SW 

2 

CR 2870 290272 B.rapa subsp. oleifera IPK Germany O Brown SI W 2 

CR 2872 290274 B.rapa subsp. oleifera IPK Germany L Brown SI W Leafy type (Table 3) 

CR 2874 290276 B.rapa subsp. oleifera IPK Germany O Brown SI SW 2 

CR 289 288245 B.rapa subsp. oleifera IPK Russia O Black SI W 2 

CR 2901 290303 B.rapa subsp. oleifera IPK Belgium O Brown SI W 2 

CR 2924 290326 B.rapa subsp. oleifera IPK Russia O Yellow SI SW 2 

CR 2925 290327 B.rapa subsp. oleifera IPK Russia O Yellow SI SW 1 

CR 2929 290331 B.rapa subsp. oleifera IPK Germany O Brown SC W B. napus (Table 2) 

CR 3317 635767 B.rapa subsp. oleifera IPK Italy O Brown SI S 2 

CR 3320 635770 B.rapa subsp. oleifera IPK Italy O Brown SC S 2 

CR 3385 636031 
B.rapa subsp. oleifera var. 

silvestris 
IPK Spain R Brown SI W Root type (Table 3) 

CR 3388 636034 B.rapa subsp. oleifera IPK Spain O Brown SC W 2 

CR 3389 636035 B.rapa subsp. oleifera IPK Spain O Yellow SI W 2 

CR 3390 636036 B.rapa subsp. oleifera IPK Spain O Yellow SC S 2 

CR 3391 636037 B.rapa subsp. oleifera IPK Spain O Yellow SC W 2 

CR 3393 636039 B.rapa subsp. oleifera IPK Spain O Brown SC W 2 

CR 3425 79601 B.rapa subsp. oleifera IPK Italy O Brown SC S B. juncea (Table 2) 

CR 3435 79602 B.rapa subsp. oleifera IPK Italy O Brown SI S OL 

CR 797 288614 B.rapa subsp. oleifera IPK Germany O Brown SC SW 3 

NPZ-1 Circus B. rapa NPZ Germany O Brown SI W 1 

NPZ-2 Pop. Nieb E'08 B. rapa NPZ Germany O Brown SI W 3 

NPZ-3 Torino B. rapa NPZ Germany O Yellow SI W 3 
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NPZ-4 Resgen B. rapa NPZ Germany O Brown SC W 3 

NPZ-5 Pop. Voss E'8 B. rapa NPZ Germany O Brown SC W 3 

NPZ-6 Apetaleous pop. B. rapa NPZ Germany O Brown SC W 3 

NPZ-7 Enigma B. rapa NPZ Russia O Brown SC W 2 
a
 ATFCC: Australian Temperate Field Crops Collection, Horsham, Victoria; NPZ: Norddeutsche Pflanzenzucht Hans-Georg Lembke KG; IPK: The Leibniz 

Institute of Plant Genetics and Crop Plant Research.   
b
 Morphological characteristics were classified on the  basis of glasshouse observations at The University of Western Australia in 2009:  O: oilseed type; L: 

leafy type; R : root type; SI :self-incompatible; SC : self-compatible; W: winter; SW: semi- winter; S: spring (see Materials and Methods for definitions). 
c 
OL:  outlier from three main SSR groups. 
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Table 2.  Characterisation of accessions that did not conform to Brassica rapa according SSR 

analysis and 2D-MDS (see Fig. 3), somatic chromosome number, ploidy level based on 

flow cytometry, and estimation of genome content based on 51 A/C- and 23 B-genome-

specific SSR markers. 

 

No 
Accession 

number 
Source

a
 Origin 

Ploidy 

level 

(based on 

flow 

cytometry) 

Somatic 

chromosome 

number (in 

root or young 

ovaries tissue) 

Genome 

content 
Possible 

“true” 

species 

name 

1 ATC93030 ATFCC Australia 4x N/A AB B. juncea 

2 ATC95273 ATFCC Finland 4x N/A AB B. juncea 

3 ATC92158 ATFCC India 4x 34 AB B. juncea 

4 ATC90169 ATFCC Unknown 4x N/A AB B. juncea 

5 CR 2929 IPK Germany 4x 34 AC B. napus 

6 CR 3425 IPK Italy 4x 44 AB B. juncea 

7 ATC92782 ATFCC India 4x 42 AB B. juncea 

8 ATC92607 ATFCC India 4x 30 AB B. juncea 

9 ATC92088 ATFCC Sweden 4x 42 AB B. juncea 

10 ATC95209 ATFCC Pakistan 4x 32 AB B. juncea 

11 ATC90158 ATFCC Unknown 4x 38 AC B. napus 

12 CR 1621 IPK Canada 2x 16 B B. nigra 

a
 ATFCC: Australian Temperate Field Crops Collection, Horsham, Victoria; IPK: The Leibniz 

Institute of Plant Genetics and Crop Plant Research 
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Table 3.  Information on accessions that were re-classified as leafy or root types of B. rapa and 

removed from the analysis of oilseed accessions.  Refer to example in Fig. 9. 

Number Accession name Reason for re-classification 

1 ATC95212 Root type at the vegetative stage 

2 ATC95220 Root type at the vegetative stage 

3 ATC95223 Root type at the vegetative stage 

4 ATC95233 Root type at the vegetative stage 

5 ATC95296 Root type at the vegetative stage 

6 CR 1175 Root type at the vegetative stage 

7 CR 2211 Root type at the vegetative stage 

8 CR 2298 Leafy type at the vegetative stage 

9 CR 2318 Leafy type at the vegetative stage 

10 CR 2872 Leafy type at the vegetative stage 

11 CR 3385 Root type at the vegetative stage 
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Table 4.  Summary of morphological measurements on 164 confirmed oilseed B. rapa in three 

SSR-based genetic groups and outliers, as defined by 2D-MDS. 

SSR 

group 

Country of 

origin 

Number of 

accessions 

Flowering 

type
a
 

Seed colour
b
 

Pollination 

control
c
 

Total 

S Sw W Br Bl Y Sc Si  

1 

India 72          

Nepal 5          

Pakistan 1 62 20 1 40 1 42 69 14 83 

Russia 1          

Germany 1          

Unknown 3          

2 

Italy 11          

Georgia 3          

Germany 4          

Slovenia 1          

Norway 1          

Belgium 1          

Russia 2          

Soviet Union 1 12 14 12 29 1 8 18 20 38 

Sweden 3          

Spain 5          

Portugal 1          

Australia 1          

Nepal 1          

Pakistan 1          

Canada 1          

Unknown 1          

3 

Germany 11          

Australia 1          

Slovakia 1          

Poland 1          

Sweden 4          

Russia 1 13 11 10 30 1 3 16 18 34 

USA 1          

Netherland 1          

China 1          

Japan 1          

Uzbekistan 1          

India 1          

Unknown 9          

Outliers 

Sweden 1          

Canada 1          

India 1          

Unknown 3 7 2  7  2 5 4 9 

Italy 1          

Germany 1          

Turkey 1          

 Sub-total  94 47 23 106 3 55 108 56  

 Total 164 164 164 164  

a
 Flowering type.  S: spring; Sw: semi winter; W: winter;  

b
 Seed colour.  Br: brown; Bl: black; Y: yellow;  

c
 Pollination control.  Sc: self-compatible; Si: self-incompatible. 
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Table 5.  Analysis of molecular variance of SSR data within and among populations, based on 4 

SSR marker-based groups:  SSR group 1 (south Asia, predominantly from India, Pakistan, 

and Nepal); SSR group 2 (southern Europe); SSR group 3 (northern Europe); and a group 

of outliers.  The value of PhiPT calculated from this AMOVA (0.165, P < 0.01) implies 

low differentiation among populations (Troch et al. 2012). 

 

Source df SS MS Est. Var. % 

Among Pops     3 1704.43 568.14 14.10 16% 

Within Pops 160 11447.78 71.55 71.55 84% 

Total 163 13152.21 85.65 100% 
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Table 6.  Allelic diversity in each SSR genetic group (total number and average SSR alleles per 

accession) of 164 oilseed B. rapa accessions in SSR group 1 (south Asia), group 2 

(southern Europe), group 3 (northern Europe) and outlier accessions (OL). 

Group 
Number of 

accessions 

Total SSR alleles Private SSR alleles 

Total 

Number 

Average number 

per accession 

Total 

Number 

Average number 

per accession 

SSR group 1 83 963 11.6 231 2.8 

SSR group 2 38 734 19.3 78 2.1 

SSR group 3 34 711 20.9 65 1.9 

OL 9 588 65.3 29 3.2 

 

 



 

Fig. 1. Self-compatible B. rapa accession (

self-pollination bag (a), and self
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accession (ATC92037) produced pods and seeds 

and self-incompatible accession (ATC92345) did not (b).
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and seeds in a 

) did not (b). 



 

Fig. 2.  Examples of 

(ATC95220) (a), leafy type (CR2318) (b), and oilseed type (CR 1563) (c)

 

 

.  Examples of Brassica rapa morphotypes identified in the experiment 

(ATC95220) (a), leafy type (CR2318) (b), and oilseed type (CR 1563) (c)
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d in the experiment - root type 

(ATC95220) (a), leafy type (CR2318) (b), and oilseed type (CR 1563) (c) 

  



 

Fig. 3: The two-dimensional multidimensional scaling (2D

B. rapa accessions and 5 control

There were 17 accessions

Chapter 3    

dimensional multidimensional scaling (2D-MDS) analysis of 187 putative 

control Brassica species based on 1407 SSR alleles. 

accessions which aligned with other species, but not with B. rapa
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MDS) analysis of 187 putative 

on 1407 SSR alleles.  

B. rapa.  

 



 

Fig. 4: Examples of cytogenetic characterization of 
Accession ATC95209 showed 32 chromosomes indicating it is 
and not B. rapa (2n = 20)
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: Examples of cytogenetic characterization of uncertain taxonomical identity. 
Accession ATC95209 showed 32 chromosomes indicating it is an allopolyploid 

(2n = 20); and (b) CR1621 is mostly likely B. nigra (2n = 
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uncertain taxonomical identity.  (a) 
allopolyploid 
(2n = 16). 

 



 

 

Fig. 5. Analysis of the 164 

1257 SSR alleles.  SSR group 1

Europe); SSR group 3 (northern Europe)

 

 

 

 

 

nalysis of the 164 confirmed oilseed B. rapa accessions based on 

alleles.  SSR group 1 (south Asia, mostly India); SSR group 2

Europe); SSR group 3 (northern Europe). 
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accessions based on 2D-MDS of 

mostly India); SSR group 2 (southern 

 



 

Fig. 6.  Delta K for the true K 

accessions, based on STRUCTURE and STRUCTURE HARVESTER. The peak 

showed the true K of population

10,000 and number of MCMC replications after burning was 10,000. Each 

repeated 20 times to calculate the true 
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 (subpopulation) of 164 confirmed oilseed B. rapa

based on STRUCTURE and STRUCTURE HARVESTER. The peak 

of population (K = 2).  Length of burning period used was 

10,000 and number of MCMC replications after burning was 10,000. Each 

repeated 20 times to calculate the true K.  
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B. rapa 

based on STRUCTURE and STRUCTURE HARVESTER. The peak 

urning period used was 

10,000 and number of MCMC replications after burning was 10,000. Each K was 

 



 

Fig. 7.  Population structure 

STRUCTURE, using

2 gave the highest peak (Fig. 6)

admixture within groups

 

 

 

  

 

Population structure of 164 confirmed B. rapa accessions based on 

, using K = 2, 3 and 4 and represented in plot of Q.  The value of 

2 gave the highest peak (Fig. 6) and the most uniform division with very little 

admixture within groups. 
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based on 

.  The value of K = 

and the most uniform division with very little 
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Fig. 8.  Allelic distribution in 164 confirmed oilseed B. rapa accessions from SSR group 1 

(G1, south Asia), SSR group 2 (G2, southern Europe), SSR group 3 (G3, 

northern Europe), and outlier accessions (OL). 

  

G2 
78 
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48 
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46 

G3 
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G1+G3 
80 

G1+G2+G3 
91 

G1+G2 
78 

G1 

231 



 

 

Fig. 9:  Phenotypic difference

vernalised plant (a) from 

165 days while 

developed swollen turnip

a root-type B. rapa

 

 

differences due to non-vernalisation (a) and vernalisation

plant (a) from accession ATC95212 showed no sign of flowering 

while the vernalised plant (b) was flowering.  The non-

developed swollen turnip-type roots (arrow), and the accession was classified as 

B. rapa. 
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vernalisation (a) and vernalisation (b). Non-

howed no sign of flowering at 

-vernalised plant 

and the accession was classified as 



 

Fig. 10. The distribution of flowerin

among 164 confirmed 

SSR groups 1, 2, and 
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flowering growth habit (spring, semi-winter or winter types) 

confirmed oilseed B. rapa accessions based on 2D-MDS analysis 

, and 3.  All three flowering habits appear in each SSR group.
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winter or winter types) 

analysis in 

All three flowering habits appear in each SSR group. 

 



 

Fig. 11. Distribution of seed colour among 

based on 2D-MDS 

common seed colour

group.  Yellow seed 

 

 

 

 

 

seed colour among 164 confirmed oilseed B. rapa

MDS analysis in SSR groups 1, 2 and 3.  Brown seed is 

common seed colour in oilseed B. rapa and all seed colours appear in each SSR 

llow seed is mostly found in SSR group 1.  
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B. rapa accessions 

Brown seed is the most 

and all seed colours appear in each SSR 

 



 

Fig. 12. Distribution of self-compatibility 

confirmed oilseed B. rapa

1, 2 and 3.  Both types of compatibility appear in each SSR group.
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compatibility (SC) and self-incompatibility (SI) among 

B. rapa accessions based on 2D-MDS analysis in SSR groups 

Both types of compatibility appear in each SSR group. 
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among 164 

analysis in SSR groups 

 



 

Fig. 13. Self-compatibility 

yellow) among 

MDS.  Self-compatible brown seed colour is spread between two Indian 

groups, whereas self

sub-group which is most likely yellow sarson

 

 

 

 

bility (SC) and self-incompatibility (SI) and seed colour 

among 74 confirmed oilseed B. rapa accessions from India

compatible brown seed colour is spread between two Indian 

groups, whereas self-compatible yellow colour seed is found only in the large 

which is most likely yellow sarson. 
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and seed colour (brown or 

from India based on 2D-

compatible brown seed colour is spread between two Indian sub-

compatible yellow colour seed is found only in the large 
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Supplemental materials  

Table S1.  List of SSR-marker primers (A and C genome) used in this study 

Number Marker name Size range  

1 sN11722 60-142 
2 Ol11-B03 90-99 

3 sR10417 91-264 

4 sR11644 309-375 

5 Na10-F06 89-198 

6 sN2837 147-232 

7 sR12156 168-231 

8 sORB29A 62-105 

9 sNRA59 107-211 

10 sR11990 368-374 

11 sR7223 410-483 

12 sN3523R 66-236 

13 sN12352 63-257 

14 sS1949 112-269 

15 sR12777 239-370 

16 sN11670 68-117 

17 Ol10-F09 105-128 

18 sR6083 336-422 

19 sN11707 474-509 

20 Na10-A08 136-202 

21 sR12015 300-485 

22 sR6068 131-352 

23 sNRE30 85-318 

24 sN9875 301-392 

25 sN1919 230-392 

26 sR9477 152-323 

27 sS1702 152-298 

28 sN3514F 60-138 

29 sR9447 315-379 

30 sN13039 315-573 

31 Na12-A07 140-192 

32 sN3761 136-324 

33 Ol10-D03 82-197 

34 sN2025 89-151 

35 sN2834 64-239 

36 sR4047 259-332 

37 sNRA56 257-300 

38 Ni2-F02 167-278 

39 sNRD03 62-105 

40 sNRH63 107-117 

41 sS2066b 62-305 

42 sN2016 251-305 

43 sN2552 105-278 

44 sN12508II 292-324 

45 Na10-D03 149-455 

46 sN13034 92-137 

47 Ni4-A03 153-202 

48 sN1988 104-316 

49 sR6688 245-382 

50 sNRD71 211-245 

51 sR9555 247-315 
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Table S2.  List of SSR-marker primers (B genome) used to confirm the misclassified accessions 

Number Marker name Size range 

1 sA0306 347-437 

2 sJ13133 113-296 

3 sB1672 191-299 

4 sB0563I 240-438 

5 sJ3302RI 112-591 

6 sJ7046 134-307 

7 sJ8033 149-337 

8 sJ0338 233-337 

9 sB3872 143-342 

10 sJ6846 87-383 

11 sB4817R 150-341 

12 sJ4933 158-342 

13 sB3751 96-524 

14 sJ3874I 164-187 

15 sJ1505 267-334 

16 sJ3891 72-235 

17 sB0372 67-262 

18 sB31138 94-237 

19 sB1728 486 

20 sB02021 73-243 

21 sJ3627R 95-368 

22 sB3739 290-377 

23 sJ4633 94-368 
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Table S3.   Data collected on Brassica rapa accessions including vernalisation treatment, date and days to flowering, date of maturity, total 

weight of seed harvested (g) and 100 seed weight (g).  Blank cells represent missing data.  DNF = did not flower. Ver= vernalized.  

Accession 

number Accession name 

Date of 

seed 

sowing 

Date started 

vernalisation 

Date 

stopped 

vernalisation 

Date of flowering 

Number of days to 

flowering Date of maturity 

Weight of seed harvested (g) 

Non-vernalised Vernalised 

Non-

Vernalised Vernalised 

Non-

Vernalised Vernalised 

Non-

Vernalised Vernalised Total 

100 

seed 

weight Total 

100 

seed 

weight 

ATC90120 B.C.-106 1/05/2009 8/05/2009 10/07/2009 24/06/2009 3/08/2009 54 94 30/8/2009 13/10/2009 8.202 0.325 1.633 0.266 

ATC90121 B.C.-8J 1/05/2009 8/05/2009 7/10/2009 DNF 3/08/2009 DNF 94   23/9/2009     3.824 0.346 

ATC90122 B.C.-92 1/05/2009 8/05/2009 10/07/2009 30/06/2009 3/08/2009 60 94 1/09/2009 1/09/2009 3.141 0.378 4.888 0.55 

ATC90126 BLC 123 1/05/2009 8/05/2009 10/07/2009   13/08/2009   104   12/10/2009     0.929 0.265 

ATC90127 BLC 174 1/05/2009 8/05/2009 7/10/2009   9/08/2009   100   4/10/2009     2.208 0.34 

ATC90129 BLC 29 1/05/2009 8/05/2009 10/07/2009   16/08/2009   107   1/10/2009     0.657 0.31 

ATC90130 BLC 38 1/05/2009 8/05/2009 7/10/2009 2/07/2009 5/08/2009 62 96 25/9/2009 7/10/2009 0.16   2.778 0.316 

ATC90131 BLC 70 1/05/2009 20/5/2009 20/07/2009   11/08/2009   102   5/10/2009     0.626 0.198 

ATC90132 BLC 80 1/05/2009 20/5/2009 20/07/2009 9/08/2009 21/08/2009 100 112 09/28/2009 1/10/2009 0.52 0.185 0.194   

ATC90147 CHOKUREI 1/05/2009 8/05/2009 10/07/2009 19/07/2009 5/08/2009 79 96 16/09/2009 3/10/2009 1.454 0.302 1.734 0.277 

ATC90158 

CrGC 13 ABaa, RC 

CMS 1/05/2009 8/05/2009 10/07/2009   16/08/2009   107   9/10/2009     5.811 0.429 

ATC90169 HOSIN 1/05/2009 8/05/2009 10/07/2009 DNF 5/08/2009 DNF 96 DNF 10/08/2009     5.062 0.438 

ATC90196 JUMBUCK 1/04/2009 17/04/2009 12/06/2009   27/07/2009   117   2/10/2009     1.36 0.3 

ATC90199 KAGA 1/05/2009 20/5/2009 20/07/2009 6/08/2009 19/08/2009 97 110 30/9/2009 11/10/2009 0.876 0.407 7.526 0.371 

ATC90202 MEXICO D 2/05/2009 8/05/2009 10/07/2009 26/06/2009 7/08/2009 55 97 2/09/2009 18/10/2009 0.332   1.028 0.352 

ATC90211 

NAGOAKA 

CHAMPION 2/05/2009 20/5/2009 20/07/2009 7/07/2009 14/08/2009 66 104   1/10/2009 0.113   0.758 0.343 

ATC90235 T151 2/05/2009 8/05/2009 10/07/2009 30/07/2009 8/08/2009 89 98 1/09/2010 1/10/2009 6.43 0.463 4.065 0.504 

ATC91215 HYSYN 111 1/04/2009 17/04/2009 12/06/2009 11/07/2009   101   10/09/2009   0.446       

ATC92013 SV RAPHANUS 28/04/2009 1/05/2009 26/06/2009 DNF 11/08/2009 DNF 105 DNF 28/09/2009         

ATC92037 IB 1109 28/04/2009 8/05/2009 7/07/2009 9/07/2009 6/08/2009 72 100 20/08/2009 17/10/2009 10.42 0.638 3.068 0.413 

ATC92073 IB 1377 1/04/2009 17/04/2009 12/06/2009 3/08/2009 23/07/2009 124 113 12/09/2009 17/08/2009 0.685 0.521 3.002 0.532 

ATC92088 SV 70/8368 1/05/2009 8/05/2009 10/07/2009   8/09/2009   130   30/09/2009     2.028 0.248 

ATC92137 KATMANDU. CL-6 1/05/2009 8/05/2009 10/07/2009 1/06/2009 21/07/2009 31 81 30/08/2009 29/09/2009 3.498 0.387 2.418 0.382 

ATC92138 KATMANDU. CL-7 1/04/2009 17/04/2009 12/06/2009   26/07/2009   116   30/09/2009     1.232 0.337 

ATC92139 KATMANDU. CL-8 1/05/2009 8/05/2009 10/07/2009   26/07/2009   86   2/10/2009     0.566 0.449 

ATC92140 KATMANDU. CL-9 1/05/2009 8/05/2009 10/07/2009   28/08/2009   119   30/09/2009     1.774 0.348 

ATC92150 LOCAL.CL8 1/04/2009 17/04/2009 12/06/2009 1/07/2009 9/07/2009 91 99 20/08/2009 29/9/2009 3.921 0.605 2.534 0.355 
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ATC92155 ODLARBI. CL-4 1/04/2009 17/04/2009 26/06/2009 30/05/2009 30/06/2009 59 90 1/09/2009 1/10/2009 0.262   0.043   

ATC92158 SILIGURI CL-2 28/04/2009 failed   31/07/2009 / 94   1/09/2009   2.247 0.288     

ATC92163 ACC 49 28/04/2009 8/05/2009 7/07/2009 10/07/2009 19/07/2009 73 82 30/08/2009 29/09/2009 0.351 0.351 1.707 0.376 

ATC92166 B54 1/04/2009 1/05/2009 8/07/2009 9/06/2009 22/07/2009 69 112 3/09/2009 19/9/2009 0.254   2.203 0.458 

ATC92168 T.H.6. 1/04/2009 17/04/2009 26/06/2009   13/07/2009   103   20/09/2009     4.778 0.611 

ATC92171 TORIA-ITSA 28/04/2009 12/05/2009 13/07/09 26/07/2009 31/07/2009 89 94 5/09/2009 5/10/2009 2.561 0.323     

ATC92180 KATMANDU CL-3 1/05/2009 8/05/2009 10/07/2009   3/08/2009   94   17/10/2009     5.07 0.401 

ATC92182 KATMANDU CL-11 1/05/2009 8/05/2009 10/07/2009   4/08/2009   95   15/10/2009     8.905 0.396 

ATC92183 KATMANDU CL-12 1/05/2009 8/05/2009 10/07/2009 16/07/2009 18/08/2009 76 109 12/09/2009 13/10/2009 1.9 0.392 1.849 0.32 

ATC92184 NIJGARAH 1/05/2009 8/05/2009 10/07/2009   3/08/2009   94   10/10/2009     3.962 0.389 

ATC92185 SHILLONG C-1 28/04/2009 12/05/2009 10/07/2009 29/07/2009 9/08/2009 92 103 30/9/3009 11/10/2009 3.566 0.597 4.309 0.519 

ATC92187 SHILLONG C-3 1/04/2009 1/05/2009 12/06/2009 3/08/2009 13/07/2009 124 103 8/09/2009 19/9/2009 1.197 0.335 4.005 0.302 

ATC92191 IB 1036 28/04/2009 8/05/2009 7/07/2009 27/06/2009 26/07/2009 60 89 29/8/2009 10/08/2009 10.37 0.361 5.889 0.381 

ATC92191 IB 417 28/04/2009 8/05/2009 7/07/2009 11/07/2009 26/07/2009 74 89 29/8/2009 104/10/2009 2.631 0.509 2.904 0.406 

ATC92242 PATNA CL-4 28/04/2009 8/05/2009 7/07/2009 29/06/2009 19/07/2009 62 82 26/8/2009 29/9/2009 8.486 0.448 9.716 0.652 

ATC92243 PATNA CL-5 1/04/2009 1/05/2009 26/06/2009 29/05/2009 13/07/2009 58 103 10/09/2009 30/08/2009 2.292 0.336 2.885 0.436 

ATC92244 PATNA CL-7 28/04/2009 8/05/2009 7/07/2009 2/07/2009 19/07/2009 65 82 10/09/2009 12/10/2009 2.51 0.32 3.4 0.412 

ATC92246 PATNA CL-11 28/04/2009 8/05/2009 7/07/2009 30/06/2009 3/08/2009 63 97 10/03/2009 1/10/2009 5.38 0.541 5.673 0.624 

ATC92255 ARMIT CL-5 28/04/2009 8/05/2009 7/07/2009   3/08/2009   97   10/09/2009     8.179 0.594 

ATC92257 P6-24 28/04/2009 8/05/2009 7/07/2009   4/08/2009   98   26/9/2009     1.123 0.288 

ATC92259 Y.S. (AND) -143 28/04/2009 8/05/2009 7/07/2009 28/06/2009 3/08/2009 61 97 30/8/2009 6/10/2009 2.481 0.54 4.706 0.416 

ATC92287 Y.S. (AND) -195 28/04/2009 8/05/2009 7/07/2009 9/06/2009 27/07/2009 42 90 22/08/2009 30/9/2009 4.253 0.375 6.572 0.442 

ATC92291 Y.S. (ARL)177 28/04/2009 8/05/2009 7/07/2009   27/07/2009   90   10/11/2009     12.48 0.468 

ATC92343 PNG CL-2 28/04/2009 8/05/2009 7/07/2009   31/07/2009   94   18/9/2009     5.408 0.5 

ATC92345 PNG CL-6 28/04/2009 8/05/2009 7/07/2009 23/07/2009 4/08/2009 86 98 26/08/2009 27/9/2009 7.295 0.619 1.183 0.462 

ATC92347 PNG CL-9 28/04/2009 8/05/2009 7/07/2009 19/06/2009 3/08/2009 52 97 28/8/2009 5/10/2009 7.798 0.44 4.327 0.474 

ATC92353 PUSA KALYANI 28/04/2009 8/05/2009 7/07/2009   13/07/2009 / 76   26/9/2009     1.595 0.505 

ATC92355 BS-2 1/04/2009 17/04/2009 12/06/2009 31/05/2009 3/07/2009 60 93 19/08/2009 23/9/2009 0.669 0.423 1.79 0.676 

ATC92357 BSH-1 1/04/2009 17/04/2009 12/06/2009 14/06/2009 5/07/2009 74 95 28/9/2009 21/9/2009 0.59 0.454 1.05 0.596 

ATC92359 BSH-7 1/04/2009 17/04/2009 12/06/2009 15/07/2009 29/06/2009 105 89 20/08/2009 25/09/2009 1.456 0.501 1.33 0.703 

ATC92363 BSH-28 1/04/2009 17/04/2009 12/06/2009 22/07/2009 12/07/2009 112 102 28/9/2009 23/9/2009 0.246   0.983 0.654 

ATC92383 K 1 (ARL) 1/04/2009 17/04/2009 12/06/2009 18/07/2009 18/09/2009 108 170 18/09/2009 12/10/2009 0.595 0.55 5.272 0.451 

ATC92396 DS 15/55 (ARL) 28/04/2009 8/05/2009 10/07/2009   3/08/2009   97   9/10/2009     1.312 0.371 

ATC92424 BS-113 (ARL) 28/04/2009 8/05/2009 10/07/2009 19/07/2009 10/07/2009 82 73 16/09/2009 2/10/2009 0.744 0.678 0.442   

ATC92437 K-LOTNI-27 (ARL) 28/04/2009 8/05/2009 10/07/2009   3/08/2009   97   2/10/2009     0.964 0.465 

ATC92483 TC-3 28/04/2009 8/05/2009 10/07/2009 17/07/2009 3/08/2009 80 97 18/9/2009 4/10/2009 0.918 0.505 1.4 0.466 

ATC92484 TC-4 28/04/2009 19/7/2009 7/07/2009   19/07/2009   82   19/09/2009     6.997 0.453 
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ATC92493 TC-13 28/04/2009 17/7/2009 10/07/2009   17/07/2009   80   9/10/2009     2.118 0.496 

ATC92504 CR2234 / 83 1/04/2009 1/05/2009 26/06/2009 29/06/2009 6/07/2009 89 96 1/09/2009 27/9/2009 0.263   2.348 0.314 

ATC92507 TC-27 28/04/2009 8/05/2009 7/07/2009 19/07/2009 21/07/2009 82 84 27/8/2009 13/9/2009 12.89 0.455 2.024 0.358 

ATC92511 TC-31 28/04/2009 8/05/2009 7/07/2009 13/06/2009 19/07/2009 46 82 25/8/2009 17/9/2009 8.626 0.497 4.682 0.416 

ATC92517 TC-37 28/04/2009 8/05/2009 7/07/2009 17/07/2009 25/07/2009 80 88 17/9/2009 2/10/2009 1.797 0.446 1.096 0.395 

ATC92340 KBG CL-3 28/04/2009 8/05/2009 7/07/2009   3/08/2009   97   10/08/2009     8.158 0.619 

ATC92521 TC-41 28/04/2009 8/05/2009 7/07/2009 15/07/2009 3/08/2009 78 97 1/09/2009 3/10/2009 1.163 0.464     

ATC92524 TC-44 28/04/2009 8/05/2009 7/07/2009 17/07/2009 29/07/2009 80 92 14/9/2009 27/9/2009 2.288 0.435 0.122   

ATC92526 TC-46 28/04/2009 8/05/2009 7/07/2009 20/07/2009 24/08/2009 83 118 10/08/2009 9/09/2009 1.874 0.429 0.138   

ATC92528 TC-48 28/04/2009 8/05/2009 10/07/2009 19/07/2009 2/08/2009 82 96 30/8/2009 10/10/2009 2.408 0.391 0.237   

ATC92529 TC-49 28/04/2009 8/05/2009 7/07/2009 16/07/2009 14/09/2009 79 139 30/8/2009 29/10/2009 0.627 0.437 0.776 0.397 

ATC92546 TC-66 28/04/2009 8/05/2009 7/07/2009 24/07/2009 20/07/2009 87 83 28/9/2009 19/9/2009 5.507 0.414 3.235 0.286 

ATC92551 TC-71 28/04/2009 13/7/09 10/07/2009 29/07/2009 4/08/2009 92 98 9/09/2009 1/10/2009 0.086   0.783 0.357 

ATC92552 TC-72 28/04/2009 8/05/2009 10/07/2009 14/07/2009 3/08/2009 77 97 29/9/2009 11/10/2009 1.26 0.342 1.526 0.393 

ATC92561 TC-81 28/04/2009 8/05/2009 10/07/2009   6/08/2009   100   11/10/2009     5.025 0.495 

ATC92593 YS-P6-24 28/04/2009 8/05/2009 7/07/2009 4/07/2009 3/08/2009 67 97 2/09/2009 5/10/2009 4.157 0.628 4.44 0.51 

ATC92597 YC-3 28/04/2009 8/05/2009 7/07/2009 1/07/2009 8/08/2009 64 102 22/9/2009 30/9/2009 8.26 0.544 3.814 0.444 

ATC92604 YC-18 28/04/2009 19/05/2009 20/07/2009 20/08/2009 5/09/2009 114 130 1/10/2009 20/10/2009 2.005 0.34 1.626 0.379 

ATC92607 YC-23 28/04/2009 8/05/2009 7/07/2009   6/08/2009   100   27/9/2009     5.79 0.383 

ATC92611 YC-37 28/04/2009 5/08/2009 7/07/2009 18/07/2009 8/08/2009 81 102 25/08/2009 30/9/2009 7.135 0.529 0.92 0.289 

ATC92619 YC-50 28/04/2009 8/05/2009 7/07/2009 12/07/2009 3/08/2009 75 97 22/08/2009 10/10/2009 7.976 0.646 2.7 0.356 

ATC92621 YC-58 28/04/2009 8/05/2009 7/07/2009 9/07/2009 4/08/2009 72 98 23/9/2009 12/10/2009 3.313 0.53 7.807 0.541 

ATC92624 YC-68 28/04/2009 8/05/2009 7/07/2009 9/07/2009 5/08/2009 72 99 30/8/2009 2/10/2009 6.454 0.437 4.215 0.35 

ATC92625 YC-69 28/04/2009 8/05/2009 7/07/2009 3/07/2009 8/08/2009 66 102 24/08/2009 30/9/2009 5.404 0.592 3.478 0.364 

ATC92634 YC-107 28/04/2009 8/05/2009 7/07/2009 9/07/2009 6/08/2009 72 100 24/09/2009 2/10/2009 8.555 0.555 1.212 0.296 

ATC92636 YC-135 28/04/2009 5/08/2009 7/07/2009 13/06/2009 6/08/2009 46 100 13/9/2009 1/10/2009 7.483 0.598 1.488 0.457 

ATC92641 YC-228 28/04/2009 8/05/2009 10/07/2009 3/07/2009 15/08/2009 66 109 25/8/2009 5/10/2009 9.426 0.516 7.15 0.55 

ATC92642 YC-230 28/04/2009 8/05/2009 7/07/2009 8/07/2009 5/08/2009 71 99 16/9/2009 10/01/2009 6.571 0.474 5.278 0.574 

ATC92643 YC-231 28/04/2009 8/05/2009 7/07/2009 1/07/2009 4/08/2009 64 98 27/08/2009 2/10/2009 6.642 0.63 2.771 0.328 

ATC92646 YC-832 28/04/2009 8/05/2009 7/07/2009 21/07/2009 3/08/2009 84 97 12/08/2009 3/10/2009 8.855 0.568 3.857 0.508 

ATC92653 IB 1377 28/04/2009 8/05/2009 7/07/2009 26/07/2009 6/08/2009 89 100 1/09/2009 1/10/2009 9.259 0.416 7.007 0.391 

ATC92657 T-15 1/04/2009 17/04/2009 12/06/2009 1/07/2009 6/07/2009 91 96 12/08/2009 30/08/2009 5.287 0.33 0.117   

ATC92660 W.R.T.-15 28/04/2009 8/05/2009 7/07/2009 18/06/2009 27/07/2009 51 90 30/8/2009 28/9/2009 8.43 0.48 1.504 0.307 

ATC92662 ODLARBI. CL-4 28/04/2009 8/05/2009 7/07/2009 20/06/2009 31/07/2009 53 94 28/09/2009 30/9/2009 10.13 0.367 8.698 0.407 

ATC92776 BSH-40(H) 1/05/2009 8/05/2009 7/07/2009 24/06/2009 27/07/2009 54 87 1/09/2009 4/10/2009 3.243 0.432 1.293 0.317 

ATC92782 BS-5 1/05/2009 8/05/2009 7/07/2009 3/07/2009 6/08/2009 63 97 13/9/2009 28/9/2009 5.464 0.372 5.712 0.347 

ATC92800 IB 2053 1/05/2009 13/05/2009 13/7/2009   26/07/2009   86   2/10/2009     1.389 0.339 
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ATC92919 L-11P1 1/04/2009 17/04/2009 12/06/2009   3/07/2009   93   2/09/2009     0.163   

ATC93030 ZEM 2 1/04/2009 17/04/2009 12/06/2009   21/07/2009   111   30/09/2009     0.883 0.219 

ATC93102 C502 7/05/2009 19/05/2009 21/07/2009   16/08/2009   101   21/10/2009     2.388 0.443 

ATC95209 CGN 6851 1/05/2009 8/05/2009 10/07/2009 15/06/2009 11/08/2009 45 102 16/08/2009 25/09/2009 5.657 0.246 5.074 0.225 

ATC95210 CGN 7220 28/04/2009 8/05/2009 13/07/2009 9/07/2009 30/07/2009 72 93 19/08/2009 26/09/2009 1.543 0.346 4.567 0.362 

ATC95212 CGN 7223 1/04/2009 17/04/2009 6/12/2009 DNF 19/7/2009 DNF 109 DNF 4/10/2009     1.432 0.287 

ATC95220 CGN 20735 7/05/2009 19/05/2009 21/07/2009 DNF 5/09/2009 DNF 121 DNF 10/10/2009     0.562 0.181 

ATC95222 CGN 20737 7/05/2009 19/05/2009 21/07/2009   2/09/2009   118   16/10/2009     0.348 0.177 

ATC95223 CGN 20738 7/05/2009 19/05/2009 21/07/2009 DNF 25/08/2009 DNF 110 DNF 20/10/2009     0.876 0.271 

ATC95233 rova, svedjerova 1/04/2009 17/04/2009 26/06/2009 DNF 19/07/2009 DNF 109 DNF 2/10/2009     0.143   

ATC95236 Budalsnepe 28/04/2009 8/05/2009 10/07/2009 DNF 5/09/2009 DNF 130 DNF 29/09/2009     0.166 0.098 

ATC95273   1/04/2009 17/04/2009 12/06/2009   31/07/2009   121   5/10/2009     1.313 0.238 

ATC95296 CGN07188 1/04/2009 17/04/2009 12/06/2009 DNF 19/07/2009 DNF 109 DNF 3/10/2009     4.6 0.3385 

ATC95336 WU YUE MAN 1/04/2009 17/04/2009 12/06/2009   31/07/2009   121   7/10/2009     1.047 0.297 

ATC95345 NOZAKI EARLY 1/04/2009 8/05/2009 10/07/2009   29/06/2009   89   27/9/2009     1.078 0.393 

ATC95372 Esti Naeris 1/04/2009 1/05/2009 26/06/2009 DNF 19/07/2009 DNF 109 DNF 29/09/2009     2.814 0.362 

CR 1024  288832 7/05/2009 19/05/2009 21/07/2009 31/07/2009 9/08/2009 85 94 2/09/2009 10/10/2009 0.095   4.322 0.303 

CR 1175  288983 7/05/2009 19/05/2009 21/07/2009 DNF 5/09/2009 DNF 121 DNF 30/10/2009     0.227 0.152 

CR 1470 289154 7/05/2009 19/05/2009 21/07/2009 16/07/2009 13/08/2009 70 98 5/09/2009 30/10/2009 0.165   1.001 0.228 

CR 1478 289159 7/05/2009 19/05/2009 21/07/2009 26/07/2009 19/08/2009 80 104 20/9/2009 10/11/2009 1.378 0.357 1.421 0.45 

CR 1507 289178 7/05/2009 19/05/2009 21/07/2009 15/07/2009 17/08/2009 69 102 1/09/2009 20/10/2009 0.178   0.338   

CR 1533 289194 7/05/2009 19/05/2009 21/07/2009 DNF 5/09/2009 DNF 121 DNF 3/10/2009     0.143   

CR 1542 289200 7/05/2009 19/05/2009 21/07/2009   12/08/2009   97   5/10/2009     0.343   

CR 1563  289207 7/05/2009 19/05/2009 21/07/2009 24/07/2009 14/08/2009 78 99 19/09/2009 11/10/2009 1.363 0.382 1.397 0.358 

CR 1564 289208 7/05/2009 19/05/2009 21/07/2009 23/08/2009 23/08/2009 108 108 1/10/2009 4/10/2009 0.34 0.216 0.154   

CR 1578  289215 7/05/2009 19/05/2009 21/07/2009 11/08/2009 23/08/2009 96 108 29/08/2009 1/10/2009 0.337 0.252 0.094   

CR 1594  289226 7/05/2009 19/05/2009 21/07/2009 24/08/2009 25/08/2009 109 110 30/9/2009 5/10/2009 0.075   0.409 0.241 

CR 1600 289229 7/05/2009 19/05/2009 21/07/2009 DNF 10/08/2009 DNF 95 DNF 2/10/2009     2.064 0.4 

CR 1605 289233 7/05/2009 19/05/2009 21/07/2009 DNF 13/08/2009 DNF 98 DNF 3/10/2009     0.408 0.316 

CR 1606  289234 8/05/2009 19/05/2009 21/07/2009 20/07/2009 8/08/2009 73 92 29/08/2009 2/10/2009 0.707 0.26 1.933 0.276 

CR 1617  289240 7/05/2009 19/05/2009 21/07/2009 15/08/2009 13/08/2009 100 98 1/09/2009 2/10/2009 0.728 0.283 0.883 0.275 

CR 1619 289241 7/05/2009 19/05/2009 21/07/2009 8/08/2009 14/08/2009 93 99 19/9/2009 30/09/2009 2.049 0.321 1.226 0.345 

CR 1620  289241 7/05/2009 19/05/2009 21/07/2009 DNF 5/09/2009 DNF 121 DNF 2/10/2009     0.758 0.259 

CR 1621 289243 11/05/2009 25/05/2009 20/07/2009 5/08/2009 18/08/2009 86 99 15/09/2009 10/11/2009 3.272 0.342 0.645 0.28 
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CR 1622 289244 11/05/2009 25/05/2009 20/07/2009 16/07/2009 18/08/2009 66 99 17/09/2009 4/10/2009 1.398 0.285 0.312   

CR 1623  289245 11/05/2009 25/05/2009 20/07/2009 25/08/2009 14/08/2009 106 95 2/10/2009 10/11/2009 0.658 0.307 2.473 0.37 

CR 1628 289248 11/05/2009 25/05/2009 20/07/2009 23/09/2009 14/08/2009 135 95 1/10/2009 2/10/2009 0.102   2.293 0.262 

CR 1630 289250 11/05/2009 25/05/2009 20/07/2009 28/08/2009 14/08/2009 109 95 19/09/2009 18/10/2009 0.197   1.406 0.289 

CR 2003 289451 11/05/2009 25/05/2009 20/07/2009 13/08/2009 16/08/2009 94 97 19/09/2009 1/10/2009 0.508 0.263 0.304 0.2 

CR 2210 289655 11/05/2009 25/05/2009 20/07/2009 18/08/2009 1/09/2009 99 113 6/09/2009 18/10/2009 0.073   0.164   

CR 2211 289656 11/05/2009 25/05/2009 20/07/2009 11/08/2009 8/08/2009 92 89 25/09/2009 3/10/2009 1.428 0.26 2.328 0.242 

CR 2228  289673 20/05/2009 25/05/2009 20/07/2009 19/08/2009 3/10/2009 91 136 17/09/2009 1/11/2009 0.898 0.421 0.179   

CR 2229  289674 11/05/2009 25/05/2009 20/07/2009 13/08/2009 18/08/2009 94 99 22/09/2009 1/10/2009 1.177 0.268 1.353 0.23 

CR 2238 289683 11/05/2009 25/05/2009 20/07/2009 14/08/2009 8/09/2009 95 120 15/09/2009 15/10/2009 0.299   3.97 0.275 

CR 2241  289686 11/05/2009 25/05/2009 20/07/2009 6/07/2009 8/10/2009 56 150 30/8/2009 30/09/2009 0.464 0.19 2.844 0.5 

CR 2242  289687 11/05/2009 25/05/2009 20/07/2009 15/07/2009 8/10/2009 65 150 1/09/2009 7/10/2009 1.108 0.234 0.615 0.191 

CR 2253  289698 11/05/2009 25/05/2009 20/07/2009 24/07/2009 7/07/2009 74 57 12/09/2009 2/10/2009 1.202 0.285 3.415 0.376 

CR 2296 289741 11/05/2009 25/05/2009 20/07/2009 10/07/2009 1/08/2009 60 82 13/09/2009 19/09/2009 2.449 0.253 3.338 0.293 

CR 2297  289742 11/05/2009 25/05/2009 20/07/2009 DNF 8/11/2009 DNF 181 DNF 9/10/2009     0.227 0.158 

CR 2298  289743 11/05/2009 25/05/2009 20/07/2009 21/08/2009 13/08/2009 102 94 30/08/2009 17/10/2009 0.262   0.278   

CR 23  287982 7/05/2009 19/05/2009 21/07/2009 DNF 25/08/2009 DNF 110 DNF 6/10/2009     0.193   

CR 2311  289756 11/05/2009 25/05/2009 20/07/2009 9/08/2009 7/08/2009 90 88 5/09/2009 15/10/2009 1.199 0.227 2.163 0.279 

CR 2318  289763 11/05/2009 25/05/2009 20/07/2009 9/08/2009 8/11/2009 90 181 4/09/2009 1/11/2009 0.187   2.771 0.365 

CR 2333 289778 11/05/2009 25/05/2009 20/07/2009 19/08/2009 8/09/2009 100 120 10/09/2009 9/10/2009 0.111   1.412 0.315 

CR 2354  289799 11/05/2009 25/05/2009 20/07/2009 1/09/2009 16/08/2009 113 97 12/09/2009 29/9/2009 0.107   0.678 0.189 

CR 2357  289802 11/05/2009 25/05/2009 20/07/2009 17/07/2009 8/07/2009 67 58 1/09/2009 17/10/2009 4.156 0.233 3.255 0.325 

CR 2595  635760 11/05/2009 25/05/2009 20/07/2009 17/07/2009 8/09/2009 67 120 1/09/2009 3/10/2009 1.723 0.269 2.909 0.382 

CR 2597  635762 11/05/2009 25/05/2009 20/07/2009 24/08/2009 14/08/2009 105 95 017/09/2009 4/10/2009 0.072   2.584 0.322 

CR 2599  635764 11/05/2009 25/05/2009 20/07/2009 24/07/2009 8/09/2009 74 120 18/08/2009 29/09/2009 0.156   4.718 0.289 

CR 2616 290018 11/05/2009 25/05/2009 20/07/2009 24/08/2009 16/08/2009 105 97 23/09/2009 2/10/2009 0.38 0.203 3.507 0.265 

CR 2870 290272 11/05/2009 25/05/2009 20/07/2009 DNF 26/08/2009 DNF 107 DNF 11/10/2009     0.119   

CR 2872  290274 11/05/2009 25/05/2009 20/07/2009 DNF 4/08/2009 DNF 85 DNF 22/10/2009     0.11   

CR 2874  290276 11/05/2009 25/05/2009 20/07/2009 28/08/2009 14/09/2009 109 126 3/09/2009 3/10/2009 0.33 0.205 1.483 0.384 

CR 289 288245 7/05/2009 19/05/2009 21/07/2009 DNF 24/08/2009 DNF 109 DNF 28/10/2009     0.297   

CR 2901 290303 11/05/2009 25/05/2009 20/07/2009 DNF 24/08/2009 DNF 105 DNF 13/10/2009     0.761 0.377 
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CR 2924  290326 11/05/2009 25/05/2009 20/07/2009 25/08/2009 14/08/2009 106 95 3/09/2009 5/10/2009 1.347 0.286 0.239   

CR 2925  290327 11/05/2009 25/05/2009 20/07/2009 20/08/2009 21/08/2009 101 102 5/09/2009 5/10/2009 1.543 0.505 8.418 0.466 

CR 2929  290331 11/05/2009 25/05/2009 20/07/2009 DNF 21/08/2009 DNF 102 DNF 3/10/2009     1.689 0.315 

CR 3317 635767 11/05/2009 25/05/2009 20/07/2009 5/08/2009 12/08/2009 86 93 10/09/2009 4/10/2009 0.059   1.731 0.295 

CR 3320  635770 11/05/2009 25/05/2009 20/07/2009 27/07/2009 8/09/2009 77 120 18/08/2009 8/10/2009 1.928 0.245 3.547 0.308 

CR 3385  636031 11/05/2009 25/05/2009 20/07/2009 DNF 8/10/2009 DNF 150 DNF 30/9/2009     3.832 0.326 

CR 3388 636034 11/05/2009 25/05/2009 20/07/2009 DNF 8/10/2009 DNF 150 DNF 4/10/2009     0.641 0.206 

CR 3389 636035 11/05/2009 25/05/2009 20/07/2009 DNF 23/08/2009 DNF 104 DNF 14/10/2009     1.072 0.302 

CR 3390 636036 11/05/2009 25/05/2009 20/07/2009 7/08/2009 12/08/2009 88 93 18/09/2009 4/10/2009 0.166   2.527 0.402 

CR 3391  636037 11/05/2009 25/05/2009 20/07/2009 DNF 21/08/2009 DNF 102 DNF 18/10/2009     0.569 0.391 

CR 3393  636039 11/05/2009 25/05/2009 20/07/2009 DNF 23/08/2009 DNF 104 DNF 18/10/2009     0.455 0.276 

CR 3425 79601 7/05/2009 19/05/2009 21/07/2009 19/07/2009 10/08/2009 73 95 30/8/2009 5/10/2009 0.948 0.401 1.907 0.373 

CR 3425  79601 11/05/2009 25/05/2009 20/07/2009 29/07/2009 8/10/2009 79 150 13/09/2009 18/10/2009 0.068   4.941 0.338 

CR 797 288614 7/05/2009 19/05/2009 21/07/2009 DNF 12/08/2009   97 DNF 12/10/2009     1.614 0.413 

NPZ1 Enigma 7/05/2009 19/05/2009 21/07/2009 DNF 11/09/2009 DNF 127 DNF 16/10/2009     4.012 0.227 

NPZ2 Torino 7/05/2009 19/05/2009 21/07/2009 DNF 9/09/2009 DNF 125 DNF 16/10/2009     0.05   

NPZ3 Apetaleous pop 7/05/2009 19/05/2009 21/07/2009 DNF 23/08/2009 DNF 108 DNF 6/10/2009     0.148   

NPZ4 Circus 7/05/2009 19/05/2009 21/07/2009 DNF 7/09/2009 DNF 123 DNF 16/10/2009     0.729 0.314 

NPZ5 Pop. Nieb E'08 7/05/2009 19/05/2009 21/07/2009 DNF 26/08/2009 DNF 111 DNF 5/10/2009     0.146   

NPZ6 Pop. Voss E'8 7/05/2009 19/05/2009 21/07/2009 DNF 25/08/2009 DNF 110 DNF 22/10/2009     0.095   

NPZ7 Resgen 7/05/2009 19/05/2009 21/07/2009 DNF 18/08/2009 DNF 103 DNF 16/10/2009     0.904 0.246 
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Abstract 

Brassica rapa is potentially a valuable genetic resource for high temperature 

tolerance in Brassica crops. We investigated heat tolerance at the reproductive 

stage in six spring-type B. rapa accessions and one B. juncea accession as a 

control. Plants were subjected to two temperature treatments for 7 d in controlled 

environmental rooms, beginning 1 d before the first open flower on the main stem 

inflorescence. The high temperature treatment ranged from 25 °C to 35 °C during 

16 h light and 25 °C during 8 h dark. The control temperature treatment was set at 

23 °C during 16 h light and 15 °C during 8 h dark. Soil moisture was maintained 
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at close to field capacity to avoid drought stress. Main stem buds that emerged 

during the treatment period were tagged, and pod and seed production was 

recorded at each reproductive node. Leaf temperature depression and leaf 

conductance increased in the high temperature treatment which indicated that 

plants were not drought stressed. A leafy vegetable type of B. rapa from 

Indonesia was the most tolerant to high temperature, as defined by its ability to set 

seed equally well in the control and high temperature treatments, followed by an 

oilseed-type from Pakistan. Pollen viability remained above 87% in all accessions 

and treatments. We conclude that bud number and length, and pod number 

produced under high temperatures might provide a useful preliminary screen for 

high temperature tolerance and that B. rapa may be a valuable source of heat 

tolerance in canola (B. napus).  

 

Keywords:  High temperature stress, leaf conductance, pollen viability, leaf 

temperature depression, bud temperature depression. 

 

Introduction 

Brassica rapa is widely distributed from northern Europe to sub-continental and 

tropical Asia (Dixon 2007, Prakash et al. 2012) and shows broad morphological 

diversity, including oilseed, root vegetable and leafy vegetable types (Quijada et 

al. 2007, Ignatov et al. 2010, Cartea et al. 2011).  B. rapa (A genome) and B. 

oleracea (C genome) are the ancestors of allotetraploid B. napus (U 1935; 

Prakash and Hinata 1980), which is one of most important oilseed crops in the 

world (Kimber and McGregor 1995).  Large morphological, molecular and 
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biochemical diversity in B. rapa was shown by Zhao et al. (2005, 2007) and thus 

B. rapa could be a very valuable genetic resource in the breeding of B. napus 

(Rakow 2011).  B. rapa was a major contributor to development of early B. napus 

cultivars in China (Liu 1985), and a genetically distinct type of B. napus (Chen et 

al. 2010) was developed with a high proportion of alleles from B. rapa through 

interspecific crossing (Li et al. 2006). 

 

The effects of heat stress during the reproductive phase were examined in B. 

napus, and exposure to 40 °C during seed development reduced seed oil content 

and increased protein content (Aksouh et al. 2001).  However, water was applied 

only twice daily in the high temperature treatment so that the plants may have 

experienced drought stress as well as heat stress. Aksouh-Harradj et al. (2006) 

compared the high temperature tolerance of three commercial cultivars of B. 

napus that were putatively tolerant, intermediate or sensitive, based on previous 

work using the cell membrane thermostability test and 2,3,5-triphenyl tetrazolium 

chloride.  The “very high temperature” treatment was imposed after the plants had 

flowered and set pods, from 25 d after flowering, and included a peak of 38 °C for 

5 h at midday for 5 d (Aksouh-Harradj et al. (2006).  Seed yield on the main stem 

of high temperature tolerant cultivar ‘Insignia’ was reduced by 15 % in the high 

temperature treatment, while ‘AG Emblem’ and ‘Surpass 400’ seed yield was 

reduced by almost 45 %.  In the very high temperature treatment, the oil/protein 

ratio decreased.  There was no information on humidity and the frequency of 

application of water to the high temperature treatment; therefore the effects of 

heat stress may be confounded with drought stress in these experiments.  Higher 
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temperatures of 43 °C light and 38 °C dark, close to the lethal temperature for 

growth of winter rape (B. napus), were used to demonstrate that heat tolerance at 

the stem elongation stage could be induced by treatment with the triazole plant 

growth regulator uniconazole (Zhou and Leul, 1999). 

 

Heat stress during flowering is likely to have a direct impact on fertilisation and 

seed development that is clearly vital to the yield of oilseed B. rapa in high 

temperature environments.  Various variables associated with reproduction, such 

as pollen viability, flower number, bud number, seed and pod number have been 

used to identify genotypes with high temperature tolerance, for example in B. 

napus (Morrison 1993, Angadi et al. 2000, Young et al. 2004, Singh et al. 2008), 

Arachis hypogaea L. (Prasad et al. 2000), Linum usitatissimum L. (Cross et al. 

2003), and Lycopersicon esculentum Mill. (Sato et al. 2002). Seed production 

under heat stress has also been used as a selection criterion in monocotyledonous 

crops such us rice (Madan et al. 2012) and Aegilops species (Pradhan et al. 2012).  

Pollen viability has also been used as a criterion for heat tolerance in many crops, 

for example B. napus (Young et al. 2004), groundnut (Prasad et al. 1999), and 

ornamental pepper (Gajanayake et al. 2011).  

 

Measurement of high temperature stress tolerance in the field is often confounded 

with the effects of drought or high vapour pressure deficits, even when the crop is 

irrigated.  Chickpea germplasm was subject to heat stress in field studies where 

delayed sowing resulted in higher temperatures during flowering, but plants at 

different sowing dates experienced other changes in the environment including 
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different water stresses (Krishnamurthy et al. 2011). Stomatal conductance was 

used in studies of heat stress tolerance in Vitis vinifera (Sepúlveda and Kliewer 

1986) and in Triticum aestivum (Bahar et al. 2011).  Normal or increased stomatal 

conductance in high temperature experiments is an indicator of the absence of 

drought stress, but stomatal conductance has not been reported before in heat 

studies in Brassica species. 

 

Canopy temperature depression (CTD), the difference between air temperature 

(Ta) and canopy temperature (Tc) (CTD = Ta - Tc), is a good indicator for heat and 

drought stress under a given set of environmental conditions (Balota et al. 2007). 

Leaf temperature depression (LTD), the temperature depression of an individual 

leaf in the canopy, is also potentially a good marker for heat and drought 

tolerance. The value of CTD and LTD will be positive when the leaf is cooler than 

the air temperature (Balota et al. 2008).  High LTD exists when water supply is 

adequate, stomatal conductance is high, leaf transpiration is high and 

consequently the leaf is cooled.  High LTD will exist under high temperature if 

water supply is adequate (Radin et al. 1994).  Bud temperature depression (BTD) 

can be readily measured with infrared thermometers and may be associated with 

heat tolerance at the early reproductive phase.  Spike and spikelet temperatures 

were used by wheat and rice breeders to screen for heat tolerance (Ayeneh et al. 

2002, Madan et al. 2012).  As far as is known, LTD and BTD have not been 

previously measured in Brassica species in screening experiments for heat 

tolerance.  In this research, we will calculate BTD using the same formula as used 

for LTD.  
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The aim of this study was to determine whether there was genetic variation for 

high temperature tolerance during the reproductive phase (the first seven days of 

flowering on the main stem) in B. rapa accessions from a diverse range of 

geographical origins.  Tolerance to high temperature in the reproductive phase 

was measured as the ability to form pods and seeds at reproductive nodes exposed 

to high temperature during flowering.  We measured various processes involved 

in reproduction in B. rapa that may contribute to heat tolerance, such as pollen 

viability, bud number, pod and seed development at high temperatures.  In order 

to avoid drought stress at high temperatures, water was added to maintain soil 

moisture close to field capacity (FC) and leaf conductance and LTD were 

measured to confirm absence of drought stress during the temperature treatments.  

Potential associations between LTD and BTD with heat tolerance (seed set at high 

temperature) were investigated to assess whether heat tolerance was associated 

with bud or leaf temperature under high temperature stress.   

 

Materials and methods 

 

Experiments were conducted in two identical controlled environment rooms 

(CERs) in the School of Plant Biology at The University of Western Australia, 

Perth, Western Australia (31° 57' S and 115° 52' E).   
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Plant material 

Six accessions of B. rapa were chosen from various gene bank collections on the 

basis of self-compatibility, spring-type (no vernalisation requirement) and early 

flowering (Table 1).  The accessions represented both leafy vegetable types and 

oilseed types, and some accessions were from geographic locations such as India 

(3 accessions) and Indonesia (1 accession) where high temperatures during 

reproduction may be encountered (Table 1).  One accession of B. juncea, a species 

considered to be heat and drought tolerant, was included as a control.  Seed of 

each accession for this experiment was harvested from a single plant that was 

bagged to ensure self-pollination. 

 

Growth conditions before flowering 

 Plastic pots 150 mm in diameter and 150 mm in height were soaked in household 

bleach, rinsed, steamed, dried and filled with 1.135 kg of pasteurized potting mix 

composed of fine composted pine bark, cocopeat and quartz river sand in the ratio 

5:2:3, 2 kg m
-3

 extra fine limestone, 2 kg m
-3

 of dolomite (CaCO3.MgCO3), 0.8 kg 

m
-3

 iron sulfate (FeSO4), 50 g/m
3
 iron chelate, 0.4 kg m

-3
 ‘Osmoform’ premix 

fertilizer (Scotts International BV, Heerlen, NL), and 0.2 kg m
-3

 gypsum (CaSO4).  

Shade cloth mesh (70%) was placed inside the base of pots before filling with 

potting mix to avoid soil loss.  Each pot was watered until free water was draining 

from the pot, and allowed to drain for 24 h to determine its field capacity (FC, 

weight of water retained by soil after 24 h of free draining).  The general purpose 

fertilizer ‘Thrive
®

’ (Yates, NSW, Australia; 27 % total N, 5.5 % total P, 9.0 % 

total K, 0.22 % S, 0.18 % Fe, 0.5 % Mg, 0.04 % Mn, 0.02 % Zn, 0.005 % B, 
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0.005 % Cu, and 0.002 % Mo) was prepared at 8 g per 4.5 L in water and applied 

to the pots by watering to FC every 10 days except during the 7-day temperature 

treatments described below.  In addition, an 8% solution of calcium nitrate 

(CaNO3) was sprayed on the leaves to run-off once per week when plants entered 

the reproductive phase before and after the temperature treatments described 

below.   

  

Accessions were sown sequentially over the course of the experiment from May 

2011 until April 2012 to overcome the limitation of space in the CERs.  Two 

seeds were sown in each pot, with ten pots per accession.  Pots were placed in the 

control CER with a day temperature of 23 °C, night temperature of 15 °C and a 

diurnal photoperiod of 16 h light (photosynthetically active radiation [PAR] 424 

µmol m
-2

 s
-1

) and 8 h dark.  At the first leaf stage, the least vigorous seedling was 

removed from each pot to leave one even-sized seedling per pot.  Pots in the 

control CER were weighed every day at 07.30 h and water was added to return the 

pots to 100% FC.  We also prepared additional pots for pollen viability 

observation using the same conditions as described above. 

 

Before plants reached the early bud stage on the main stem, 100 g of alkathane 

beads (Universal Polymer Supplies, Malaga WA, Australia) were placed on top of 

the soil to reduce soil evaporation. The pots were wrapped with aluminum foil to 

reduce heating of the pots by radiation absorption.   
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Temperature treatments 

Plants were transferred to the temperature treatments one day before the first open 

flower on the main stem inflorescence.  In total, 4 replicate pots from each 

accession were placed in the high temperature and also the control CER and 

moved daily within each CER during the 7 d treatment to avoid potential spatial 

effects within the CERs, for a total of 8 pots for each accession.  Both CERs were 

set to a diurnal photoperiod of 16 h light (PAR 424 µmol m
-2

 s
-1

) and 8 h dark.  

Relative humidity was set at 70% in both CERs. 

The high-temperature CER had a constant temperature of 25 °C in the dark.  In 

the light period the temperature gradually increased from 25 to 35 °C following 

the method of Young et al. (2004).  The temperature was 25 °C at 06.00 h 

Western Australian Standard Time (WST), and gradually increased every hour 

until the temperature reached 35 °C at 12.00 h.  Temperature was held at 35 °C for 

4 h and then gradually decreased every hour until it reached back to 25 °C at 

22.00 h (Fig. 1).  

Plants in the high temperature treatment were watered to 100 % FC once per hour 

through the use of low-flow (50 ml h
-1

) drippers.  The length of the watering 

period varied during the day to maintain the water content between 90 % and 100 

% FC.   

 

The temperature treatment lasted 7 d, after which the plants were returned to the 

control CER room for 7 d, and then moved to a glasshouse bench (26 °C 

maximum, 14.5 °C minimum, with average daily ambient PAR 498.9 ± 4.9 µmol 

m
-2

 s
-1

) until seed harvest.   
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Measurements at reproductive nodes  

During the 7 d temperature treatment, each bud that emerged on the main stem 

inflorescence was tagged 1 d before the flower opened and numbered 

sequentially, and the date of bud tagging and open flower was recorded.  Buds 

that emerged after the 7 d treatment were not tagged.  The length of each 

emerging bud was measured at the time it was tagged. 

 

Tagged reproductive nodes were classified at harvest of mature dry plants as 

having no pod (aborted pod), a pod without mature seed, or a pod with mature 

seed.  The total number of seeds and seed yield (g) of air dried seed from tagged 

reproductive nodes on the main stem inflorescence was recorded, and the average 

seed weight (mg) determined from the seed yield divided by number of seeds 

from tagged reproductive nodes.   

 

Leaf and bud temperature depression and leaf conductance 

Leaf and bud temperatures were measured during the temperature treatment 

period using an IMPAC infrared thermometer (Model Infatherm IN 15 plus 

IMPAC, Frankfurt, Germany).  The infrared device was pointed at the youngest 

fully-expanded leaves or buds approximately 250 mm above the surface at an 

angle of 30°.  Infrared emissivity value in this device was calibrated using a 

copper–constantan thermocouple (Dr Timothy Bleby, The University of Western 

Australia, personal communication).  
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Leaf conductance was measured using a Decagon porometer (Model SC-1 

Decagon Devices, Inc. Pullman, WA, USA).  Abaxial and adaxial leaf 

conductance readings were averaged to record the leaf conductance.   

 

Leaf and bud temperature as well as leaf conductance were measured between 

12.00 and 16.00 h on plants in the control and high temperature CERs.  

Measurements for plants in the high temperature CER were done in the middle of 

the 35 °C period of high temperature.  Leaf temperature and conductance were 

measured on the youngest fully-expanded leaves at the beginning of the 

temperature-treatment period; the same two leaves were measured every day 

during the temperature treatment.  Bud temperature was measured each day 

during the temperature treatment period on the two most-recently tagged buds of 

each plant.  LTD and BTD were calculated as ambient temperature minus leaf 

temperature or bud temperature, respectively.  Ambient temperature was 

measured with a digital thermometer probe (Dick Smith Electronics Ltd., New 

South Wales, Australia).  

 

Pollen viability 

Eight plants of each accession, four in each temperature treatment, were reserved 

for measurement of pollen viability by the aceto carmine method (Heslop-

Harrison, 1992) during the temperature treatment period.  Two freshly-opened 

flowers were harvested each day from each plant from the high temperature and 

control CER.  Flowers were harvested at 14.00 h each day in the middle of the 35 

°C period in the high-temperature treatment.  One drop of 1 % aceto carmine was 
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placed on top of a microscope slide.  Pollen grains were dispersed into the stain, 

and covered with a cover slip. After 120 to 180 s, viable pollen and non-viable 

pollen were observed under an Olympus microscope (Olympus, Shinjuku, Tokyo, 

Japan) with 150 X magnification, and pollen viability was recorded on 300 pollen 

grains per flower. Bright orange stained pollen was counted as viable, and pollen 

that did not absorb the stain was counted as non-viable (Fig. 2).  Flowers in some 

accessions did not fully open after 5 d in the high temperature treatment, and 

therefore pollen viability was not measured after the fifth day.   

 

Statistical analysis 

Data were analysed using a two-way ANOVA and means separated by Fisher’s 

protected least significant difference (LSD) using Genstat 14
th

 edition (VSN 

International Ltd., Hemel Hempstead, UK).  Repeated measures analysis was used 

for the temporal measurements of leaf conductance, leaf temperature depression, 

bud temperature depression, bud length per day and pollen viability.  

 

Results  

 

Bud development at tagged reproductive nodes 

The number of buds that emerged (and were tagged) during the 7 d treatment 

period was greater in the high temperature treatment than in the control treatment 

for most accessions.  On average, 49.5 buds emerged and were tagged in 

accession ‘BrIDN(lf)’ in the control temperature and 69.0 buds in the high 

temperature treatment, whereas ‘BrIND3(o)’ produced 24.8 and 21.8 buds in the 

control and high temperature treatments, respectively (Fig. 3a).   
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Emerging buds were 0.5 mm shorter on average in the high temperature treatment 

(6.7 mm) than in the control temperature treatment (7.2 mm, LSD(0.05) = 0.1 mm).  

This effect was exacerbated after 7 d in the high temperature treatment, when 

emerging buds were 1.3 mm shorter on average in the high temperature treatment 

(5.6 mm) than in the control temperature treatment (6.9 mm, LSD(0.05) = 0.2 mm).  

The accessions with the greatest reduction in bud length after 7 d of high 

temperature treatment were the four oilseed B. rapa accessions, which were 1.7 

mm shorter on average in the high temperature treatment (5.6 mm) than in the 

control treatment (7.3 mm). 

 

Pod development at tagged reproductive nodes 

There was a small increase in the number of total pods formed from tagged 

reproductive nodes in the high temperature treatment compared with the control 

treatment, but in most accessions the number of pods with mature seeds decreased 

in the high temperature treatment (Fig. 3a).  At maturity, all of the oilseed B. rapa 

accessions produced pods with mature seeds at >90% of tagged reproductive 

nodes in the control temperature treatment, but this number decreased 

dramatically to less than 25% of reproductive nodes in the high temperature 

treatment (Fig. 3b).  In contrast, ‘BjPAK(o)’ produced pods with mature seeds at 

76% of reproductive nodes in the high temperature treatment, and ‘BrIDN(lf)’ 

produced significantly more pods with mature seeds in the high temperature 

treatment (37.5) than in the control treatment (26.5) (Figs. 3a, b).  The leafy 

vegetable types produced more pods without seeds than oilseed types at the 
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control temperature, and ‘BrCHN(lf)’ produced very few pods with mature seeds 

(<1) in the high temperature treatment (Figs. 3a, b). 

 

Seed yield from tagged reproductive nodes 

Seed yield from tagged reproductive nodes ranged from 0.03 g plant
-1

 in the 

Chinese leafy vegetable B. rapa accession ‘BrCHN(lf)’ to 2.69 g plant
-1

 in Indian 

oilseed accession ‘BrIND3(o)’ in the control treatment (Fig. 3c). The high 

temperature treatment significantly reduced the yields of the four B. rapa oilseed 

accessions, but did not reduce the yield of ‘BrIDN(lf)’, which was the highest 

yielding accession (0.45 g) in the high temperature treatment (Fig. 3c). This 

accession had the highest relative yield in the high temperature vs control 

temperature treatment (225 %), followed by ‘BjPAK(o)’ (44 %), and the four 

oilseed B. rapa accessions (all less than 9 %).   

 

Seed size at tagged reproductive nodes 

Average seed size was not affected by the high temperature treatment (Fig. 3d), 

but varied greatly among accessions.  Average weight per seed in the control 

treatment varied from 5.56 mg for accession ‘BrDEU(o)’ to 1.28 mg for accession 

‘BjPAK(o)’.   

 

Flower distortion and pollen viability 

We observed swollen, elongated and distorted pistils in the high temperature 

treatment.  This deformation was more obvious in the oilseed types than in the 

leafy vegetable types (Figs. 4). 
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The Chinese leafy vegetable accession ‘BrCHN(lf)’ had two different flower 

morphologies (Fig. 5a, b) in the control and high temperature treatment.  Some 

flowers had extruded stigmas and few if any anthers (Fig. 5a), and set few seed.  

Flowers with normal stigmas (Fig. 5b) had small anthers with reduced pollen 

production.  

  

Pollen viability during the high temperature treatment decreased slightly 

compared to pollen from the control temperature treatment (F = 2.65, P = 0.002).  

Pollen viability of ‘BrCHN(lf)’ (the most severely affected accession) was 96 % 

after 1 d and 87 % after 5 d in high temperature treatment.  In contrast, pollen 

viability in oilseed accession ‘BrDEU(o)’ decreased from 99 % after 1 d to 97 % 

after 5 d in the high temperature treatment (Fig. 6). 

 

Leaf conductance 

During the 7 d temperature treatment, the average leaf conductance in the high 

temperature treatment was significantly higher than in the control temperature (F 

= 2.37, P < 0.001) (Fig. 7).  This indicated that the leaf stomata were open and 

actively transpiring during the high temperature treatment.  There was no 

evidence of leaf wilting or drought stress in any plants. 

 

Over the 7 days, the Chinese leafy vegetable accession ‘BrCHN(lf)’ had higher 

mean relative leaf conductance in the high vs control temperature treatment (218 

%), followed by ‘BrIND2(o)’ (181 %), ‘BrDEU(o)’ (168 %), ‘BrIND3(o)’ (162 
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%), ‘BrIND1(o)’ (129 %), ‘BjPAK(o)’ (123 %), while ‘BrIDN(lf)’ (52 %) was the 

only accession in which leaf conductance was reduced at high temperature.  

 

Leaf and bud temperature depression 

LTD was positive and higher on average in the high vs control temperature 

treatment (F = 7.06, P = <0.001) (Fig. 8).  Leaf temperature was less than 

ambient as a result of leaf transpiration in all accessions, and therefore plants were 

not experiencing drought stress in the high temperature treatment. 

 

In contrast, BTD was negative in accessions ‘BjPAK(o)’ and ‘BrIDN(lf)’ but 

positive in the other accessions; that is, in both the high temperature and control 

treatment, bud temperature was higher than ambient in ‘BjPAK(o)’ and 

‘BrIDN(lf)’ but lower than ambient in the traditional oilseed type accessions (Fig. 

9). 

 

Correlations between traits 

Significant positive and negative correlations occurred between some pairs of 

traits, based on accessions means, in the high temperature and control treatments 

(Table 2).   

 

The LTD of accessions in the control treatment was not correlated with LTD of 

accessions in the high temperature treatment; that is, accessions with high or low 

LTD in the control treatment were not consistent with this expression in the high 

temperature treatment.  There was a significant positive correlation (P < 0.05) 
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between leaf conductance of accessions in control and high temperatures; that is, 

accessions with high leaf conductance expressed this trait in both treatments.  

There were few correlations between LTD and leaf conductance with seed yield 

or yield parameters at high or low temperature (Table 2).  LTD and leaf 

conductance in these experiments were not good predictors of heat tolerance as 

indicated by seed yield at high temperature. 

 

Bud number was positively and highly correlated to pod number in the control 

treatment (Table 2).  Accession means for bud and pod number were expressed 

consistently in both temperature treatments.  There were significant correlations 

between bud and pod number vs seed number and seed yield at high temperature 

(but not in the control treatment).  Accessions which produced higher numbers of 

buds and pods under high temperature also produced higher seed number and seed 

yield. 

 

There was a positive correlation across accessions (r = 0.85, 0.01 < P < 0.05) 

between the reduction in bud length at 7 d (i.e. the difference between bud length 

in control vs high temperature treatment) and the decrease in seed yield at high 

temperatures.  The four B. rapa oilseed accessions experienced the greatest 

reduction in bud length and decrease in seed yield at tagged reproductive nodes as 

a result of the high temperature treatment.  In contrast, accession ‘BrIDN(lf)’ 

showed only a moderate drop in bud length at 7 d at high temperatures (0.9 mm) 

and did not experience a reduction in seed yield at high temperatures (Fig. 3C). 
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Discussion 

In this study, tolerance to high temperature in B. rapa was measured by the ability 

to form pods and set seed after a high temperature period during the early 

reproductive phase.  We tagged buds as they emerged from the main stem 

inflorescence during a 7 d temperature treatment, which included control and high 

temperatures, in six B. rapa accessions (including leaf and oilseed types) and one 

B. juncea oilseed type as a control.  Pod and seed production were measured at 

reproductive nodes that emerged during the 7 d temperature treatment.  Drought 

stress was avoided by maintaining plants at close to FC throughout the 

experiments, and lack of drought stress was confirmed by an increase in leaf 

conductance and LTD in the high temperature treatment in most accessions. 

 

The leafy vegetable Indonesian accession ‘BrIDN(lf)’ was the most tolerant to 

high temperature, as defined by its ability to set seed equally well in the control 

and high temperature treatment (Fig. 3c).  Interestingly, this was the only 

accession with lower leaf conductance at high temperature.  In contrast, the four 

oilseed types of B. rapa suffered a great reduction in seed yield at high 

temperature to less than 9% of the seed yield in the control temperature treatment.  

Seed size varied among accessions but was not associated with high temperature 

tolerance.  The development of pods was not inhibited by the high temperature 

treatment, but in many accessions these pods did not develop mature seeds after 

the high temperature treatment (Fig. 3a). 

 



Chapter 4     117 

 

High temperature during early flowering reduced seed number by more than 50 % 

in three Brassica species compared to high temperature stress during early pod 

stage (Angadi et al. 2000). The result suggested that high temperature might have 

affected fertilization or the early stages of seed development.  Our results on B. 

rapa confirm that heat stress at early reproductive stages is critical to seed yield. 

 

Research by Young et al. (2004) suggested that during 1 week of heat treatment in 

B. napus, the production of flowers was not affected by heat, but siliquae (pods) 

were affected.  In our research, most buds developed into flowers and pods; the 

greatest impact of high temperature was a reduction in development of mature 

seeds in pods.  In previous research on three different Brassica species (Morrison 

and Stewart 2002, Gan  et al. 2004) and chickpea (Wang et al. 2006), pod 

production was reduced significantly during high temperature treatment. Pod 

abortion was rarely observed at high temperature in our experiments (Table 2).   

 

At high temperatures, bud and pod number were significant and positively 

correlated with seed number and seed yield. This result is similar to research in 

salt tolerance in chickpea, where the more tolerant chickpea lines had more 

flowers under saline and non-saline conditions (Vadez et al. 2012). However, bud 

and seed number in the controls were not correlated with the seed yield at high 

temperatures (i.e., heat tolerance) as in the salt tolerant chickpea (Vadez et al. 

2012).  From our research, both bud number and bud length, as well as pod 

number produced under high temperatures, might be useful in preliminary 

screening for high temperature tolerance in B. rapa.  
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The control B. juncea accession ‘BjPAK(o)’ and the Indonesian leafy vegetable 

accession ‘BrIDN(lf)’ had lower BTD than other accessions (Fig. 9), and also 

higher bud temperatures compare to other accessions.  Nevertheless, these 

accessions produced the highest seed yield and seed number under high 

temperatures. Our result suggests that selecting for low bud temperature or high 

BTD would not be useful in breeding for heat tolerance in B. rapa germplasm. 

 

LTD also was not a good predictor of heat tolerance (as expressed by seed yield) 

in B. rapa in our experiments, which were deliberately set up to avoid drought 

stress at high temperature.  Our result is a little different to that in tetraploid wheat 

reported by Ali et al. (2010) where there was a negative and significant correlation 

between flag leaf temperature depression and heat susceptibility index (yield).  A 

cooler leaf surface is a desirable trait (Balota et al. 2007).  Ali et al. (2010) in 

tetraploid wheat and Gajanayake et al. (2011) in ornamental pepper showed that 

canopy temperature depression varied among different genotypes.  In future 

experiments on B. rapa germplasm, it is important to continue to measure LTD to 

test its value as an indicator of heat tolerance in the absence of drought stress. 

 

Research by Radin et al. (1994) in cotton showed that in the field, there was a 

strong relationship between leaf conductance and leaf temperature. The 

researchers suggested that one of essential factor of evaporative cooling during 

high temperature in cotton is water. They also suggested that for evaporative 

cooling, plant would consume a lot of water.  In our results, it is clear that as long 
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as water supply is sufficient for plants at high temperatures, the stomata will open 

and allow transpirational cooling of the plant.  Leaf conductance varied among B. 

rapa genotypes, but this was not correlated with seed yield parameters (Table 2).  

Nevertheless, higher leaf conductance is potentially advantageous to plants under 

high temperature conditions due to the cooling effect of transpiration, when soil 

water supply is adequate (Tsukaguchi and Egawa 2006).   

 

Pollen viability showed only a small reduction during 5 d at high temperature, and 

was always greater than 87% in all accessions and treatments (Fig. 6).  The 

Chinese leafy vegetable accession ‘BrCHN(lf)’ had the largest reduction in pollen 

viability at high temperatures compared to other accessions, and had flower 

abnormalities at both temperatures (Fig. 5).  Reduction in pollen viability was also 

observed in B. napus (Young et al. 2004) subjected to high temperature treatment 

(with a gradual increase up to 35 °C for 4 h, and a gradual decrease back to 23 

°C).  Doubled haploid B. napus tested by Young et al. (2004) showed a reduction 

of around 40% of pollen viability during the 5
th

 day of high temperature treatment.  

Singh et al. (2008) demonstrated genetic variation among B. napus varieties for 

pollen viability in in vitro heat treatment experiments.  In our experiments, pollen 

viability was not associated with seed yield under high temperatures and was not 

an indicator of high temperature tolerance.  Therefore, the failure to develop 

mature seeds at high temperatures was the result of inhibition of the fertilisation 

or post-fertilisation processes.  
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In our study, we can be certain that the deformation of stigmas at high 

temperature in some accessions (Fig. 4) was not due to drought stress.  The 

deformation of stigmas at high temperature was also observed in Lycopersicon 

esculentum (Lohar and Peat 1998).  Research by Hedhly (2003) suggested that the 

stigma in sweet cherry was deformed as a result of high temperature stress and not 

drought stress.  Therefore our research supports observations in other species that 

high temperature, rather than drought stress, causes deformation of stigmas. 

 

B. rapa potentially contains a large diverse gene pool (Prakash et al. 2012) from 

which valuable traits such as heat tolerance may be selected for breeding of canola 

(B. napus).  In these experiments, we identified a leafy vegetable type of B. rapa 

from tropical Indonesia that may be an interesting source of heat tolerance.  New 

alleles for heat tolerance may be valuable for improvement of B. rapa oilseed 

types, and also moved from B. rapa to B. napus by interspecific crossing.  Modern 

crop breeding programs of B. napus have restricted genetic diversity.  For 

example, from 1970 to 2000, canola breeding in Australia underwent a restriction 

in population size with significant loss of genetic diversity (Cowling 2007).  As 

the world is experiencing global warming (IPCC, 2007), canola breeders will seek 

to migrate new genes for tolerance from outside the current breeding pools of B. 

napus.   

 

Conclusion  

We found genetic variation for heat tolerance (seed formation and seed yield) in 

Brassica rapa following a heat stress treatment in the early reproductive stage.  A 



Chapter 4     121 

 

screening method was developed where plants were exposed to high temperatures 

for 7 d after first flower on the main stem inflorescence, while avoiding drought 

stress.  Screening for heat tolerance during early reproduction is important 

because this is when seed yield potential is most affected by heat, especially in 

temperate crops such as Brassica species.  The number and length of buds, and 

number of pods formed with mature seeds and seed yield at reproductive nodes 

exposed to heat stress, were indicators of heat tolerance in B. rapa.  B. rapa may 

be a valuable source of heat tolerance in canola (B. napus).  
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Table 1.  Accession number, seed source and country of origin of accessions of Brassica rapa and B. juncea used during the 

experiments 

 

Accession 

number 

Seed 

Source
1
 

Original name Species (type) Country of origin Code used in text 

ATC95209 ATFCC CGN 6851 B. juncea (oilseed) Pakistan BjPAK(o) 

ATC95217 ATFCC Tsja sin B. rapa (leafy) Indonesia BrIDN(lf) 

7F056 NPZ Fu ding bai cai B. rapa (leafy) China BrCHN(lf) 

ATC92037 ATFCC IB 1109 B. rapa (oilseed) India BrIND1(o) 

ATC92240 ATFCC 66-197-3 B. rapa (oilseed) India BrIND2(o) 

ATC92636 ATFCC YC-135 B. rapa (oilseed) India BrIND3(o) 

111 NPZ Yellow sarson B. rapa (oilseed) Germany (source India) BrDEU(o) 
 

1
ATFCC = Australian Temperate Field Crops Collection; NPZ = Norddeutsche Pflanzenzucht Hans-Georg Lembke KG 
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Table 2.  Correlation coefficients (r) across trait means for 7 accessions of Brassica rapa and B. juncea (see Table 1 for details of 

accessions) for several traits measured in the high temperature (H) and control temperature (C) treatments.  Trait abbreviations:  leaf 

temperature depression (LTD); bud temperature depression (BTD); leaf conductance (LC); the number of buds (BN), pods (PN) and 

seeds (SN) and average seed weight (SW) and seed yield (SY) formed at tagged reproductive nodes.  Significance of r at P = 0.1 (°), 

0.05 (*) and 0.01 (**) is indicated for df = 5. 

 

 

LTD-C BTD-C LC-C BN-C PN-C SN-C SY-C SW-C LTD-H BTD-H LC-H BN-H PN-H SN-H SY-H SW-H

LTD-C 1.000

BTD-C -0.652 1.000

LC-C 0.290 -0.444 1.000

BN-C 0.123 -0.381 -0.495 1.000

PN-C 0.118 -0.350 -0.550 0.996 ** 1.000

SN-C -0.230 0.158 0.129 -0.515 -0.516 1.000

SY-C -0.317 0.607 -0.072 -0.658 -0.628 0.792 * 1.000

SW-C -0.460 0.868 * -0.218 -0.598 -0.561 0.442 0.884 ** 1.000

LTD-H -0.184 -0.255 0.731 ° -0.507 -0.560 0.534 0.117 -0.147 1.000

BTD-H -0.606 0.972 ** -0.332 -0.440 -0.412 0.238 0.710 ° 0.941 ** -0.227 1.000

LC-H -0.150 0.149 0.803 * -0.769 * -0.817 * 0.360 0.342 0.298 0.732 ° 0.247 1.000

BN-H 0.402 -0.608 -0.214 0.933 ** 0.912 ** -0.487 -0.699 ° -0.717 ° -0.386 -0.617 -0.607 1.000

PN-H 0.453 -0.637 -0.145 0.899 ** 0.875 ** -0.477 -0.690 ° -0.718 ° -0.359 -0.631 -0.551 0.996 1.000

SN-H 0.821 * -0.751 ° 0.239 0.525 0.496 -0.350 -0.524 -0.633 -0.213 -0.676 ° -0.232 0.789 * 0.835 * 1.000

SY-H 0.743 ° -0.649 0.229 0.494 0.461 -0.234 -0.384 -0.502 -0.201 -0.544 -0.158 0.762 * 0.812 * 0.976 ** 1.000

SW-H -0.487 0.749 ° -0.401 -0.437 -0.381 0.515 0.881 ** 0.918 ** -0.216 0.811 * 0.022 -0.612 -0.633 -0.647 -0.541 1.000



 

 

 

Fig. 1.   Diel temperatures in controlled environment rooms (CER) during the 7 d 

temperature treatment period.

(night), while the high temperature CER gradually increased at 06.00 from the 

night temperature of 25 °C to a maximum of 35 °C from 12.00 to 16.00 h and 

gradually decreased in temperature until it reached 

were switched on at 06.00 h (arrow marked A), and switched off at 22.00 h (arrow 

marked B). 
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temperature treatment period.  The control CER was set at 23 °C (day) and 15 °C 

(night), while the high temperature CER gradually increased at 06.00 from the 

night temperature of 25 °C to a maximum of 35 °C from 12.00 to 16.00 h and 

gradually decreased in temperature until it reached 25 °C at 22.00 h.  The lights 

were switched on at 06.00 h (arrow marked A), and switched off at 22.00 h (arrow 
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Diel temperatures in controlled environment rooms (CER) during the 7 d 

The control CER was set at 23 °C (day) and 15 °C 

(night), while the high temperature CER gradually increased at 06.00 from the 

night temperature of 25 °C to a maximum of 35 °C from 12.00 to 16.00 h and 

25 °C at 22.00 h.  The lights 

were switched on at 06.00 h (arrow marked A), and switched off at 22.00 h (arrow 



 

 

Fig. 2.   Example of viable and non

carmin method, on Brassica rapa
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Example of viable and non-viable pollen (600X) pollen staining by aceto

Brassica rapa accession ‘BrIND2(o)’. 

Non-viable 

Viable 
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viable pollen (600X) pollen staining by aceto-
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Fig. 3.   Effect of 7 d of control and high temperature treatments on pod and seed formation at tagged reproductive nodes on the main stem 

inflorescence of 6 accessions of Brassica rapa and one B. juncea (see Table 1 for details).  Each bud emerging on the main stem inflorescence 

was tagged and numbered during the 7 d treatment.  Accessions varied in the number (a) and percentage (b) of buds tagged on the main stem 

resulting in pods with mature seeds, pods without mature seeds or aborted pods in the control and high temperature treatments.  Seed yield (g) 

from all tagged reproductive nodes on the main stem varied greatly between control and high temperature treatments (c), but average seed size 

(mg) was the same in control and high temperature treatments (d).  The bars in each figure represent LSD (P = 0.05) for the accession x 

temperature interaction (n = 6). 



 

 

Fig. 4.   Flowers from oilseed type 

in the control (a) and high temperature treatment (b), showing extruded stigma at 

high temperature. Flowers from leafy vegetable type 

‘BrIDN(lf)’ after 7 d in the control (c) and high temperature treatment (d), 

showing reduction in flower size but no distortion of the stigma at high 

temperature.  The scale bar on each photograph represents 0.5 mm.
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Flowers from oilseed type Brassica rapa accession ‘BrIND2(o)’

in the control (a) and high temperature treatment (b), showing extruded stigma at 

high temperature. Flowers from leafy vegetable type B. rapa 

‘BrIDN(lf)’ after 7 d in the control (c) and high temperature treatment (d), 

n in flower size but no distortion of the stigma at high 

temperature.  The scale bar on each photograph represents 0.5 mm. 
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‘BrIND2(o)’ after 7 d 

in the control (a) and high temperature treatment (b), showing extruded stigma at 

 accession 

‘BrIDN(lf)’ after 7 d in the control (c) and high temperature treatment (d), 

n in flower size but no distortion of the stigma at high 
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Fig. 5.   Two types of flower morphology in Chinese Brassica rapa leafy 

vegetable accession ‘BrCHN(lf)’ in the control temperature treatment:  extruded 

stigma with poor or no anther development (a), and short stigma (b).  The scale 

bar on each photograph represents 0.5 mm. 

  

(b) (a) 



 

 

Fig. 6. Pollen viability in 7 

high temperature treatment. The dashed line represents the average of all 

accessions in the control temperature treatment, while the solid lines represent the 

7 accessions in the high temperature treatment. Anal

heat treatment indicated no overall difference in pollen viability between the heat 

and control treatments, although accessions did vary in pollen viability in the high 

temperature treatment.  The bar represents LSD (

temperature interaction (n = 6).
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Pollen viability in 7 Brassica accessions (see Table 1 for details) in the 

high temperature treatment. The dashed line represents the average of all 

accessions in the control temperature treatment, while the solid lines represent the 

7 accessions in the high temperature treatment. Analysis of variance at day 5 of 

heat treatment indicated no overall difference in pollen viability between the heat 

and control treatments, although accessions did vary in pollen viability in the high 

temperature treatment.  The bar represents LSD (P = 0.05) for the accession x 

= 6). 
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high temperature treatment. The dashed line represents the average of all 

accessions in the control temperature treatment, while the solid lines represent the 

ysis of variance at day 5 of 

heat treatment indicated no overall difference in pollen viability between the heat 

and control treatments, although accessions did vary in pollen viability in the high 

for the accession x 



 

Fig. 7.   The average leaf conductance of leaves of 7 

the high temperature treatment (“Heat”) compared with the control temperature 

treatment (“Control”).  The bar represents LSD (

time interaction (n = 6).
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The average leaf conductance of leaves of 7 Brassica accessions during 

the high temperature treatment (“Heat”) compared with the control temperature 

treatment (“Control”).  The bar represents LSD (P = 0.05) for the temperature x 

= 6). 
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accessions during 

the high temperature treatment (“Heat”) compared with the control temperature 

= 0.05) for the temperature x 



 

 Fig. 8.   The average leaf temperature depressio

during the high temperature treatment (“Heat”) compared with the control 

temperature treatment (“Control”).  The bar represents LSD (

temperature x time interaction (
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The average leaf temperature depression (LTD) of 7 Brassica accessions 

during the high temperature treatment (“Heat”) compared with the control 

temperature treatment (“Control”).  The bar represents LSD (P = 0.05) for the 

temperature x time interaction (n = 6). 
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accessions 

during the high temperature treatment (“Heat”) compared with the control 

= 0.05) for the 



 

Fig. 9.   The average bud temperature depression (BTD) of 7 

(see Table 1 for details) during the high temperature (“Heat”) treatment compared 

with the control temperature treatment (“Control”).  The bar represents LSD (

0.05) for the accession
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The average bud temperature depression (BTD) of 7 Brassica

(see Table 1 for details) during the high temperature (“Heat”) treatment compared 

with the control temperature treatment (“Control”).  The bar represents LSD (

0.05) for the accession x temperature treatment interaction (n = 6).
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Brassica accessions 

(see Table 1 for details) during the high temperature (“Heat”) treatment compared 

with the control temperature treatment (“Control”).  The bar represents LSD (P = 

= 6). 
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Expression of heat shock protein (HSP) and heat transcription factor (HSF) 

genes in pistil tissue of Brassica rapa in high and control temperature, and 

success of reproduction when pollen source is high or control temperature 

 

5.1 Abstract 

Heat tolerance in the female organ tissues of plants has received little attention 

compared with heat tolerance in male reproductive tissue and pollen. In this 

experiment, plants in “high” temperature and “control” temperature were 

pollinated in a reciprocal fashion with pollen from “high” or “control” 

temperature plants. Seed number, percentage of pods with seeds, and average 

number of seeds per pod decreased with increasing number of days of high 

temperature treatment. However, ovule numbers were not affected by the high 

temperature treatment. Reciprocal crossing suggested that the female reproductive 

organ (pistil) of B. rapa was sensitive to high temperature, independent of the 

source of pollen (control or high temperature plants).  The expression of twelve 

candidate heat-responsive genes was studied in pistil tissue by quantitative reverse 

transcriptase PCR (qRT-PCR) analysis. Unpollinated pistils from B. rapa 

accessions in the heat treatment showed higher expression of HSP101 in 

accession BrIND1 (which produced relatively more seed in the high temperature 

treatment) than in BrIND2 (which produced less seed).  HSP101 may be a 

functional marker candidate gene for selection of high temperature tolerance in B. 

rapa.   
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Keywords: high temperature stress, heat shock protein (HSP), heat shock 

transcription factor (HSF), thermotolerance 

 

5.2. Introduction 

High temperature is known to affect the reproductive tissue of plants 

(Devasirvatham et al. 2012; Madan et al. 2012; Wahid et al. 2007; Young et al. 

2004).  However, several plants were able to flower and produce seed during 

extreme conditions of high or low temperatures, suggesting that those plants have 

developed their system to tolerate extreme temperature conditions (Hedhly 2011).   

 

Pollen has been suggested as being particularly sensitive to high temperatures. In 

certain crops, such as chickpea (Devasirvatham et al. 2012), rice (Jagadish et al. 

2010) and green bean (Suzuki et al. 2001), pollen viability was reduced at high 

temperatures. The pistil was suggested to be less sensitive than pollen to high 

temperatures (Mascarenhas and Crone 1996).  However, recent research suggested 

that pistils are also sensitive to either high or cold temperatures (Hedhly 2003; 

Hedhly 2011).  

 

High temperatures affected stigma receptivity by shortening the period of 

receptivity (Zinn et al. 2010).  A study on sweet cherry and peach at 30 
°
C showed 

that stigmas had lost their ability to support pollen germination by the first day in 

sweet cherry and by the third day in peach (Hedhly 2003; Hedhly et al. 2005).   

From these studies it is important to determine whether the female reproductive 

part is as sensitive as pollen. .  
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Some plants have adapted to harsh environmental conditions such as high 

temperatures. The mechanism of heat tolerance has been researched at the 

molecular level.  Higher expression of heat shock proteins (HSPs) and also heat 

shock transcription factors (HSFs) was observed in several crops with ability to 

withstand high temperatures stress (Queitsch et al. 2000; Soares-Cavalcanti et al. 

2012).  Expression of HSPs and HSFs is apparently crucial for adaptation of 

plants to high temperature stress (Wahid et al. 2007).  

 

HSPs are categorised based on their molecular weight as high molecular weight 

HSPs (HMW-HSPs: 70-100 kDa) and low molecular weight HSPs (sHSPs : 15-20 

kDa) (Singh and Grover 2008).  HSP17.6, HSP70 and HSP101 were used to 

assess the gene expression in B. napus at day four of high temperature stress 

(Young et al. 2004).  Pollen, leaf, and unpollinated pistil tissues were used in this 

experiment. The result showed that during day 4 of high temperature treatment, 

HSP17.6 was not detected in all organs tested.  HSP70 were expressed in the heat 

treated pistils and normal pistils. HSP101 was observed in all organs except 

mature pollen. However, the observations were made only on day 4 of high 

temperature treatment (Young et al. 2004).  How these HSPs are expressed during 

longer periods of high temperature treatment, especially in pistils, remains 

unknown.  

 

Leaf discs from two Chinese cabbage inbred lines B. rapa (cv. Chiifu and Kensin) 

were used to observe different HSPs and HSFs expression under a range of short-
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term high temperature shock conditions (Lee et al. 2010).  Eleven genes were 

expressed differently between the two cabbage lines. The researchers suggested 

that, because of its unique heat shock response, Kensin was more tolerant to high 

temperature stress.  Based on this research we believe that HSP and HSF 

expression in B. rapa will vary depending on the high temperature tolerance of 

accessions. 

 

In this research we focused our research on pistils, the female organ of plants. Our 

aims were to investigate 1) the change of pistil sensitivity in B. rapa after 

different days of high temperature treatment, and 2) the expression of heat stress 

related HSPs and HSFs after different days of high temperature treatment.  We 

focused our experiments on oilseed types of B.rapa.  

 

5.3. Materials and methods 

Plant preparation for crossing and pollen tube observation 

Six B. rapa accessions and one B. juncea accession used in research on genetic 

diversity (Chapter 4 of this thesis) were used again in this experiment. 

Experiments were conducted in two identical controlled environment rooms 

(CERs) in the School of Plant Biology at The University of Western Australia, 

Perth, Western Australia (31° 57' S and 115° 52' E).  These CERs were the same 

CERs used in the previous experiment (Chapter 4).  Due to space limitations, 

accessions were sown sequentially over the course of the experiment from March 

2012 to August 2012.  Soil preparation was the same as that described in the 

Chapter 4. After the high temperature treatment, plants were allowed to adapt to 
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control condition for 1 week and then moved to the glasshouse bench (20.9 
°
C 

maximum, 16.0 
°
C minimum, with average daily ambient PAR 540 ± 5 µmol m

-

2
 s

-1
).  

Plant preparations were the same as described in Chapter 4.  

 

Plant preparation for m-RNA isolation 

Two oilseed accessions from the same origin (India) were chosen for m-RNA 

isolation:  Br-IND1 and Br-IND2.  Br-IND1 showed higher seed production (that 

is, higher heat tolerance) during the high temperature treatment than Br-IND2 

(Chapter 4).  Seeds were sown at three different times to make three biological 

replicates.  Plants used for m-RNA observation were not transferred to glasshouse 

after the heat treatment.  

 

Temperature Treatments 

The “high” and “control” temperature treatments used in this experiment were the 

same as previously described in Chapter 4.   

 

Crossing preparation 

Hand pollination was done by crossing 12-13 pistils per plant with pollen from 

control and heat-treated plants. Two to three pistils were taken for pollen tube 

observation the day after crossing was done and the rest were left on the plants for 

seed production. Seed production was assessed at harvest from 10 pollinated 

pistils per accession/treatment.  Crossing was done on days 1, 4, and 7 of heat 

treatment. These days were chosen because it was shown in our previous research 



Chapter 5     144 

 

(Chapter 4) that seeds developed on buds tagged on day 1 of heat treatment, but 

no seed developed from buds tagged on day 7 of heat treatment. Crossing of heat 

treated plants was done 2 hours after the temperature reached 35 °C at 2.00 pm 

WST (for the daily temperature regime in the high temperature CER, see Fig. 1, 

Chapter 4). Crossing started at 1.00 pm WST in the control temperature room. 

 

Pistil preparation for pollen tube observation 

Unopened buds were emasculated one day before crossing to avoid self-

pollination.  Crossing bags were placed immediately over 12-13 emasculated buds 

per treatment, and pollination occurred 24 h later. Two to three pistils for pollen 

tube observation were collected 24 h after pollination was completed. Preparation 

of pistils and the staining method was based on Mori et al. (2006). Pistils were 

fixated in fixative solution (acetic acid : ethanol = 1 : 3) for at least 2 h at room 

temperature (RT), then 70% ethanol was used to replace fixative solution and 

pistils were stored at 4 °C in 70 % ethanol until observation. After removal from 4 

°C, 70% ethanol was replaced with 50% ethanol and left for 10 min, and then this 

was replaced with 30 % ethanol and left for another 10 min. Finally, 30% ethanol 

was replaced with deionised water (DW). Pistils were then moved into small petri 

dishes and 8 M NaOH (alkaline treatment solution (ATS)) was added for 48 h.  

ATS was replaced with DW for 10 min, and care was taken to avoid damage to 

the soft pistil tissue. DW was replaced with alkaline blue solution (0.1 %) and left 

for at least 2 h under dark conditions by using aluminium foil to cover the entire 

petri dishes. Each pistil was then placed on top of a glass slide with 1 drop of 



Chapter 5     145 

 

alkaline blue solution and covered with a cover slip. Pistils were observed with a 

fluorescence microscope (Axioskop 2 plus, Zeiss, Germany).  

 

Primer preparation for qualitative PCR 

Primers were developed using primer3 software (Rozen and Skaletsky 2000). 

Sequences of HSP and HSF genes from Arabidopsis and Lycopersicon esculentum 

were selected and blasted to the B. rapa sequence provided from the Brassica 

Database website (http://brassicadb.org/brad/). Thirteen primers pairs were 

selected including ACTIN as a reference gene (Table 1).  HPS17.6, HSP18.2, 

HSP70, HSP101 HSF1 HSF3 and ACTIN primers were constructed based on the 

Arabidopsis gene bank number given by Lohman et al. (2004).  HSP17.4 cds were 

taken from Arabidopsis (gene bank number AEE78138.1).  HSFA2 was taken 

from gene bank NM_128173.2 based on HSFA2 sequence from tomato anther 

(Giorno et al. 2010).  HSFB1 (AEE86732.1) and HSFB-2b (AT4G11660) were 

chosen based on research done by Ikeda et al. (2011).  HSP60 was taken from 

gene bank AAM20445.1.  HSP70-2 (AED95870) was chosen from the work of 

Sung et al. (2001). The National Center for Biotechnology Information (NCBI) 

website was used to find HSP sequence based on the gene bank number.  Coding 

sequences (cds) was selected to make sure primer pairs were developed only from 

mRNA.  Cds from Arabisopsis were then aligned with B. rapa cds from the 

Brassica Database using BLAST so that cds specific for B. rapa was obtained.  

An example of this alignment can be seen in supplementary Table S1.  Primer3 

was used to create primer pairs from B. rapa cds obtained from the previous step.  

Net Primer analysis software (Premier Biosoft, http://www.premierbiosoft.com/) 
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was used to analyse the primer pairs produced from Primer3.  This step was 

necessary to make sure there was no secondary structure and that a maximum of 

only two nucleotides would pair during PCR process.  

 

Plant preparation for RNA study 

Two seeds were sown per pot and one seedling was selected for further growth, 

and there were three biological replications (pots) for each treatment.  Pistils were 

collected on day 1, 4, and 7 in heat-treated and control plants.  Fifteen pistils were 

collected from each replicate from young buds on day 1, 4, 7 that were ready to 

open the next day, and immediately submerged in liquid nitrogen.  Samples were 

stored at -80 °C.  

 

Samples preparation for cDNA synthesis 

Pistils samples from each sampling day and each biological replicate were 

homogenised in lysis buffer (100 mM Tris, 500 mM LiCl, 10 mM EDTA, 1 % 

LiDS) using a Precellys 24 Lysis and Homogenization Machine (Bertin 

Technologies, Montigny-le-Bretonneux, France). Samples were centrifuged at 

14,000 rpm (15 °C) for 600 s. Supernatants were moved to new tubes, placed in 

liquid nitrogen and stored at -80 °C until used.  RNA isolation and cDNA 

synthesis were done following the method of Jost et al. (2007) using the magnetic 

beads technique.  Dynal magnetic beads (dT25) from Dynal Biotech Pty Ltd. 

(Carlton South, Victoria, Australia) were used in the synthesis of the first strand 

of cDNA.  The quality of mRNA (260/280 ratio) was measured by Nanodrop ND-

1000 (Thermo scientific, Wilmington DE ,USA).  
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PCR reaction 

Quantitative PCR and cycle threshold (Ct) value determination was done using a 

7500 Fast Real-Time PCR (ABI Applied System, Foster City, CA, USA). 

Reactions mixtures contained 2.5 µl of bead-bound cDNA, 1: 5 diluted (1 ng 

cDNA), 2.5 µl of primer mix (1.2 µM each), and 5 µl 2 × SYBR® Green PCR 

Master Mix (Applied Biosystems).  Primers used in this research are listed in 

Table 2.  A melting curved analysis was done to verify target genes.  The PCR 

was programmed for 40 cycles with the following sequence:  for the first two 

cycles, 120 s at 50 °C, 600 s at 95 °C, 15 s at 95 °C, and 60 s at 57 °C; for the 

remaining cycles 120 s at 50 °C, 600 s at 95 °C, 15 s at 95 °C, and 60 s at 60 °C 

(Jost et al. 2007). 

 

Statistical analysis 

Repeated measures analysis was used to analyse seed yield after different days of 

high temperature or control treatment using Genstat 14
th

 edition (VSN 

International Ltd., Hemel Hempstead, UK).  Relative quantification calculations 

were done using the method of Livak and Schmittgen (2001).  Students t-test was 

performed for qRT-PCR data (Genstat 14
th

 edition, VSN International Ltd, Hemel 

Hempstead, UK). 
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5.4. Results 

1. Pollen tube growth observation 

Observations under fluorescent microscopy showed that the pollen germinated 

normally and pollen tube growth in the style was similar for all four crossing 

scheme (Figs. A-1, B-1, C-1, D-1).  The pollen tubes were observed to grow 

without restriction to the ovules in both the high temperature and control 

temperature treatments on days 1, 4 and 7 of temperature treatment, and appeared 

to pollinate ovules in all four crossing scheme (Figs A-1, B-2, C-2, D-1).  There 

were no short pollen tube growths after 4 d and 7 d of heat treatment.  These 

results were observed in all B. rapa accessions.   

 

2. Ovule number  

The number of ovules in pistils was not significantly reduced after 1, 4 or 7 days 

in the high temperature treatment compared with control temperature (Fig. 3.). 

This result suggested that the ovule numbers were not affected by high 

temperature treatment. 

 

3. Seed number 

Seed number was significantly lower for pistils exposed to the high temperature 

treatment compared with pistils in the control temperature treatment (F = 5.53, P 

< 0.001) (Fig. 4).  Even on the first day of high temperature treatment, pistils 

exposed to high temperature treatment produced lower seed number compared to 

the pistils exposed to the control treatment.  Results from the HxH (high 

temperature pistil x high temperature pollen) crossing showed that the B. rapa 
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accession from China (BrCHN) produced a lower seed number on all 3 different 

days of temperature treatment (Table 2). Meanwhile B. juncea from India 

(BjPAK) had the highest seed number after all 3 different of treatment followed 

by the Indonesia (BrIDN) accession and an India (BrIND1) accession. Results 

from the HxC (high temperature pistil x control temperature pollen) crossing 

showed that across 7 days of high temperature treatment accession BrIDN had the 

highest seed number followed by BjPAK and BrIND1.  Results from the CxH 

(pistil control x high temperature pollen) cross showed that on day 1 and 4 the 

accession BrIND1 produced the highest seed number followed by BjPAK on day 

1 and BrDEU on day 4.  However, on day 7, BrIND3 showed the highest number 

of seeds followed by BrDEU (Table 2, Fig. 7a). There is a trend for greater seed 

number when pollen was derived from the control temperature treatment, in the 

pistils exposed to both the high and control. 

 

4. Percentage of pods with seeds 

The percentage of pods with seed was significantly reduced in all Brassica 

accessions over 4 different crossing schemes on days 1, 4 and 7 of high 

temperature treatment (F = 7.92, P <0.001) (Fig. 5).  The biggest reduction 

observed in all 3 different days of high temperature treatment was for accession 

BrCHN that was reduced from 80 % in the CxC cross to 0 % in the HxH cross 

(Fig. 5). The least reduction was for BjPAK which decreased from 100 % in the 

CxC cross to only reduced to 95 % in the HxH crossing scheme.  The accession 

from India BrIND1 had the highest percentage of pods with seed (56.7%) in the 
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HxH cross while the accession BrIND2 had the lowest percentage of pods with 

seed in the HxH cross. (6.7 %) (Fig. 5). 

 

5. Average number of seeds per pod 

The average seeds per pod decreased significantly in all Brassica accessions with 

4 different crossing schemes over 1, 4 and 7 days of high temperature treatment 

(F= 11.34, P= <.001) (Fig. 7).   Pistils from the high temperature treatment clearly 

were more affected compares to pistils from the control treatment in all the 

crosses (Figs. 6, 7b).  This reflects the lower seed yield from pistils in plants held 

in the high temperature treatment (Fig. 4).  Also, there is a trend for greater 

number of seeds per pod when pollen was derived from the control temperature 

treatment, in both treatments, in the pistils exposed to both the high and control 

treatments. 

 

6. Gene expression at high temperatures 

The expression of HSP genes and HSF genes was investigated after 1, 4 and 7 

days exposure to high temperature treatment and in the control temperature.. 

There was a difference in relative expression between BrIND1 and BrIND2, the 

two oilseed B. rapa accessions that produced different numbers of seeds in the 

high temperature treatment.  HSP17.4 was expressed highly in BrIND2 especially 

at day 7 of high temperature treatment (Fig. 8). However, BrIND2 produced less 

seed in the high temperature treatment, at day 7 of high temperature treatment. 

The relative quantification of this gene was almost 14-fold higher in the high 

temperature treatment at day 7 relative to the control treatment. Conversely, 
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BrIND1 showed no significant increase in HSP17.4 genes across all days of 

treatment (Fig. 8). There was no different expression of HSP17.6, HSP60, HSP70 

and HSP70-2 in both BrIND1 and BrIND2.  However, HSP101 was expressed 

more in BrIND1 than in BrIND2 especially at day 4 of high temperature treatment 

(Fig. 8). BrIND1 produced more seed than BrIND2 in the high temperature 

treatment.  HSP101 was expressed 8-fold higher after exposure to high 

temperature for 4 days than the control and then decreased to almost 4-fold after 7 

days of exposure to high temperature (Fig. 8). However, HSP101 was not 

expressed the same way in BrIND2. This difference in relative gene expression 

was not significant across 3 different days of high temperature treatment.  

 

Five HSFs genes were tested in this experiment.  HSFA2 expression was similar 

between BrIND1 and BrIND2, while HSF1 was not significantly expressed in 

either accessions. HSF3 expression was 4-fold higher after 4 days of high 

temperature treatment in BrIND2, however, this result was not statistically 

significant compared to other days of high temperature treatment. HSFB-1 and 

HSFB-2b  were expressed similarly in both accessions. Both of these genes were 

expressed less after 1 day of high temperature treatment.  

 

5.5 Discussion 

Pollen tube germination and growth in the stigma was normal in the high 

temperature treatment, and pollen tubes grew until they reached the ovary in the 

pistils exposed to both high and control temperatures. Our observations in B. rapa 

are similar to the observations of Young et al. (2004) in B. napus, in which pollen 

tube growth to the mycropyle appeared to be normal at high temperatures. 
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However, seed number was clearly reduced in the high temperature treatment in 

our experiments, which was also observed by Young et al. (2004) in B. napus.  

Based on results in Chapter 4, we may now conclude that the reduction of seed 

number at high temperatures was not the result of low pollen viability or restricted 

pollen tube growth in the stigma.   

 

There was also no significant decrease in ovule number in pistils with increasing 

days of high temperature treatment. This contrasts with observations in 

Arabidopsis thaliana where the ovule number was negatively affected when plant 

were treated at 30 °C (Whittle et al. 2009).  Seed and fruit development requires 

two types of fertilisation in angiosperms, and the failure in one or both will affect 

seed development. For fertilization to be successful inside an ovule, the pollen 

tube must deliver sperm cells accurately and on time (Boavida et al. 2005). Our 

results suggest that the female reproductive organs (pistils) in B. rapa were not 

able to support seed development even on the first day of heat compared with 

pistils in control temperature plants, even if the latter were pollinated with pollen 

from heat treated or control plants (Fig. 4). Further investigation may reveal 

where in the post-fertilisation process the disruption to embryo and seed 

formation occurs in the high temperature treatment.  

 

Observation of HSP and HSF expression in pistils showed differences in the 

reaction of two accessions to high temperature treatment. Expression of HSP101 

in BrIND1 was higher than in BrIND2.  HSP101 gene is known to be present in 

thermotolerant Arabidopsis (Queitsch et al. 2000).  Queitsch et al (2000) showed 
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that mutant Arabidopsis plants, with low expression of HSP101 in the seedling 

stage, were drastically damaged or even killed during exposure to lethal 

temperatures with or without preconditioning.  RT-PCR showed that HSP101 in 

B. napus had high transcription levels in pistils from a high temperature treatment 

compared to control temperatures after 4 days of heat treatment (Young et al. 

2004). Continuous expression of HSP101 in BrIND1 might help the female 

reproduction organ to support seed development. 

 

We observed that HSFA2 was induced in both lines used in this research. 

Research by Port et. al (2004) in Lycopersicon peruvianum suggested that during 

continuous cycles of high temperature stress and recovery HSFA2 became the 

dominant HSF in thermotolerant cells.  Research by Charng et al. (2007) in 

Arabidopsis showed that, in mutants that lacked HSFA, Arabidopsis plants were 

killed faster when the heat treatment was applied compared to wild-type 

Arabidopsis. This result was based on a quantitative hypocotyl elongation assay. 

HsfA2 was also quickly induced by heat stress and Charng et al. (2007) suggested 

that HsfA2 regulated an extended response to high temperature treatment. The two 

Indian accessions of B. rapa used in this experiment both expressed almost 

similar levels of HSFA2.  

 

However, more research needs to be done to confirm if HSP101 and HSFA2 are 

also present in the pollinated pistil and young developing siliques during high 

temperature treatment.  
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5.6 Conclusions 

In B. rapa, the pistil is more sensitive to high temperature treatment (daily 

maximum 35 °C) than pollen, based on the lower seed number in plants exposed 

to 7 days of high temperature treatment.  Among the seven accessions used in this 

experiment, BjPAK, BrIDN, and BrIND1 were more tolerant to high temperature 

treatment than BrIND2, BrIND3, BrCHN and BrDEU based on seed number.   

 

Based on the observation of HSPs and HSFs genes, we conclude that higher 

expression of HSP101 and HSFA2 may be important to improve thermotolerance 

in our Brassica rapa population.  
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Table 1. List of qRT-PCR primers. 

No. Primer name Gene Direction Primer sequences 

1 AnBr17.4 HSP17.4 Forward GACAAACGCAACCTCCAA 

 Reverse CCTCCACCTTCACTTCTTCCT 

2 AnBr17.6 HSP17.6 Forward CCGCAACAACCCCTCTC 

 Reverse CTCTCCGCTCACCACAAG 

3 AnBr18.2 HSP18.2 Forward GCAAGCGGGAAGTTTATGAG 

 Reverse CGTAACCGTAAGCACACC 

4 AnBr60 HSP60 Forward CAGGTTTCCAGCAGAATGAG 

 Reverse TGACTCTAACAGCATCAGCAA

G 

5 AnBr70 HSP70 Forward CGGGTAAAGGCGAAGGTC 

 Reverse GAAGGAGTGGTGCGGTTG 

6 AnBr70-2 HSP70-2 Forward GAGTTGTTGATTGGCTTGCT 

 Reverse TGTGAGGGTGGTTTCTATGTG 

7 AnBr101 HSP101 Forward CGAGGAGAACCAAGAACAACC 

 Reverse TTAGCACCAGCGACCAAAG 

8 AnBrAct2 ACTIN Forward GAGATGGAGACGGCAAACAC 

 Reverse AACCTCGGGACACCTGAAC 

9 AnBrhsf1 HSF1 Forward GAGGTTGGGAAGTTTGGTCTC 

 Reverse TGTCCGTTGATTGTTGCTG 

10 AnBrhsf3 HSF1 Forward TGTTCCAAGTCCAAGCCAAG 

 Reverse AGCGAGCCACCTAAAGCAG 

11 AnBrhsfA2 HSFA2 Forward CTCCACCACTCTCCTTCCTC 

 Reverse GCGAACTCCCATCTGTCC 

12 AnBrhsfB-1 HSFB-1 Forward GCTGGTGGCGTTCTTGAC 

 Reverse CAGTCGCTCTCTTCCTCCTC 

13 AnBrhsfB-2b HSFB-2b Forward CGCTGTCTCTCCGTCCAACTC 

 Reverse CACCAACCTGTCCTCCTCCTC 

 

 

 

 

 

 

 

 

 



Chapter 5     159 

 

 

Table 2.  Seed number (SN), seeds number per pod (SP) and percentage of pods with seeds (PPS) for 7 Brassica accessions from 4 

different crossing schemes: CxC (control pistil x control pollen); CxH (control pistil x pollen from high temperature); HxC (pistil 

from high temperature x control pollen) and HxH (pistil from high temperature x pollen from high temperature).   

Crossing Accessions 

Day 1 Day 4 Day 7 

SN SP PPS (%) SN SP PPS (%) SN SP PPS (%) 

CxC 

BjPAK 147.0 14.8 100.0 107.0 10.7 100.0 101.5 10.2 100.0 

BrIDN 27.0 2.7 100.0 22.0 3.1 70.0 29.5 3.4 85.0 

BrCHN 71.5 7.4 95.0 37.0 4.9 75.0 45.0 7.2 70.0 

BrIND1 184.0 18.2 100.0 190.5 19.0 100.0 120.5 12.1 100.0 

BrIND2 140.0 14.0 100.0 134.0 14.1 95.0 157.5 17.7 90.0 

BrIND3 105.0 11.0 95.0 107.0 11.5 90.0 125.5 12.5 100.0 

BrDEU 112.0 11.2 100.0 76.0 8.6 90.0 81.0 9.2 90.0 

CxH 

BjPAK 114.5 11.5 100.0 92.5 9.3 100.0 84.0 8.5 95.0 

BrIDN 34.5 5.4 65.0 33.5 3.9 100.0 33.5 8.4 100.0 

BrCHN 31.0 6.7 50.0 11.0 1.6 35.0 5.0 1.7 15.0 

BrIND1 266.0 26.6 100.0 180.0 18.0 100.0 23.0 5.6 40.0 

BrIND2 91.5 9.7 95.0 79.5 7.9 100.0 23.5 6.4 40.0 

BrIND3 100.0 10.0 100.0 89.0 1.1 75.0 117.0 12.4 95.0 

BrDEU 131.0 13.1 100.0 111.5 11.2 100.0 69.5 10.6 65.0 

HxC 

BjPAK 57.5 5.8 100.0 47.0 4.9 95.0 60.5 6.1 100.0 

BrIDN 12.5 12.5 100.0 122.5 12.3 100.0 103.5 10.4 100.0 

BrCHN 11.0 1.6 30.0 23.5 3.5 30.0 2.0 2.0 10.0 

BrIND1 64.5 7.0 90.0 13.5 5.8 25.0 4.0 4.0 20.0 

BrIND2 41.0 4.6 90.0 13.5 2.5 55.0 3.5 1.5 20.0 
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BrIND3 32.5 9.9 35.0 5.5 18.0 30.0 0.0 0.0 0.0 

BrDEU 40.0 4.6 90.0 0.0 0.0 0.0 0.0 0.0 0.0 

HxH 

BjPAK 64.0 6.4 100.0 54.5 5.7 95.0 56.0 6.2 90.0 

BrIDN 88.5 8.9 100.0 54.5 6.9 50.0 12.5 2.5 50.0 

BrCHN 0.0 0.0 0.0 34.5 0.0 0.0 0.0 0.0 0.0 

BrIND1 80.0 8.0 100.0 0.0 5.2 60.0 4.5 2.3 10.0 

BrIND2 3.0 1.8 15.0 31.0 0.5 5.0 0.0 0.0 0.0 

BrIND3 63.0 6.5 95.0 19.0 4.8 40.0 0.0 0.0 0.0 

BrDEU 2.0 1.5 15.0 2.0 0.5 20.0 0.5 0.5 5.0 
 

 



 

 

 

Fig. 1. Crossing scheme used in the crossing experiment.
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Crossing scheme used in the crossing experiment. 
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Fig. 2. Example of pollen tube growth on different days of high temperature 

treatment in the accession BrIND2.

different days of high temperature treatment. Pollen tube growth in the 

stigma and ovary from CxC (control pistil x control pollen) crossing (A

and A-2). Pollen tube growth in the stigma and ovary from HxH (pistil 

from high temperature x pollen from high temperature) on d 1 of high 

temperature treatment  (B

and ovary from HxH on d 4 of high temperature treatment (C

Pollen tube growth in the stigma and ovary fro

temperature treatment (D
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. Example of pollen tube growth on different days of high temperature 

treatment in the accession BrIND2. Pollen tube growth was similar after 

different days of high temperature treatment. Pollen tube growth in the 

stigma and ovary from CxC (control pistil x control pollen) crossing (A

2). Pollen tube growth in the stigma and ovary from HxH (pistil 

om high temperature x pollen from high temperature) on d 1 of high 

temperature treatment  (B-1 and B-2).  Pollen tube growth in the stigma 

and ovary from HxH on d 4 of high temperature treatment (C-1 and C

Pollen tube growth in the stigma and ovary from HxH on d 7 of high 

temperature treatment (D-1 and D-2). Bar scale (     ) is 50 µm. 
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. Example of pollen tube growth on different days of high temperature 

Pollen tube growth was similar after 

different days of high temperature treatment. Pollen tube growth in the 

stigma and ovary from CxC (control pistil x control pollen) crossing (A-1 

2). Pollen tube growth in the stigma and ovary from HxH (pistil 

om high temperature x pollen from high temperature) on d 1 of high 

2).  Pollen tube growth in the stigma 

1 and C-2). 

m HxH on d 7 of high 
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Fig. 3. The average ovule numbers of 7 Brassica accessions in the control (C) and 

high temperature (H) pistils on different days of high temperature 

treatment.  The bar represents LSD (P = 0.05) for day x treatment 

interaction (n = 14). 
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Fig. 4. The average seed number of 7 

temperature treatment at the different crossing schemes:  CxC (control 

pistil x control pollen); CxH (control pistil x pollen from high 

temperature); HxC  (pistil from high temperature x control pollen) and 

HxH (pistil from high temperature x pollen from high temperature).  

bar represents LSD (
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The average seed number of 7 Brassica accessions at different day of high 

temperature treatment at the different crossing schemes:  CxC (control 

ol pollen); CxH (control pistil x pollen from high 

temperature); HxC  (pistil from high temperature x control pollen) and 

HxH (pistil from high temperature x pollen from high temperature).  

LSD (P = 0.05) for day x treatment interaction (n = 
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accessions at different day of high 

temperature treatment at the different crossing schemes:  CxC (control 

temperature); HxC  (pistil from high temperature x control pollen) and 

HxH (pistil from high temperature x pollen from high temperature).  The 

(n = 14). 



 

 

 

    

 

Fig. 5. The percentage of pods with seeds of 7 

crossing schemes:  CxC (control pistil x control pollen); CxH (control 

pistil x pollen from high temperature); HxC

control pollen) and HxH (pistil from high temperature x pollen from high 

temperature). 

treatment interaction (n = 
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The percentage of pods with seeds of 7 Brassica accessions in 4 different 

crossing schemes:  CxC (control pistil x control pollen); CxH (control 

pistil x pollen from high temperature); HxC (pistil from high temperature x 

control pollen) and HxH (pistil from high temperature x pollen from high 

temperature). The bar represents LSD (P = 0.05) for the accession

interaction (n = 6). 
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accessions in 4 different 

crossing schemes:  CxC (control pistil x control pollen); CxH (control 

(pistil from high temperature x 

control pollen) and HxH (pistil from high temperature x pollen from high 

accession x 



 

 

 

Fig. 6. The average seed number per pod of 7 

of high temperature treatment at the different crossing schemes:  CxC 

(control pistil x control pollen); CxH (control pistil x pollen from high 

temperature); HxC (pistil from high t

HxH (pistil from high temperature x pollen from high temperature).  

bar represents LSD (
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The average seed number per pod of 7 Brassica accessions at different day 

of high temperature treatment at the different crossing schemes:  CxC 

(control pistil x control pollen); CxH (control pistil x pollen from high 

temperature); HxC (pistil from high temperature x control pollen) and 

HxH (pistil from high temperature x pollen from high temperature).  

LSD (P = 0.05) for the day x treatment interaction (n = 
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accessions at different day 

of high temperature treatment at the different crossing schemes:  CxC 

(control pistil x control pollen); CxH (control pistil x pollen from high 

emperature x control pollen) and 

HxH (pistil from high temperature x pollen from high temperature).  The 

interaction (n = 14). 
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Fig. 7. The effect of different days of high temperature treatment on average seed number and average seed number per pod of 7 

Brassica accessions in 4 different crossing schemes: CxC (control pistil x control pollen); CxH (control pistil x pollen from 

high temperature); HxC (pistil from high temperature x control pollen) and HxH (pistil from high temperature x pollen from 

high temperature).  The bar represents LSD (P = 0.05) for the day x treatment interaction (n = 6). 

0

25

50

75

100

125

150

175

BjPAK BrIDN BrCHN BrIND1 BrIND2 BrIND3 BrDEU

S
e

e
d

 n
u

m
b

e
r

Accessions

CxC

CxH

HxC

HxH

(a)

LSD (0.05)

Seed number

0

2

4

6

8

10

12

14

16

18

BjPAK BrIDN BrCHN BrIND1 BrIND2 BrIND3 BrDEU

S
e

e
d

 p
e

r 
p

o
d

Accessions

CxC

CxH

HxC

HxH

(b)

LSD (0.05)

Seed per pod 



 

 

 

 

 

Fig. 8. Expression of HSPs

pistils of B. rapa accessions at 3 different days of high temperature 

treatment relative to the control temperature treatment. 

(a log2 scale). Values are means
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HSPs and HSFs from BrIND1 and BrIND2 unpollinated 

accessions at 3 different days of high temperature 

treatment relative to the control temperature treatment. Ct, cycle threshold 

Values are means ± S.D. (n = 3 biological replicates

Chapter 5     168 

 

from BrIND1 and BrIND2 unpollinated 

accessions at 3 different days of high temperature 

ycle threshold 

biological replicates). 



Chapter 5     169 
 

 

Supplementary Data 

 

S.1. Example of cds BLAST result for HSP17.6 from Arabidopsis and B. rapa  

 

 
Query:3    LEFGRFPIFSILEDMLEAPEEQTEKTRNNPSRAYMRDAKAMAATPADVIEHPDAYVFAVD 62 

             ++FGRFPI SILEDMLE PEE  EK RNNPSRAYMRDAKAMAATP DVIEHP+AYVF VD 

Sbjct:  1    MDFGRFPIISILEDMLEVPEEHNEKNRNNPSRAYMRDAKAMAATPGDVIEHPNAYVFVVD 60 

 

Query:  63   MPGIKGDEIQVQIENENVLVVSGKRQRDNKENEGVKFVRMERRMGKFMRKFQLPDNADLE  122 

             MPGIKGDEI+VQ+ENENVLVVSG+RQR+NKE+EGVK+VRMERRMGKFMRKFQLP+NADLE 

Sbjct:  61   MPGIKGDEIKVQVENENVLVVSGERQRENKESEGVKYVRMERRMGKFMRKFQLPENADLE  120 

 

Query:  123  KISAACNDGVLKVTIpklpppepkkpkTIQVQVA  156 (Arabidopsis) 

             KISA C+DGVLKVT+ klpp epkkpkTIQV+VA 

Sbjct:  121  KISAVCHDGVLKVTVEKLPPREPKKPKTIQVKVA  154 (B. rapa) 
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General discussion and conclusions 

 

6.1. Key Findings 

In this thesis, I investigated the genetic variation in germplasm of Brassica rapa 

through the use of SSR markers, and their potential for selection and breeding of 

high temperature tolerance in B. rapa.  

 

Global genetic diversity of oilseed Brassica rapa 

I investigated the genetic diversity in 187 B. rapa accessions, representing the 

primary gene pool of B. rapa, from three different sources of germplasm.  An 

understanding of genetic diversity in the primary gene pool of B. rapa is 

important knowledge for improving elite cultivars with new valuable alleles from 

the primary gene pool.  Previous work on the genetic diversity in B. rapa has been 

assessed by AFLP markers (Zhao et al. 2007; 2005) and a combination of AFLP, 

SSR and metabolite assays (Pino Del Carpio et al. 2011), based on accessions 

from Europe and East Asia (China, Japan, and Korea).  

 

My research focused on SSR genetic diversity in oilseed types of B. rapa from the 

Indian subcontinent and Europe.  From 187 accessions, 164 were confirmed to be 

oilseed types with spring, semi-winter or winter growth habit.  Three major SSR 

groups were identified based on 2D-MDS of SSR data and corresponded to the 

geographic origins of the accessions:  SSR group 1 was from south Asia, SSR 

group 2 was from southern Europe, and SSR group 3 was from northern Europe.  

Two SSR sub-groups were identified in the Indian population.  One sub-group 
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contained all the self-compatible yellow-seeded types, which were most likely 

yellow sarson.  The brown-seeded self-compatible types (most likely brown 

sarson tora) and the brown-seeded self-incompatible types (most likely brown 

sarson lotni) were distributed between both sub-groups.  To the best of my 

knowledge, this is the first time that SSR sub-groups have been identified in 

Indian oilseed-type B. rapa, and it appears that the yellow sarson type is restricted 

to one of these sub-groups.  The closest findings to my research were by McGrath 

and Quiros (1992) in which they analysed B. campestris varieties from India 

together with 16 other varieties from other Asian countries and Europe by RFLP 

and isozyme analysis and found that two were toria, 11 were yellow sarson and 

four were brown sarson.  They also found that all the Indian varieties, except for 

one toria, belonged to a separate group from the varieties from Europe and Asia. 

McGrath and Quiros (1992) also suggested that based on their calculation level of 

genetic diversity, there was an indication of allele fixing because of the inbreeding 

habit of sarson types..  This might explain why our SSR group 1 (south Asia) 

showed lower diversity compared to SSR group 2 and SSR group 3. I used a 

different time (8 weeks) of vernalisation than Zhao et al. (2007) who used 2 weeks 

of vernalisation and Pino Del Carpio et al. (2011) who used 4 weeks of 

vernalisation treatment.  Differences in the vernalisation time may produce 

different results in our phenotypes, especially in the determination of winter types 

of B. rapa.   
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Genetic variation for heat tolerance during the reproductive phase in 

Brassica rapa 

Genetic variation for high temperature tolerance in B. rapa was investigated 

during the early reproductive phase, starting when the flower buds were about to 

open the next day.  I observed the genetic variation in heat tolerance of six B. rapa 

accessions that originated from “hot climates” with one B. juncea as a control.  

 

My results showed that the number of flower buds that developed on the main 

stem during the one week of the high temperature treatment was higher than 

number of buds formed in the control treatment.  The number of pods that 

developed from the tagged buds in the high temperature treatment was also higher 

than in the control treatment.   However, the bud length was shorter in the high 

temperature treatment, especially in the four oilseed type of B. rapa used in this 

experiment, resulting in fewer seeds per pod in the high temperature treatment 

than in the control treatment. Bud and pod number were significantly correlated 

with seed number and seed yield, mostly as a result of the high number of pods 

with seeds in the heat-tolerant accessions.  The most heat tolerant B. rapa 

accession, leafy Indonesian accession ‘BrIDN(lf)’, was the most tolerant to high 

temperature and set seed equally well in the control and high temperature 

treatments because this accession produced more buds in the high temperature 

treatment that then developed into pods. A similar result was reported by Vadez et 

al. (2012) in chickpea where salt tolerant chickpea accessions produced more 

flowers, pods and seeds. Pollen viability showed less than 25 % reduction in this 

research which is different from the result in doubled haploid B. napus reported 



Chapter 6     174 
 

by Young et al. (2004), where the reduction of pollen viability was around 40 %.  

Singh et al. (2008) found only one B. napus cultivar (Kronos) had low pollen 

viability (61%) compared to eleven other B. napus winter canola tested.  

 

I ensured that the soil moisture was maintained at close to field capacity in the 

high temperature treatment, by regular watering throughout the exposure to high 

temperatures.  Leaf temperature depression and leaf conductance both increased in 

the high temperature treatment, confirming that during the high temperature 

treatment the plants did not experience water stress.  Stomata were open and leaf 

temperatures were cooler than the air temperature, which indicates that plants 

were not under moisture stress in the high temperature treatment (Ali et al. 2010).  

 

From this research I conclude that genetic variation exists for heat tolerance in B. 

rapa during the reproductive phase, in the absence of moisture stress.  The 

number of buds, pods and also bud length were correlated with seed production 

under the high temperature treatment, and these may be useful characteristics to 

screen large numbers of accessions for high temperature tolerance.  B. rapa may 

be used as a source of high temperature tolerance in other agricultural Brassica 

species with which it forms interspecific hybrids (Choudhary et al. 2000; 

Warwick et al. 2003).  While pollen viability was reduced at high temperatures, 

this was less than 25% reduction after 5 days in high temperature treatment and 

not considered to be the basis of differences in reproductive tolerance of heat and 

not to be a viable method for screening heat tolerance.  
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Expression of heat shock protein (HSP) and heat transcription factor (HSF) 

genes in pistil tissue of Brassica rapa in high and control temperature, and 

success of reproduction when pollen source is high or control temperature 

As reproductive tolerance of the pollen showed no genetic diversity for heat 

tolerance, I explored the sensitivity of the pistil to high temperatures during 

fertilisation, by observing the seed number, percentage of pods with seeds, and 

average number of seeds per pod after reciprocal crossing with increasing days of 

heat treatment. Pollen growth inside the pistil was also observed with the aim to 

see any abnormal behaviour of pollen tube growth during pollination. The 

expression of hsp and hsf genes in the pistil under the high temperature treatment 

was observed using qRT-PCR. 

 

Under high temperatures, the growth of the pollen tubes was normal inside the 

pistil in the six B. rapa accessions and the B. juncea control.  The pollen tubes 

appeared to reach the ovules. This result is similar to doubled haploid B. napus 

reported by Young et al (2004).  Pistils in plants in the high temperature 

treatment, when pollinated with pollen from heat-treated plants and control plants, 

produced fewer seeds than pistils in the control temperature treatment pollinated 

with heat-treated and control pollen.  The percentage of pods with seed was also 

lower at high temperatures compared with the control temperature treatment and 

so was the average number of seeds per pod..  Therefore, I conclude that in B. 

rapa, the female reproductive organ was more sensitive to heat compared to 

pollen.   
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When I compared the HSP101 expression in the BrIND1 accession which was 

more heat tolerant and produced more seeds than in the BrIND2 accession, the 

HSP101 expression was higher in BrIND1 than in BrIND2 on d 4 and d7. 

HSP17.4 was only expressed more on d 7 of the high temperature treatment in 

BrIND2.  The HsfA2 gene was expressed in both accessions when they were 

subjected to the heat treatment, suggesting that the HsfA2 gene is important in a 

plant’s response to high temperatures (Port et al. 2004).  The result of HSPs and 

HSFs showed that gene expression in the pistil was different after exposure to the 

high temperature treatment for different lengths of time. 

 

From this research I conclude that: 1) pistils are more sensitive to heat compare to 

pollen; 2) higher expression of the HSP101 gene in pistil tissue at high 

temperatures was associated with higher seed production (our measure of heat 

tolerance) in B. rapa.  

 

6.2 Future Research Directions  

In this thesis important progress has been achieved in defining genetic groups in 

B. rapa germplasm, focusing on oilseed types, and in measuring genetic variation 

in potential high temperature tolerance in B. rapa.  The female reproductive 

organs of B. rapa (pistil) were most sensitive to the high temperature treatment 

and heat tolerance was associated with higher seed production.  These results 

provide information that will contribute to screening of a larger population of B. 

rapa germplasm for high temperature tolerance and in future research for Brassica 

breeding program and crop improvement.  
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Future research that may follow my research: 

1). While all the accessions that we evaluated were from “hot” regions of the 

world, we still found variation for heat tolerance. We consider that it will be 

beneficial to select more accessions of B. rapa from “hot” climates of the world. 

Such selections may be important to broaden the genetic sources for potential high 

temperature tolerance in Brassica breeding programs.  B. rapa from “hot” 

climates may have become adapted to high temperatures (Kramer 1980) by 

producing more seed at high temperatures (Wahid et al. 2007). 

2). It is important to use leaf temperature depression and/or leaf conductance as a 

part of screening process in larger population of B. rapa.  These measurements are 

important to confirm that there is no water stress and therefore heat tolerance is 

not confounded with drought tolerance. 

3). I found that HSP101 gene expressions in pistils was different between two 

different B. rapa accessions where one of them produced more seed (measure of 

heat tolerance) compared to the other. This indicates that the HSP101 gene may 

represent a candidate gene for high temperature tolerance in B. rapa.  It will be 

important in the future to further test the expression of these genes in pollinated 

pistil tissue or young pods from susceptible and tolerant B. rapa accessions.  If 

this hypothesis is confirmed, molecular markers can be constructed as a tool to 

screen a large number of B. rapa germplasm for heat tolerance. 
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6.3 Conclusion 

The goal of this research is to use B. rapa as a source of heat tolerance in Brassica 

breeding programs, especially to provide new sources of valuable alleles for 

canola since Australian canola has suffered from its narrow genetic background 

(Cowling 2007). This makes canola vulnerable to new challenges such as global 

warning (IPCC 2007) which will expose crops to higher temperatures and threaten 

seed production in future.  

 

More research needs to be conducted to find and evaluate new germplasm in B. 

rapa, especially B. rapa come from “hot” climates of the world.  B. rapa from 

such habitats is more likely to be better adapted to high temperature. 
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